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1. Introduction

The interest for the development of new materials for biomedical applications has steadly
increased over the past ten years, due to the numerous advances made in the field of cancer
diagnosis and therapy using nanoparticles (NPs). Nowadays, these NPs, such as noble metal
gold (Au) and silver (Ag), are considered as valuable starting materials for the construction
of innovative nanodevices and nanosystems that are built based on the rational design and
precise integration of the tailored-functional properties of NPs. The two main goals of this
investigation are to: (1) conduct multidisciplinary project and emerging research in the
biological and physical sciences to develop new diagnostic methods or cancer therapy tools
(health aspect); and (2) optimize the fabrication variables of nano-metals using green
colloidal chemistry method (nanotechnological aspect). To accomplish the above goals, we
have extensively investigated the fabrication of nano-structured metal(s) using green
colloidal (sol-gel) approaches to formulate particles of specific size with defined
homogeneity at molecular level; characterized the fabricated nanostructured materials using
state-of-the-art instrumentation; and evaluated their in vitro cytotoxicity using model cell
lines (such as ovarian adenocarcinoma and normal ovarian cell line), and related
hemocompatibility of Au and Ag NPs with human red blood cells. The scope of this article
will focus on introductory nanoscience, green synthesis strategies, and structural analysis
techniques, followed by specific examples related to diagnostics and cancer therapy.
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34 Green Chemistry — Environmentally Benign Approaches

1.1 Source and properties of engineered nanomaterials
1.1.1 General view of nanotechnology

The development of engineered nanomaterials (ENMs) is considered as one of the major
achievements of the twentieth century. [1l The novel and outstanding physicochemical
properties (which are distinctively different from that of bulk materials) of these ENMs have
led to their use in numerous current and emerging technologies. [2l Nowadays, it is
practically impossible to find any field of knowledge that is not in some way or another
related with nanomaterials; for instance, development of diagnostic sensors for biomedical
and environmental applications. [l In biology and medicine, sensors are being used as
DNA /protein markers for disease identification, or as novel drug carriers with little or no
immunogenicity and high cell specificity. [l In materials science, ENMs are currently being
used for the development of solar cells, light-emitting diodes (LEDs), information recording
systems and non-linear optical devices. 51 Although ENMs represent numerous advantages
in their applications, a number of significant challenges still remain in order to ensure the
implementation of synthetic pathways that allow for controlled production of all
nanomaterials with desired size, uniform size distribution, morphology, crystallinity,
chemical composition, and microstructure, which altogether result in desired physical
properties. [6] Another important consideration for the practical application of these
materials is the high cost associated to their large scale production, coupled with the
tremendous difficulties in separation, recovery, and recycling in industrial applications. [7]

1.1.2 Properties of nanomaterials

Nanostructured materials display three major unique properties not observed in their bulk
counterparts. [l They possess: 1) “ultra high surface effect” allowing for dramatic increase in
the number of atoms in the surface. [/ When the nanosize is reduced to about 10 nm, the
surface atoms account for 20 % of the total atoms composed of the perfect particles. If the
particle size is further decreased to 1 nm, the surface atoms account up to 99 % of the total
number of atoms. [19l Due to the lack of adjacent atoms, there exist large amount of dangling
bonds, which are not saturated. Those atoms will bind with others to be stabilized. This
process results in lower than the maximum coordination number and increased surface
energy, collectively resulting in high chemical reactivities of the generated nanomaterials; 2)
“ultrahigh volume effect” allowing for light weight of small particles. (1] Due to the
reduction in the diameter of the nanomaterials, the energy gap was increased. Herein, the
electrons are mobile relative to the bulk. This causes unique physical, chemical, electronic
and biological properties of nanomaterials compared with macroscopic systems; and 3)
“quantum size effect” allowing for nanosize decrease and quasi-discrete energy of electron
orbital around the Femi energy level. [12] This will increase the band gap between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
shown in Fig. 1. Therefore, the electromagnetic quantum properties of solids are altered.
When the nanometer size range is reached, the quantum size effect will become
pronounced, resulting in abnormal optical, acoustic, electronic, magnetic, thermal and
dynamic properties. The above energy gap (8) of conduction and valence band of metals
was determined by Kubo using an electronic model, 6=4E¢/3N, where the E¢ stands for
Fermi enegy, N the total electrons in the particles. [13]
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Fig. 1. The band gap between HOMO and LUMO (note: the band gap of nanosystem was
increased compared with macrosystem).

1.1.3 Synthesis of nanomaterials

The development of cost-effective environmental friendly methods for large-scale synthesis
of benign, highly efficient nanomaterials represents a critical challenge to their practical
applications in biomedical research. [1¥l Some nanoporous materials with regular shapes
such as porous nanowires, nanotubes, spheres, and nanoparticles have been successfully
prepared by chemical or physical methods which can be carried out in a variety of ways,
such as in the gas phase, or in solution, or supported on a substrate, or in a matrix. [15]
Although a comprehensive comparison of these approaches does not exist, significant
differences in the physicochemical properties, and therefore performance of the resulting
materials does exist, allowing for some quantative assessment. In general, physical methods
(also known as “top-down” techniques, Fig. 2) are highly energy demanding, besides, it is
difficult to control the size and composition of the fabricated materials. [1¢] In the top-down
method, the bulk is “broken” down to the nanometer length scale by lithographic or laser
ablation-condensation techniques. [7] Chemical methods (also known as “Bottom-up”
techniques, Fig. 2) are the most popular methods of manufacturing nanomaterials. [8] They
are characterized by narrow nanoparticles size distribution, relative simplicity of control
over synthesis, and reliable stabilization of nanoparticles in the systems; besides, kinetically
controlled mixing of elements using low temperature approaches might yield
nanocrystalline phases that are not otherwise accessible. 191 These methods are based on
various reduction procedures involving surfactants or templating molecules, as well as
thermal decomposition of metal or metal-organic precursors. [201 The sol-gel process has
proved to be very effective in the preparation of diverse metal oxide nanomaterials, such as
films, particles or monoliths. [21] The sol-gel process consists of the hydrolysis of metal
alkoxides and subsequent polycondensation to form the metal oxide gel. 22 One means of
achieving shape control is by using a static template to enhance the growth rate of one
crystallographic phase over another. (23] The organic surfactants may be undesired for many
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applications, and a relatively high temperature is needed to decompose the material. [24]
Unfortunately, such thermal treatment generally induces dramatic growth of nanoparticles
such that ultrafine nanoparticles free of templating and stabilizing agents could not be
obtained (%] Lately, novel and simple methods to prepare metal oxides with controllable
morphologies by simply varying the hydrolytic conditions have been reported. [20]

Fabrication of Nanoscale Materials

Scale Physical method:
Solid State,
Miniaturization,
Macro Individual Simpler
Bulk
Natural
Micro Biological
Structures
%0 - ®
Chemicalmethod:
O@Q — 1emicalmetho
O 0 Asgres Assembly,
Nano Precursor Enembls,
molecules Complexity

Fig. 2. Schematic of Bottom-up and Top-down Fabrication.

1.2 Toxicological effects of engineered nanomaterials

Metal based nanoparticles (NPs) have been widely used in various applