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ABSTRACT Nanotechnology is an evolving field with enor-
mous potential for biomedical applications. The growing interest
to use inorganic nanoparticles in medicine is due to the unique
size- and shape-dependent optoelectronic properties. Herein,
we will focus on gold, silver and platinum nanoparticles, discussing
recent developments for therapeutic applications with regard to
cancer in terms of nanoparticles being used as a delivery vehicle as
well as therapeutic agents. We will also discuss some of the key
challenges to be addressed in future studies.
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INTRODUCTION

Nanotechnology is a flourishing area with several interdis-
ciplinary fields, such as medicine, electronics, and bioma-
terials (1).
revolutionize the health care system by fighting deadly

The long-term goal of nanomedicine is to

diseases in more eflicient ways (1). Gold nanoparticles are
being investigated for biological applications due to their
biocompatibility (1,2). In this review, we will focus on gold
and a few other inorganic nanoparticles and discuss their
potential applications in therapy and imaging. Gold nano-
particles have been used mostly as a probe for electron
microscopy and as a delivery vehicle for biomolecules.
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However, the use of nanoparticles as a therapeutic agent is
relatively new. Among all the nanomaterials, gold has
attracted wide attention due to its relative non-toxic nature
(2-5). Gold has been shown to have strong affinity to thiol
and amine functionalities (2). Such affinity enables surface
modifications to gold nanoparticles relatively easily through
Au-S and Au-N bonding with targeting agents and/or
chemotherapeutics that possess these functionalities (2).
Thus, through intelligent design it is possible to develop
multifunctional nanoparticles that could potentially in-
crease the efficiency of detection, diagnosis and therapy

2,3).

APPLICATION OF GOLD IN ANCIENT MEDICINE

Gold compounds were used by Chinese and Indian cultures
as carly as 2500-2600 BCE in the form of “Swarna
Bhasma,” a gold-based medicine, for various purposes such
as increasing vital power and curing male impotence (4-6).
In the early 19th and 20th, centuries gold compounds were
utilized for the treatment of epilepsy, syphilis, rheumatic
diseases, tuberculosis, and various inflammatory skin dis-
eases (7-9). Sodium aurothiomalate (MyocrisinTM)
aurothioglucose (Solganol™) are water-soluble gold ()

and

complexes used for rheumatoid arthritis. A second gener-
ation gold drug, auranofin (Ridauro'™) was developed in
1985 and demonstrated better efficacy in the treatment of
arthritis (10-12). Furthermore, the potency of auranofin
against leukemia (p388) cells u viwo initiated the screening of
many bis(diphospho) gold (I) complexes, but the cardiovas-
cular toxicity of the compound precluded its clinical use
(12,13). The proposed mechanism of action involves the
conversion of gold (I) and gold (III) to gold (0), a possible
active species under biological conditions.

In 1978, cisplatin was approved by the Food and Drug
Administration as an antitumor agent. This application
generated interest in exploring other metals for potential
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anti-cancer properties. Mainly, gold-based compounds
demonstrated anti-cancer properties. The addition of gold
(I) and gold (III) compounds enhanced the antitumor
activity of the known antitumor compounds (12,13). Recent
evidence inspires the future application of gold nano-
particles as a therapeutic molecule in angiogenesis-dependent
disorders such as cancer and rheumatoid arthritis (14).

SYNTHESIS OF NANOPARTICLES

Preparation of gold nanoparticles (AuNP) of different sizes
and shapes are well documented (2,5,15,16). In brief, the
AuNP can be synthesized in three different ways: (a)
physical methods, (b) chemical methods, and (c) biological
methods. Physical methods include microwave irradiation
(17), sonochemical method (18), ultra-violet irradiation (19),
laser ablation (20), thermolytic process (21), photochemical
and radical induced methods (22,23). Chemical processes
for nanoparticle syntheses are widely used. Michael
Faraday pioneered the synthesis of colloidal gold as early
as 1857; he described the synthesis by reducing gold
chloride in a carbon disulfide solvent using phosphorous
as a reducing agent (24). Generally, AuNPs are produced in
solution phase synthesis utilizing hydrogen tetrachloroau-
rate (HAuCly) as the metal precursor followed by a
reduction step with sodium borohydride, trisodium citrate,
or phosphorous (25). Citrate can act as a reducing agent
and as a stabilizer of AuNPs by capping the nanoparticle
surface and preventing aggregation (26). Many AuNPs are
capped in a mono-layer protected fashion; the mono-layer
is often composed of thiols. Typically, these particles are
formed using the NaBH,; reduction of HAuCly in the
presence of nearly any thiolated ligand; sometimes tetraoc-
tylammonium bromide (TOAB) is introduced as a phase
transfer catalyst (27). Other chemical methods include the
use of an inorganic matrix as a support or host to produce
the nanoparticles (28). A silica-supported surface containing
a silanol group can reduce the chloroaurate ion to AuNPs.
The AulNPs generated in this process are bound to the silica
surface and are catalytically active in the hydrogenation of
cyclohexene (28). Supercritical fluid (SCF) technology is
also used to prepare lanthanides (Eu, Y, Gd), vanadate,
rare earth phosphate, rare earth garnets and other
transitional metal-based nanoparticles (29). Gadolinium-
metal organic framework (Gd-MOF) nanoparticles can be
prepared by reversible attachment-fragmentation chain
transfer (RAFT) polymerization (30). The third method,
biological synthesis, uses fungus or bacteria as nanofactories
(34,35). A number of nanomaterials (Au and Ag) have been
synthesized by this method and are emerging as a green
way to produce technologically important nanomaterials

(31,32).
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PHYSIO-CHEMICAL PROPERTIES OF METAL
NANOPARTICLES

The tunablility of optoelectronic properties through shape-
and size-dependent properties make inorganic nanomate-
rials unique for various biomedical applications (33—36).
Inorganic nanoparticles such as gold, silver and copper
possess brilliant colors due to the presence of the surface
plasmon resonance (SPR) band (39-43). AuNPs show a
strong SPR band that is dependent on particle size (37) and
dielectric strength of the surrounding medium (38). Gold
nanoparticles can also be tuned by surface modifications,
such as coating the core with a layer of silica (39). The
strong SPR intensity of AuNPs has been used in preclinical
models as imaging and therapeutic agents (37,38). Also, this
optical absorption and scattering intensity can be tailored
by changing the size and shape of the nanoparticle (Fig. 1)
(40). The ratio of scattering to absorption increases with
increasing size of the particle diameter (20 nm to 80 nm);
20 nm nanospheres show only SPR-induced absorption
with insignificant scattering (41). The deep red color of
20 nm gold nanoshells has a strong ultra-violet-visible
extinction band at a wavelength of 520 nm, which under-
goes bathochromic shift with increasing nanoparticle
diameter (41). Stober et al. reported that the optical
behavior of gold nanoparticles can be adjusted to the near
infrared (NIR) region by synthesizing silica-gold nanoshells
and changing the relative core and shell thickness (42—44).
This phenomenon was also illustrated with nanorods; SPR
can be shifted to NIR by increasing the nanorod aspect
ratio (37,44,45).

Chemical and biochemical properties of AuNPs arise
from the strong binding affinity of gold with thiols,
disulfides, phosphine, and amines (46—48). The strong
affinity of gold towards thiol and amine functionalities
(according to the SHAB principle) allows many different
biological ligands, such as DNA, peptides, proteins, anti-
bodies, viruses and receptors, to coat the gold surface
(49,50). Thus, gold conjugates possess potential applications
in various biomedical applications.

Recently, super paramagnetic iron oxide nanoparticles
(SPION) and gadolinium chelates are gaining interest as
MRI agents. SPION are of particular interest due to their
sensitivity, biodegradable nature and metabolic pathways of
cellular iron (51). Gadolinium (Gd)-conjugated TiO,-
DNA oligonucleotide nanoparticles also showed increased
detection sensitivity when utilized as MRI contrast agents
(52). After 48 h of treatment with Gd-TiO,-DNA
oligonucleotide nanoparticles, the Gd concentration was
1000-fold higher in cells as compared to the free contrast
agent (52).

Other nanomaterials that are gaining momentum as
MRI contrast agents are lanthanide-based nanomaterials
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Fig. | Left: Transmission electron micrographs of Au nanospheres and nanorods (a, b) and Ag nanoprisms (€, mostly truncated triangles) formed using
citrate reduction, seeded growth, and DMF reduction, respectively. Right: Photographs of colloidal dispersions of Au-Ag alloy nanoparticles with increasing
Au concentration (d), Au nanorods of increasing aspect ratio (e), and Ag nanoprisms with increasing lateral size (f). Reprinted with permission from Ref.
(40), Liz-Marzén LM. Nanometals: formation and color. Mater Today. 2004;7:26-31. Copyright © 2004, Elsevier Limited.

(32) and semiconductor nanomaterials (CdS, CdTe, CdSe
and ZnS) due to their strong and stable photoluminescence
properties (53). Several dextran-coated magnetic nano-
particles (MNPs) are also gaining clinical importance as
MRI contrast materials, such as ferumoxides and ferumox-
tran, approved by the FDA for detecting solid tumors
(54,55). MNPs (Fig. 2) have been used to identify lymph
node metastases in solid tumors, imaging angiogenesis,
macrophage-specific inflammatory pathologies, artheroscle-
rosis, rheumatoid arthritis and neurodegeneration both
vitro and in vivo (54-57).

BIOLOGICAL PROPERTIES OF GOLD
NANOPARTICLES

Nanoparticles and intracellular organelles can be similar in
size, depending on the size of the nanoparticle. This raises
the possibility to deliver nanoparticles in an organelle-
specific manner and extract the intracellular information

(58,59). This information could be helpful for the detection,
diagnosis and treatment of diseases (60).

As mentioned before, most of the biological applications
of gold nanoparticles use it as a passive agent, either as a
probe for electron microscopy or as a vehicle to deliver
biomolecules into cells. Recently, Bhattacharya e al.
demonstrated that gold nanoparticles can be used as active
agents to interfere directly with the cellular processes and
possess anti-angiogenic and antitumor properties (14). Gold
nanoparticles can also be fabricated as a multifunctional
nanoplatform for various biomedical applications such as
detection and diagnosis (61-66). Sokolov et al. has utilized
the multifunctional platform of AuNPs by conjugating an
antibody to bind to epidermal growth factor receptors
(EGFR). This receptor is overexpressed in cervical cancer
cells. Therefore, treatment with these Au conjugates
enhances detection of cervical cancer cells due to the
enhanced SPR scattering of the AuNPs by laser scanning
confocal reflectance (Fig. 3) (62,67). To test the specificity of
the aforementioned AulNPs, bovine serum albumin (BSA)
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Fig. 2 In vivo fluorescence images of tumor-bearing mice using Qdot
probes with anti-PEG-PSMA antibody conjugates surface modifications in
mouse cancer model (PSMA: Prostate specific membrane antigen). In vivo
fluorescence imaging was carried out using a macroillumination system.
Reprinted with permission from Ref (57), Gao X, Cui Y, Levenson RM,
Chung LWK, Nie S. In vivo cancer targeting and imaging with
semiconductor quantum dots. Nat Biotechnol. 2004;22:969-76. Copy-
right © 2004, Nature publishing group.

was conjugated to AuNPs and tested with cervical cancer
cells; this assay did not exhibit any SPR scattering,
confirming the specificity of the antibody-conjugated gold
particles (62). Toxicity and biodistribution of AuNPs and
various other nanoparticles have been studied @ vitro and n
vivo (68,69). Similarly, anti-EGFR antibodies conjugated to
gold nanorods have been used with NIR scattering to
selectively administer photothermal damage to the targeted
cancer cells (70,71). Rotello and his co-workers have
reported that ligand-modified AuNPs can interact with o-
chymotrypsin, resulting in enzyme inhibition followed by
enzyme denaturation (72). Upon interaction with cellular
millue, certain nanoparticles generate a coating of protein
around the surface: the protein “corona” (71). Research is
ongoing to understand the AuNP-protein dynamics and
identify the proteins involved in the corona around
AuNPs. Such understanding may lead to the identification
of new biomarkers not only for cancer but for other
diseases.

AU-NANOPARTICLES AS A DELIVERY SHUTTLE

Nanoparticles can be used for site-specific delivery of
cytotoxic drugs with the potential to minimize toxicity and
reduce harmful side effects. In this section, we will discuss
the fabrication of a gold nanoparticle-based targeted drug
delivery system (TDDS) (Fig. 4) (73).

Anti-EGFR antibody cetuximab (C225) has been ap-
proved by the FDA for the treatment of EGFR-positive
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colorectal cancer. It is also in different phases of clinical
trials for many other malignancies (74,75). Recently, our
group demonstrated that targeted delivery of a low dose of
gemcitabine using cetuximab as a targeting agent and gold
nanoparticles as a delivery vehicle resulted in significant
inhibition of tumor growth in an orthotopic model of
pancreatic cancer (Fig. 5) (76).

Other targets include folate receptors (FRs). FRs are
overexpressed In various cancers such as breast, ovary,
brain and kidney (77,78). These FR-positive cancers can be
targeted using folic acid (FA) or anti-folate as a targeting
agent. Folic acid serves as a regulatory component of cell
growth, genetic replication and a building block of proteins
in cells. The FR expression is amplified two-fold or even
higher upon the advancement of cancer stage/grade
(2,79,80). FR 1is expressed selectively on the membrane
surface of normal polarized epithelial cells and thus
shielded from FR-directed therapeutics delivered in plasma.
When cell polarity is lost upon epithelial cell transforma-
tion, FRs become accessible for targeted drugs in blood
circulation (81). FR expression is not harmful, but is
required by healthy tissues (82). Recently, gold nano-
conjugates were synthesized to target the FR on various
cancer cells (Fig. 6). Polyethylene glycol (PEG) was used as
a linker between folic acid and relevant drug molecules.
The usage of PEGylated molecules was helpful to achieve
quick renal clearance of non-targeted conjugates, thereby
minimizing the toxic effects towards normal cells. Another
advantage to conjugating PEGylated molecules to AuNPs is
stabilization during blood circulation, minimal degradation,
and nonimmunogenicity. Andres et al. has shown TEM
analysis of cellular uptake for FA-coated AuNPs with KB
cells and WI-38 cells (83). KB cells (human carcinoma of
nasopharynx) are human cancer cells that overexpress FR.
WI-38 cells (normal human fetal lung fibroblast) are human
cells that have poor expression of FR. It is clearly depicted
in this analysis that the FA-coated AuNPs are present in KB
cells but not apparent in WI-38 cells.

Other examples of AuNP-based drug delivery systems
are AuriTax and Aurimune-T. AuriTax and Aurimune-T
are both multivalent systems assembled on 25 nm AuNPs.
AuriTax is composed of tumor necrosis factor (TNF),
paclitaxel and PEG. Aurimune-T merely contains TNF
and PEG. Animal studies revealed that Aurimune-T had a
ten-fold increase in efficiency i viwo compared to TNF
alone (2,3). Numerous other nanoparticles such as magnetic
(54), lanthanide (30,52,84), anionic clay, silver (85,386), and
many polymer-based particles (87,88) are gaining interest as
drug delivery platforms. Accumulating evidence indicates
that multi-functional engineered nanoparticles can enhance
the therapeutic delivery and overcome multi-drug resis-
tance (MDR) through multivalency and the incorporation
of a resistance modulator (89).
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Fig. 3 Laser scanning confocal reflectance images of a precancerous and b normal fresh cervical ex vivo tissue labeled with anti-EGFR/Au nanoparticle
bioconjugates. The images were obtained with 647 nm excitation wavelength and are false-colored in red. Reprinted with permission from Ref (62),
Sokolov K, Follen M, Aaron |, Pavlova |, Malpica A, Lotan R, et al. Real-time vital optical imaging of precancer using anti-epidermal growth factor receptor
antibodies conjugated to gold nanoparticles. Cancer Res. 2003;63:1999-2004. Copyright © 2003, American Association for Cancer Research.

NANOPARTICLES AS THERAPEUTICS laboratories are working on exploring the therapeutic applica-

tion of inorganic nanomaterials. In this section, we will discuss
Due to their unique physicochemical and optoelectronic ~ some of the recent examples of therapeutic inorganic nano-
properties, inorganic nanomaterials can also be considered as  particles. A list of nanoparticle-based drugs that are promising
a therapeutic molecule. This idea is relatively new, and several ~ candidates for therapeutics, is summarized in Table I.

. Active cellular

Fig. 4 Polymeric nanoparticles are shown as representative nanocarriers (circles). Passive tissue targeting is achieved by extravasation of nanoparticles
through increased permeability of the tumour vasculature and ineffective lymphatic drainage (EPR effect). Active cellular targeting (inset) can be achieved by
functionalizing the surface of nanoparticles with ligands that promote cell-specific recognition and binding. The nanoparticles can (i) release their contents in
close proximity to the target cells, (i) attach to the membrane of the cell and act as an extracellular sustained-release drug depot, or (iii) internalize into the
cell. Reprinted with permission from Ref (73), Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. Nanocarriers as an emerging platform for
cancer therapy. Nat Nanotechnol. 2007;2:751-60. © 2010 Nature Publishing Group.
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Fig. 5 In vivo targeting of the
nanoconjugate and its therapeutic
efficacy. A The quantification of
the amount of gold taken up by
the tumor, kidney, and liver under
different treatment groups (n=3).
A comparative bioluminescence
image from the mice treated with
a mixture of C225 and gemcita-
bine (C225 + Gem; B) or
Au-C225-Gem (C) i.p. (n=10).
D Effect of different treatment
groups on tumor growth inhibition
in vivo (left). Tumor volume was
measured after sacrificing the mice
at the end of the experiment.
Right, plasma concentration of
gold over time determined by ICP
analysis. Blood samples were col-
lected from the mice under iso-
flurane anesthesia at different time
points in heparinized tubes con-
taining tetrahydrouridine to pre-
vent gemcitabine degradation by
cytidine deaminase after i.v. drug
administration. Reprinted with
permission from Ref (76), Patra
CR, Bhattacharya R, Wang E,
Katarya A, Lau JS, Dutta S, et al.
Targeted delivery of gemcitabine
to pancreatic adenocarcinoma us-
ing cetuximab as a targeting agent.
Cancer Res. 2008;68:1970-8.
Copyright © 2008, American
Association for Cancer Research.
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Naked AuNP as an Anti-Angiogenic Agent

One of the key factors in the growth and spread of tumor

cells 1s angiogenesis. This is the process of new blood vessel
and capillary formation from preexisting ones (90,91).
Blood vessels supply oxygen and other nutrients to tumor
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cells, allowing them to grow, migrate, and metastasize to
different organs. Tumor angiogenesis is predominantly
triggered by endothelial-specific mitogens, such as vascular
endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), platelet-derived growth factor (PDGF), and
transforming growth factor-beta (TGF-) (92-94). Unlike
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Fig. 6 Schematic drawing illustrating the concept of folate targeting of liposomes to tumor cells. The blue dots represent the liposomal folate ligands. The
red dots represent the drug molecules encapsulated in the liposome water phase. The various steps involved in the targeting process are numerically
designated from | to 6. Steps |-3 are common to nontargeted and targeted liposomes. Steps 4-6 are specific to FTL. (1) Liposomes with long-circulating
properties increase the number of passages through the tumor microvasculature. (2) Increased vascular permeability in tumor tissue enables properly
downsized liposomes to extravasate and reach the tumor interstitial fluid. (3) Drug is gradually released from liposomes remaining in the interstitial fluid and
enters tumor cells as free drug to exert a cytotoxic effect. (4) Other liposomes bind to the FR expressed on the tumor cell membrane via the folate ligand.
Because of the limited diffusion capacity of liposomes, binding is likely to be limited to those tumor cells in closest vicinity to blood vessels. (5) Liposomes
are internalized by tumor cells via FRME. (6) Internalized liposomes release their drug content in the cytosol, enabling the drug to exert its cytotoxic effect.
Reprinted with permission from Ref (81), Elnakat H, Ratnam M. Distribution, functionality and gene regulation of folate receptor isoforms: Implications in
targeted therapy. Adv Drug Deliv Rev. 2004;56:1067-84. ©2004, Elsevier Limited.

normal blood vessels, tumor blood vessels are leaky in
nature, highly permeable to plasma and heterogencous,
both structurally and functionally (95). In 1971, Dr. Judah
Folkman proposed the idea of angiogenesis and its role in
tumor growth (96,97). He pioneered the idea of treating
cancer with anti-angiogenic agents (94-97). There are
numerous anti-angiogenic molecules in various phases of

clinical trials; many of them have been approved as cancer
therapeutics (98). Unfortunately, some of these agents have
shown signs of toxicity (99,100).

Recently, our group has reported that gold nanoparticles
inhibit VPF/VEGF-165-mediated endothelial cell prolifer-
ation i vitro and reduced ascites accumulation i vivo (14).
These AulNPs were shown to bind the heparin binding

Table | Nanoparticle-Derived Drugs in Different Phases of Clinical Development

Product Type of nanomaterials Size (nm)  Application Route of Phase company
administration
Combidex Iron oxide nanoparticles  17-20 Tumor imaging Y NDA field Advanced Magnetics
(Ferumoxtran-10)
Biovant Nano-sized calcium NAD Vaccine component  IM Phase | completed  BioSante
phosphate Pharmaceutical
CYT-6091 TNF-a-bound 33 Solid tumors Y Phase | Cytimmune Sciences
(Aurimmune) PEGlyated colloidal
gold particle
Bioconjugated Luminescent quantum [0-15 Cancer imaging Subc Preclinical Emory-Georgia tech
nanoparticles dots nanotechnology
centre
Abraxane Albumin-bound 130 NSC lung cancer, Y Approved Abraxis Oncology

paclitaxel particles

breast cancer,
others

IV Intravenous; IM Intramuscular; NAD No Available Data; Subc Subcutaneous

Adopted from Reference (194).
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domain and actively inhibit heparin binding growth factors  release, and RhoA activation were substantially reduced
such as VEGF-165 and bFGF. However, these AuNPs did ~ through AuNP inhibition of the VEGF165 (14). In wio,
not inhibit the function of non-heparin binding growth  AuNPs were administered to a male mouse ear that was
factors such as VEGF-121 and epidermal growth factor  pretreated with adenovirus-producing mouse VEGF. The
(EGF). In witro, phosphorylation, intracellular calcium  results of the AuNP treatment demonstrated the reduction

f

\|

P =0.004

Fluid Volume (ml)
o
o

0.0

Tumor Gold only

Fig. 7 Effect of nanogold on angiogenesis in vivo in the ears of nude mice. Gross appearance of angiogenesis 7 days after injection of nanogold only (a),
Ad-VEGF only (b), nanogold and Ad-VEGF (c). Giemsa-stained | umol/L epon sections of the ears were photographed at 10X magnifications, nanogold
only. (G), nanogold and Ad-VEGF (H), ascites fluid accumulation in the peritoneal cavity (/). Reprinted with permission from Ref. (14), Mukherjee B
Bhattacharya R, Wang R Wang L, Basu S, Nagy JA, et al. Antiangiogenic properties of gold nanoparticles. Clin Cancer Res. 2005; | [:3530-4. ©2004,
American Association for Cancer Research.
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of angiogenesis and edema formation (Fig. 7). AuNPs have
also been shown to inhibit the proliferation of multiple
myeloma cells (101). Multiple myeloma (MM) is a plasma
cell disorder (102,103). Many growth factors (VEGF,
mnsulin like growth factor-I (IGF-I) and TNF-a) were
reported to be responsible for multiple myeloma cell
growth and proliferation. Therapies for multiple myeloma
include the coupling of chemotherapeutics with or without
stem cell transplantation, alkylating agents, thalidomide,
and proteasome inhibitors (104). Naked AuNPs have also
been utilized in the study of treatments for MM (107). They
were shown to cause cell cycle arrest in the G-1 phase
followed by up-regulation of p21 and p27, thus inhibiting
cell proliferation (101). In other studies, gold conjugated
with anti-VEGF antibody (AbVF) induced dose-dependent
apoptosis as compared to AuNP or AbVF alone for the
treatment of B-chronic lymphocytic leukemia (CLL-B)
(101,105).

Photothermal Therapy (Hyperthermia) for Cancer
Treatment

Treatment options for cancer are dependent on the type
and stage of the cancer (106—109). All anti-cancer therapies
have limitations due to toxic side effects arising from non-
specific drug delivery, poor bioavailability, short half-life
and radiation damage to healthy cells. Photothermal
therapy 1s a viable approach; several heat sources (micro-
waves, ultrasound, radiofrequency and lasers) have been
tested for cancer treatment. Unfortunately, they damage
surrounding cells by non-specific heating (116-118).

Hyperthermia, by definition, is the application of heat to
kill tumor cells with a temperature above 40°C. It has been
used alone and in combination with chemotherapy and
radiation therapy (110,111). Higher temperatures (above
42°C) cause necrosis of the live cell, denature enzymes
(112,113), promote functional changes to DNA and RNA
(113), and rupture the cellular membrane releasing cellular
content, ultimately leading to cell injury and death
(114,115). However, the undifferentiated heating of both
normal and malignant cells is a major concern and thus
requires a rational design for targeted and regulated
delivery. Gold nanoparticles can be used as a probe
for hyperthermia due to their unique physicochemical
properties.

The strong SPR absorption of Au nanoparticles can be
converted from absorbed light to heat within picoseconds
(~ 1 ps) (37,44,45,116). El-Sayed et al. were able to target
EGFR-positive human (oral) squamous carcinoma cells
(HSC and HOC) with AuNPs conjugated with EGFR
antibodies. After AulNP treatment, the cells were excited
with an argon-ion laser at 514 nm, which converted the
SPR band of the AuNPs to heat (117) and resulted in death

of the cells. To determine the extent of photothermal
damage, the cells were stained with trypan blue. Dead cells
appeared blue (Fig. 8), whereas the live cells remained
unstained (118,119). Malignant cells showed photothermal
damage with 25 W/em?; interestingly, it took 50 W/cm? to
cause damage to healthy cells (117).

Silica-coated Fe3O4 magnetic nanoparticles (MNP) are
also used in hyperthermia treatment (120,121). A large
amount of heat can be generated from MNPs due to loss of
energy produced by the magnetic hysteresis loop (122). The
extent of heat created can be tuned by the magnetic field
parameter and formulation of the metal surface (123). A
recent study shows that lanthanum magnetite particles with
silver doping are ideal materials for hyperthermia (T 41—
44°C) (86). These nanoparticles show stability in living
tissue and elicit brilliant colors in mice brains when used as
a MRI agent. Another use of MNPs was demonstrated with
the administration of magnetic cationic liposomes in
combination with TNF-a and stress-inducible promoters
resulting in significant tumor inhibition (124). MNPs have
also showed selective uptake by tumors when attached with
tumor-specific antigens during hyperthermia therapy (125).

Nanoparticle-mediated hyperthermia @ vwo requires
deeper energy penetration through skin and tissue. Recent-
ly, core-shell nanomaterials have been used as a probe for
hyperthermia using near infrared (NIR) (135). Gold nano-
rods with silica coating exhibit NIR scattering. The core
and shell thicknesses can be tuned to change the optical
properties of the nanoparticles, resulting in a shift from
visible to the NIR region. Hirsch ¢t al. reported the use of
NIR with silica-gold nanoshell for photothermal therapy of
human breast cancer cells i vitro and i vivo (126). An i viwo
study utilizing NIR exposure for 4-6 min indicated
irreversible tissue damage and generated a temperature of
37.4£6.6°C (126), as evident from MRI data. El-Sayed et
al. also reported that gold nanorods could be used as a
contrast agent for both molecular imaging and selective
photothermal therapy with the use of NIR irradiation.
They also demonstrated that NIR irradiation of gold
nanorods conjugated with anti-EGFR antibodies showed a
clear distinction between healthy (HaCaT) and cancerous
cells (HOC-313 & HSC-3) (Fig. 9) (70). Cells were treated
with these nanoconjugates and subsequently exposed to Ti:
sapphire laser (800 nm, 40-160 W/cm?); malignant cells
showed evidence of damage at half the energy required to
damage healthy cells (74).

Griffin e al. extrapolated on this idea and reported the
use of PT-cAu-TNF-a (PT signifies thiol derivatized
polyethylene glycol) for targeted delivery of TNF- a and
hyperthermia to illustrate destruction of SCK murine
mammary carcinoma. Contrast-enhanced Doppler ultra-
sound was utilized as a visualization technique to determine
SCK tumor perfusion defects. Treatments were performed
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Fig. 8 Light-scattering images of HaCaT benign cells (left), HSC malignant cells (middle) and HOC malignant cells (right) after incubation with anti-EGFR
antibody-conjugated gold nanoparticles. The figure shows clearly distinguished difference for the scattering images between the benign and malignant cells.
The conjugated nanoparticles bind specifically with high concentrations to the surface of the malignant cells. Scale bar: 10 um for all images. HaCaT benign
cells (top row), HSC malignant cells (middle row) and HOC malignant cells (bottom row) irradiated at different laser powers and then stained with trypan
blue. HaCaT benign cells were killed at and above 57 W/cm?, HSC malignant cells were killed at and above 25 W/cm? and HOC malignant cells were
killed at and above 19 W/cm?. Scale bar: 60 um for all images (For interpretation of the reference to color in this legend, the reader is referred to the web
version of this article). Reprinted with permission from Ref (1 18), El-Sayed IH, Huang X, El-Sayed MA. Selective laser photo-thermal therapy of epithelial
carcinoma using anti-EGFR antibody conjugated gold nanoparticles. Cancer Lett. 2006;239:129-35. Copyright © 2006, Elsevier limited.
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Fig. 9 Selective photothermal therapy of cancer cells with anti-EGFR/Au nanorods incubated. The circles show the laser spots on the samples. At 80 mW
(10 W/ecm?), the HSC and HOC malignant cells are obviously injured, while the HaCat normal cells are not affected. The HaCat normal cells start to be
injured at 120 mW (15 W/cm?) and are obviously injured at 160 mW (20 W/cm?). Reprinted with permission from Ref (70), Huang X, El-Sayed IH, Qian
W, El-Sayed MA. Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods. | Am Chem Soc. 2006;128:2115-20.

© 2006, American Chemical Society.

for 1 and 5 days, and the treatments tested PT-cAu-TNF-a,
PT-cAu, and TNF-a in various concentrations, both with
heat and without (127). The least amount of cell survival
and persistent perfusion was achieved with PT-cAu-TNF-a
and heat, resulting in a mere 21% of the control (136). A
comparative study of antibody-coated Au-based nanoma-
terials (silica coated Au nanoshells, hollow Au/Ag nano-
spheres and Au nanorods) administered in Hela (cervix
cancer), TCC (bladder cancer) and A549 (lung cancer) cells
revealed photodestructive efficiency of each nanomaterial.
The antibody coating allowed for penetration of the cells, and

NIR was used at 808 nm to heat the cells and promote
destruction. The efficacy was determined by the number of
particles required to cause cell death with fixed laser energy.
These experiments revealed that minimum silica-coated Au
nanoshells were needed to produce eflicient photodestruction;
consequently, the Au nanorods required the largest number of
particles to produce similar cell destruction (128).
Photocatalyzed titanium dioxide (TiOg) nanoparticles
possess antitumor properties (129). Due to the logistical
limitations of introducing UV light i situ, the employment
of TiOy particles for human therapy is restricted. However,
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TiOy particles are still of interest from a nonphotocatalyzed
anti-cancer perspective. Functionalizing the surface of TiO,
with alcohol, amine and carboxylic acid groups was
studied n vitro and i vivo for evaluation of non-photolytic
antitumor properties. Lung carcinoma, JHU (prostrate
cancer), 3T3 fibroblasts, and B16FF10 melanoma were all
treated with alcohol, amine and carboxylic acid function-
alized TiO, nanoparticles. Results revealed membrane
disruption by these nanoparticles caused cell death.
However, amine and alcohol functionalized particles
rendered higher toxicity than carboxylic functionalized
particles; cell viability was seen to be dependent on particle
concentration, cell types and the surface chemistry of the
particle (129).

INORGANIC COMPOUNDS FOR PHOTOACTIVATED
CHEMOTHERAPY (PACT)

Transition metals are a growing area of interest for
inorganic nanoparticle-based cancer therapeutics (130).
Upon photoexcitation, these metals can radiate the excited
energy by releasing electrons (photochemically or photo-
physically), losing ligands and transferring energy (electrons)
to nearby species. Photoactivated chemotherapy for d-block
metals, such as Ti, V, Cr, Mn, Re, Fe, Ru, Os, Co, Rh, Ir,
Au, Pt and Cu, has potential for greater exploration (130).
The photophysics of Ti, V, Fe, Cu, Rh, Pt and Au have
been well studied and demonstrated anticancer activity.
Transition metals can be easily excited with visible and
UVA light, leading to various electronic and vibrational
states where orbitals may possess mixed metal/ligand
character depending on the class of the metal-ligand bond.
Once electrons reach the photoexcited state, several
possible photophysical phenomena occur to achieve the
ground state electronic structure (intersystem crossing (ISC),
internal conversion (IC), vibrational relaxation and solva-
tion dynamics) (130). The lifetime of this metal ion
electronic transition is short (50 ns—1 ps) compared to
organic compounds, and the quantum yield is quite high
for this photo transition. Transition metal complexes
having d” and d® electronic configurations show remarkable
photophysical properties. There are different types of
electronic transitions: metal-metal (d-d), ligand field (LF),
charge transfer (CT) and ligand centered (LC). Metal-
centered transitions are mainly orbital forbidden and
occasionally spin forbidden, resulting in weak absorption
intensities. Metal-centered transitions mostly reside in the
antibonding orbitals; thus, photochemical lability favors the
release of the ligand (bioactive NO, CO) and ligand
substitution (131). Charge transfer complexes are defined
as involving metal-to-ligand (MLCT), metal-to-solvent (T'S)
or ligand-to-metal (LMCT) transitions and have intense
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molar absorptivity. They can trigger redox reactions
resulting in free radicals capable of DNA damage under
physiological conditions. Photoexcited states of metal
complexes such as triplet states de-energize by transferring
energy to the ground state triplet oxygen, generating highly
reactive singlet oxygen ('Oy). The energy of the triplet
excited state metal complex must be >-94 kJmol ' in
order for this photophysical phenomenon to occur
(130,132). The excited singlet oxygen has the potential to
damage DNA, modify the protein, promote lipid perox-
idation and destroy the tumor microenvironment (133).
This process is known as photodynamic therapy (PDT),
where the quantum yield of singlet oxygen generation is an
imperative parameter; d” (Mg", AI"" or d' (zn", Cd™)
configurations have modest to high values of quantum yield
(130,132). The photoexcited energy can be liberated as
heat instead of radioactive decay, and this can damage the
cancer cells. Optimum wavelength for phototherapy
requires 620-850 nm to achieve maximum tissue penetra-
tion. Group 3 compounds Sc, Y and La (mostly in +3
oxidation state) have strong photoluminescence properties
which heighten their appeal as contrast agents; however,
group 3 elements have yet to be explored for PACT. Group
4 elements such as Ti, specifically as TiOg, have the
capability to destroy cancer cells. Irradiation of Ti* with
UVA light stimulates photoreduction to Ti**, generating
free radicals which ultimately damage cancer cells (134).
Group 5 compounds, such as vanadium (IV) complexes,
have been shown to cleave DNA through a photochemical
mechanism (134,135). Group 6 compounds, Cr, Mo and
W, especially porphyrin complexes with Mo, show excellent
photochemical properties, but their role for PACT has not
been characterized. Chromium™ diimine complexes such
as [Cr(phen)Cly] are capable of binding DNA and can
photorelease a coordinated axial ligand (Cl) (136). Group 7
complexes, Mn"" porphyrins have potential for PDT. Re
and Tc (radioisotopes) are mainly used for imaging and
radiotherapy (137,138). Group 8 compounds have a rich
background in the use as photosensitizers and DNA
intercalators. They are capable of releasing bioactive
molecules photophysically. Iron (II) triazine complex can
cleave plasmid DNA by producing ROS upon irradiation
(72 h, 4;;>455 nm) in an LMCT excitation (139).
Hydroxyl, superoxide and triazine radicals all can cleave
DNA. Ruthenium"" can undergo photoactive reduction to
Ru", in turn reacting with DNA either photochemically or
thermally. Ruthenium complexes can intercalate DNA and
form adducts of DNA (140). Osmium also exhibits
photochemistry and has been utilized for PACT in a mixed
metal system. Synthetic obstacles have made Os-only
systems difficult, but the low energy MLCT bands continue
to make this system attractive. Group 9 complexes, Co™
and Rh"™ possess anticancer properties based upon exper-
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imental conditions and ligands. Cobalt'" complexes such as
cis-[CoL(NO,)ONO)] " release NO upon photoactivation
(Air=360 nm), which sensitizes the hypoxic tissue towards
y-radiation, and the thermal release can cleave DNA (141—
144). Photoreduction of [Co™(en)y(dppz)]** photocleaves
the DNA backbone (4;,,=350—400 nm); this mechanism
quenches the excitation and produces guanine radical
cation G** (145). Barton e al. have reported the use of
[Rh(bpy)s(chrysi)]**
photoactivation (4;,,=340-450 nm), thus a potential for
PACT. Mismatches in DNA have been reported to be
involved in many cancers (146). A few reports have been

to detect DNA mismatching upon

published on group 10 metals such as Ni. Photoirradiation
of Ni complexes generates ROS, which cleaves DNA, but
Ni complexes bind to DNA without irradiation (147).
Platinum employment for PACT is well documented.
Upon irradiation, Pt"" diazido complexes cause photodis-
sociation of the ligands due to weaker d-d transitions at (A,
=490, 514 nm). Also, photoreduction of Pt"Y to Pt"" occurs
and exhibits acute toxicity in cell cultures; consequently,
this phenomenon 1is totally absent in the absence of light
(148,149). Palladium compound (TOOKAD) is in phase 1/
IT clinical trials for the treatment of prostate cancer by PDT
(150). Group 11 complexes, such as Cu complexes, have
been reported to cleave DNA in a photodependent manner
(Airr=700-755 nm, NIR) and without direct irradiation.
With the proposed mechanisms for the DNA damage, in
the presence of O, a hydroxyl radical and singlet oxygen
are generated, and under hypoxic conditions a sulfur
anionic radical is produced (151). Minimal research has
been reported on Ag for the use in PACT, especially in
comparison to the extensive studies that have been
performed using Au. Group 12 complexes, such as Zn-
porphyrins, are used for PDT, but the most promising
group 12 element is Cd (152,153). Cd-based quantum dots
(OD) have the potential to generate the ROS which can kill
cancer cells. Cd QDs can be tracked through imaging and
used as a PDT agent once irradiated with X-rays (154,155).

USE OF RADIOISOTOPES OF COLLOIDAL GOLD

Radioactive isotope '"®Au disintegrates to a beta particle of
0.98 MeV and emits two gamma radiation (0.12 and
0.41 MeV) with minimal tissue penetration (0.38 mm,
ti,9=2.7 days) (156). The lower permeability of '"®Au
makes it capable of delivering a high amount of ionizing
radiation to a localized tumor area without affecting the
normal tissue (157). Another advantage of using '*®Au is its
short half-life, and it does not require removal of the radio
source (157). The use of radiogold is very efficient; it has a
96.3% patient survival rate for the treatment of stage Ia
ovarian cancer (158,159). Radiogold has also been used in

the treatment of hepatic carcinoma and endometrial cancer
with minimal side effects compared to traditional radio-
therapy (7). Despite these successes, the therapeutic efficacy
achieved by radiogold is limited (160).

Radioactive gold has been applied in the treatment for
several tumors (prostate cancer, bronchogenic carcinoma,
nasopharyngeal carcinoma, head and neck cancer) (7).
Chanda et al. has administered radioactive gold conjugated
with gum arabic glycoprotein (GA) in human prostrate
tumor xenografts of SCID (severely compromised immu-
nodeficient) mice (161). Intratumoral administration of
beta-emitting radiogold inhibited tumor growth without
showing any obvious side effects. Tumor volumes were
reduced to 82% compared to the control, and pharmaco-
kinetics revealed the accumulation of GA-'""AuNPs inside
the tumor region with minimal leakage of radioactivity to
untargeted organs (161). Blood component analysis showed
similar results to normal SCID mice, implying therapeutic
efficacy and non-toxic behavior of radiogold u vivo. A study
by Parmerswaran e/ al. has reported the use of gold
nanoshells for i vwo tumor radiation therapy and reduction
of the hypoxic fraction of tumors as well as the vascular
disruption of malignant tissue. This result indicates the
antithypoxic and noninvasive nature of gold nanoshells,
which is thus useful for combining with other tumor
ablation therapies (162).

Platinum nanoparticles have been applied for radiation
with fast ions, employed for hadron therapy (163). Applying
this strategy, Pt nanoparticles enhanced double-strand
DNA cleavage (DSBs) by a factor of 2. The use of high-Z
atoms embedded in compounds can potentiate the effect of
1onizing radiation, due to the electronic transmission in the
neighboring high-Z atom (164). The presence of a high-
ionizing cross-section and the augur de-excitation processes
results in amplification of ionization density and, in turn,
the dose (165). Platinum nanoparticles with polyacrylic
capping were prepared by radiolytic reduction of platinum
complex, (Pt(NH3)4Cl,.HoO) (163). The proposed mecha-
nism involved the generation of hydroxyl radicals catalyzed
by radioactivated Pt particles and subsequently the cleavage
of DSBs (Fig. 10). Novel approaches of hadron therapy using
Pt nanoparticles direct a new method for cancer therapy.

INORGANIC NANOPARTICLES AS A CARRIER
FOR PHOTODYNAMIC THERAPY (PDT)

Photodynamic therapy (PDT) is getting attention as an
alternative treatment for cancer. The principles of PDT
require using a photosensitizer that becomes excited upon
irradiation. Then the energy is transferred to the surround-
ing oxygen to generate a highly reactive oxygen species
(ROS), such as singlet oxygen ('O,). This singlet oxygen
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Fig. 10 Fast processes (t< 10— 12 s) involved in platinum nanoparticles excited by ionizing radiations. Reprinted with permission from Ref (163), Porcel
E, Liehn S, Remita H, Usami N, Kobayashi K, Furusawa Y, et al. Platinum nanoparticles: a promising material for future cancer therapy? Nanotechnology.

2010;21:85-103. Copyright © 2010, IOP publishing limited.

can oxidatively modify the neighboring lipids, proteins,
amino acids and nucleic acid content of the cellular
component and thereby lead to cellular damage by
necrosis, and/or apoptosis (166). An example of an FDA-
approved photosensitizer is Zinc (II) phthalocyanine, a
highly specific antitumor agent demonstrating cytotoxicity
both i vitro and i vivo (163). The use of nanoparticles as a
delivery vehicle for hydrophobic and insoluble photosensi-
tizing drugs could remarkably progress the application of
PDT. Also, the issue of tissue penetration of light could be
overcome by using fluorescent nanoparticles doped with
photosensitizing drugs, which are tunable from the NIR
region to the visible. The Zhang group has reported the use
of sodium yttrium fluoride nanocrystals with a mesoporous
silica coating to enhance the uptake of ZnPc to murine
bladder cancer cells (MB49) in a concentration-dependent
fashion at 980 nm (84,167,168). Silica encapsulation aides
in the light activation while also protecting against
degradation in a bioenvironment and allowing for better
contact with the oxygen, in turn increasing the release of
sodium yttrium fluoride nanoparticles. Cytotoxicity in
MB49 cells due to the photodynamic effect of nanoparticles
was explored through cell viability, confocal microscopy
and DNA agarose gel experiments. This study illustrates the
potential of using sodium yttrium fluoride as an agent for
photodynamic therapy. Roy ¢ al. have demonstrated the use
of ceramic nanoparticles to deliver hydrophobic photosensi-
tive antitumor agents. The drug trapped in nanoparticles
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showed higher fluorescence compared to the free form. In vitro
analysis indicated greater cellular uptake, and, upon irradia-
tion, more singlet oxygen was produced, and, in turn, more
damage to the tumor cells was achieved (169).

Inorganic oxide-, metallic-, ceramic- and biodegradable
polymer-based nanoparticles are getting attention as effi-
cient carriers for photosensitizing drugs (170). Lai et al.
reported Fe;O,4 functionalized with an iridium-complex,
and Si0, served as an effective combination for photo-
sensitizing and phosphorescent probe for imaging and
therapeutics (171). HelLa cells were treated with this
multifunctional nanohybrid, and the uptake of nanopar-
ticles into the cells was confirmed by MRI. Photodynamic
therapy induced cellular damage and the loss of organelles,
as apparent for 'Og-mediated apoptosis (170,171). The
drawback of the design was the requirement of 366 nm
radiation, which is not very efficient for tissue penetration.
Employing porphyrins as photosensitizers can be achieved
through attachment to various doped nanoparticles (Caly:
Eu?", BaFBr:Eu”*, BaFBr:Mn*" CaPO,:Mn"?, LaF;:Ce "’
and LuF5:Ce™) and semiconductor nanoparticles (ZnO,
ZnS and TiOy) (172).

NANOPARTICLES AS ANTIOXIDANTS

Oxidative stress and ROS generation is recognized to play
a critical role in a wide range of diseases, including cancers
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(173). Yin et al. have shown that [Gd@Cgy(OH)gol,
(endohedral metallofullernol) nanoparticles decreased the
ROS generation and induced the production of phase II
enzymes assoclated with destruction and metabolism of
ROS species, in vivo (174). An i vitro study using liposomes
from bovine liver phosphatidylcholine showed that
[Gd@Cgo(OH)go],, nanoparticles can eliminate ROS as
well as inhibit lipid peroxidation. In vitro and n vive studies
using human lung adenocarcinoma cells clearly indicated
the reduction of ROS formation, decrease of mitochondrial
damage and inhibition of malignant tumors (174). These
data raise the possibility of [Gd@Cgo(OH)gs], nanopar-
ticles mediating tumor inhibition through the antioxidant
ability of the nanoparticles. Recent studies indicate that
rare earth certum oxide (CeOy) nanoparticles can act as a
radical scavenger and prevent healthy tissue from radiation-
induced damage (175—177). Thus, CeOqy nanoparticles
could serve as regenerative medicine for normal tissue.
Animal studies revealed CeO, nanoparticles were well
tolerated by cells and protected against radiation-induced
pneumonitis (175). This study suggests a new approach to
using nanotechnology for preserving human health while
receiving radiation therapy.

OTHER INORGANIC NANOPARTICLES
FOR CANCER THERAPY

Silver also has an extensive historical background for
medical use (178,179). J. N. Burst first used silver treatment
during World War II for burn victims (180). Silver
nanoparticles have been well accepted and shown great
success as a biocide against microbial infections, burns and
diabetic skin ulcers (178). The biological activity of silver
has been attributed to the presence of the Ag" ion. Two
examples of medicinal silver-based compounds being used
clinically are silver sulfadiazine and actisorb silver 220
(178,181). The anti-microbial activity of silver stems from
the positively charged 1on actively binding with negatively
charged proteins, RNA and DNA, to inhibit cell replica-
tion. Silver nanoparticles (1-10 nm) bind to HIV-1 and
drastically inhibited the HIV infection compared to a BSA
(bovine serum albumin) surface-modified silver particle
(182). Recently, Qingzhi et al. reported that glutathione-
assisted preparation of silver nanoparticles passivated with
BSA possess tunable optical features dependant on size and
surface coverage, which is potentially relevant for biomed-
ical applications (85).

Medicinal use of platinum nanoparticles is not well
known; rather, platinum compounds are more popular as
antitumor agents (cis-platin and its derivatives) (183).
Platinum nanoparticles have been used recently for medic-
inal purposes, mostly as a composite of other nanoparticles in

the form of core-shell. Yolk-shell nanoparticles (FePt@CoSy)
showed more efficient killing of Hela cells (IC5,=35.5%
4.7 ng Pt/ml) compared to cis-platin (IC;50=230 ng Pt/ml)
(184). This structurally modified platinum nanoparticle
could be very useful to minimize the cytotoxicity of drugs.
Platinum nanoparticles were also used in combination
with multi-walled carbon nanotubes (MWCNTSs) to
enhance the sensitivity of electrochemical biosensors and
the catalytic efficiency of platinum nanoparticles. The
catalytic sensitivity of the detection for DNA was
enhanced to 1.0x107"" moll™" (171). Recent reports
confirm that face-centered cubic (fcc) FePt nanoparticles
conjugated with LHRH (luteinizing hormone-releasing
peptide) via phospholipids can inhibit tumor growth (for
human ovarian cancer (OVA2780) that overexpresses the
LHRH) in a pH-dependent (low pH~4.8) manner (185).
The mechanism of action involves the generation of a
hydroxyl radical (HO"), via catalytic decomposition of HyO,
by Fe*?. Thus, fec-FePt NPs offer a new platform for nano-
fabrication with peptides, lipids and antibodies for targeted
drug delivery and could also be used for MRI due to their
contrast-enhancing properties. Xu e al. have used the
dumbbell-shaped Au-FesO4 NPs to accommodate platinum-
based anticancer drugs with herceptin antibody and used the
NP scaffold for targeted delivery of platin compounds to
breast cancer cells (SK-BR-3) (186). Dhar e al have also
demonstrated the i situ release of the cytotoxic drug cisplatin
after intracellular reduction of prodrugs. They have specif-
ically targeted prostate cancer cells by using a functionalized
Pt (IV) prodrug encapsulated with prostate-specific mem-
brane antigen (PSMA) with a PEG-modified polyglycolic
acid (PLGA) (88). The Lin group has reported the nano-scale
preparation of coordination polymer (NCP) as a multi-
dentate bridging ligand and demonstrated the controlled
release of platinum anticancer drugs to HT-29 cells
(angiogenic human colon carcinoma cell) (87). Cell viability
assays and dose-response curves revealed the systematic
dissolution of the NCP-coated Pt-drugs at the tumor site.
Other nanoparticles include the use of metal oxides such
as 510, with functionalized surfaces and Fe;O4 (magnetic
nanoparticles) as a vector for targeted delivery of drugs and
genes with reasonably low toxicity (187). These nano-
particles can be easily synthesized and well characterized in
the lab. Wider e al. have used magnetic nanoparticles for
drug delivery of doxorubicin into sarcoma tumors of rat
model regulated by a magnetic field (188). Magnetic
nanoparticles with a PEG-modified surface showed appre-
ciable increase in cellular uptake by breast cancer cells
(BT20) compared to unmodified particles (189). Recent
reports show calcium phosphate and magnesium phosphate
nanoparticles (30—40 nm diameters) are great transfection
agents for DNA. The transfection efficiency to HelLa cells
showed comparable results to the commercial agent
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Polyfect (190). Calcium-magnesium phosphate nanocom-
posits were reported to be better transfection agents and
subsequently triggered higher expression of genes (10 times)
than individual transfection agents (191).

The use of boron and gadolinium nanoparticles is well
known for treating cancer cells with neutron capture
therapy (NCT). Inorganic Gd(OH); nanoparticles showed
an increase in potency compared to organic Gd emulsions
(29). The accumulation of tumor tissue increased 25 times
when 30 nm Gd(OH); nanoparticles (instead of 100 nm)
were applied to tumor-bearing hamsters (32).

Other inorganic nanoparticles such as ZnS, CdS, CdTe,
and PbS are also known as quantum dots (QD) and possess
bright luminescent properties (192). The fluorescence
emission of most quantum dots is adjustable according to
size and chemical composition. They are very useful tools
as biodiagonistic probes for imaging. Proteins and peptides
can also be attached to QDs for site-specific delivery to
target organs.

Several other metal nanocomposites can be synthesized
from layered double hydroxides (LDHs) or clay compounds
of different metals (Mg, Zn, Ca, Co, Fe, Ni, Cu, Al, Fe, Cr
and Ga) with varying composition, synthetic preparation
and size (30-100 nm hydrodynamic radius) (187). Many
other lanthanides such as gadolinium nanoparticles can be
used as a magnetic contrast agent for MRI imaging (202).
Oyewumi e al. reported that folate, PEG and thiamine-
modified gadolinium nanoparticles can be easily taken up
by the tumor cells (193). Targeted delivery of gadolinium
nanoparticles to the tumor could enhance the efficiency of
tumor damage by neutron capture therapy, due to its large
emission of photons with long flight range. These studies
show that the properties (size, shape, optical and chemical)
of many periodic table metals can be utilized to prepare a
wide range of nanomaterials for applications in cancer
therapy.

TOXICITY OF INORGANIC NANOPARTICLES

Existing preclinical data shows that gold nanoparticles are
relatively non-toxic (194). The favorable toxicity profile of
gold nanoparticles makes them attractive for various
medical applications, such as wires in pacemakers, intrave-
nous contrast for imaging, real-time pregnancy detection
and noninvasive detection of lung cancer (2,5,60,160). No
biochemical or hematological toxicities were observed when
a high dose of 1.9 nm AuNPs (2.7 g Au/kg) was injected
into the tail vein of mice (160). Studies are ongoing to
determine the immune response of various base nano-
particles and their conjugates.

A study of the toxicity effects of starch-coated silver
nanoparticles with human glioblastoma cells (U2510) and
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human lung fibroblast cells (IMR-90) revealed that AgNPs
caused ATP depletion, mitochondrial damage, cell cycle
arrest in G2/M phase and enhanced ROS generation
(leading to DNA damage) in a dose-dependent fashion
(195). These results were determined through changes in
cell viability, cell morphology, oxidative stress and gel
electrophoresis. TEM analysis confirmed that AgNPs were
located in the mitochondria and nucleus, indicating a
possible role of AgNPs in mitochondrial toxicity leading to
DNA damage (195). The mechanism was hypothesized
to be a disruption in the mitochondrial membrane that led
to the formation of ROS and possible interruption of ATP
synthesis.

Anionic clays (metal hydroxide nanoparticles) are
another important class of nanomaterials for potential
drug delivery applications. Choi et al. have conducted a
toxicity study of anionic clay particles in human lung
epithelial cells (A549) and normal (L-132) cells and
compared them with HeLa cells and osteosarcoma cells
(HOS) (196). Cell proliferation and cell viability data
revealed low cytotoxicity associated with a dose of
<250 pg/ml within 48 h. However, a treatment with a
higher dose (250-500 pg/ml) for 72 h triggered an
inflammatory response that differed in cell types
(A549>HOS>HeLa); interestingly, the normal cells indi-
cated no toxic effects (196). The mechanisms of toxicity
among inorganic nanoparticles were found to be different
from one system to the next. For example, single-walled
carbon nanotubes (SWNTs) caused oxidative stress,
triggering apoptosis, while magnetic nanoparticles in-
duced cell death through membrane damage. Further-
more, silica particles prompted an inflammatory response
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Fig. 11 Apoptosis of A549 cells incubated with nanoparticles: LMH (A),
iron oxide (B), silica (C), SWCNT (D), and% apoptotic cells (E). Cells
(2% 10* cells/ml) were exposed to nanoparticles (250-500 Ig/ml) for
72 h, and apoptotic cells were measured by annexin V-FITC (green)
binding assay. The nuclei were stained with Dapi (blue) or Pl (red). Cell
membrane partially stained by annexin V-FITC was indicated by the arrow.
*Significant difference from control (p <0.05). Reprinted with permission
from Ref (196), Choi S, Oh JM, Choy JH. Toxicological effects of inorganic
nanoparticles on human lung cancer A549 cells. ] Inorg Biochem.
2009;103:463-71. Copyright © 2006, Elsevier limited.
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that did not cause cell death in normal or malignant cells
(Fig. 11). Ironically, anionic clay particles did not exhibit
any toxic effects in terms of membrane disruption,
apoptosis and ROS generation with the low dose listed
above.

Magnetic nanoparticles (MNPs) can be formulated in
many different ways for various biomedical applications.
MNPs exhibit acute toxicity i vivo, which has limited their
clinical translation (197). Non-immunogenic responses in
cells and macrophages are highly viable with MNP (20—
45 nm) treatments, as evident by MTT assays and dose-
dependent apoptosis (Fig. 12) (198,199). Oxidative stress
and interference with mitochondrial energy production by
MNPs can lead to cytotoxicity. Dextran-coated MNPs
showed a LDs5( value of 400 mg/kg in rats, which caused
cytotoxic effects on peritoneal cells, lymphocytes and
neutrophils (200-202). Therefore, some formulated MNPs
could be safer by tuning the surface chemistry.

CHALLENGES AHEAD

Tumor heterogeneity has complicated the continuous battle
in the treatment of cancer. Every cancer is unique and
differs from organ to organ. Cancer cells are heterogeneous
in terms of genetic mutations and expression profiles. A
tumor is a complicated mixture of malignant, non-

malignant, stem and progenitor cells (203). This fact has
posed a significant challenge to all researchers and
clinicians to come up with a specific and targeted cancer
therapy to combat non-specificity and therapeutic efficacy.

Inorganic nanoparticles could be useful to address
cancer heterogeneity and could be applied for use in
targeted therapy in specific tumor environments (tumor
stroma). Understanding the interactions between the
stromal cells and tumor cells is important to develop an
effective therapeutic strategy. In general, tumor micro-
environments contain leaky vasculature and high perme-
ability due to more angiogenesis triggered by different
cytokines (2). Nanoparticles can be used to passively target
the tumors through this leaky vasculature due to the
enhanced permeability and retention (EPR) effect (2,204).
Nanoparticles are ideal due to the ease with which
anticancer agents, liposomes and macromolecules can be
conjugated to the surface and promote accumulation in the
tumor lesion. Unfortunately, the interstitial fluid pressure in
the tumor is a constant threat for successful delivery of
nanoconjugates using the EPR effect. However, normali-
zation of tumor vasculature by anti-angiogenic therapy
followed by administration of the nanoconjugates may offer
better therapeutic efficacy (205).

Nanoparticles could also be utilized to site-specifically
target tumors in order to minimize the non-specificity of the
drugs (206). Many cancer cells have an overexpression of

- BBB/ BNB permeability

Macrophage recruitment

Fig. 12 A proposed mechanism of MNP-induced macrophage recruitment into neuronal tissues. (1) Exposure to cytotoxic MNPs stimulated the
formation of ROS in resident cells. (2) ROS promotes expression and release of proinflammatory cytokines, such as TNF-a. Through its two receptors
(TNFR), TNF-a activates p38 and ERK mitogen-activated protein kinases pathways to (3) induce the expression of matrix metalloproteinases (MMPs) in its
inactive, pro-MMP form. In addition, (4) ROS can directly promote MMP activation from pro-form. MMPs are the only enzymes in the body capable of
degrading blood-brain and blood—nerve barriers (BBB/BNB), which (5) promote infiltration of circulatingmacrophages (m®) into neuronal tissues. MNP
size and surface chemistry determines the mechanisms and the target cells of MNP internalization, as well as extent of neurotoxicityof MNPs. Reprinted
with permission from Ref (54), Shubayev VI, Pisanic 2 TR, Jin S. Magnetic nanoparticles for theragnostics. Adv Drug Deliv Rev. 2009;61:467-77.

Copyright © 2009, Elsevier limited.
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different receptor proteins on the surface of cell mem-
branes. To achieve an efficient targeting with improved
therapeutic efficacy, selection of an appropriate therapeutic
molety, a targeting agent, size of the nanoconjugates, their
hydrodynamic radius and hydrophilic properties should be
considered.

CONCLUSION

Nanoparticles possess great potential for future clinical
applications in imaging, diagnosis and therapeutics. How-
ever, the fundamental research and knowledge about their
interactions with specific cells, the mechanism of entry,
subcellular compartmentalization, and trafficking through-
out the body are still unknown. These studies will help the
understanding of the interactions and recognitions of the
nanoparticle by the cells at the molecular level (207).
Finally, all of this information will help rational design of
nanoconjugates for combating various deadly diseases
previously untreatable and ultimately improving the human
health-care system for future generations.
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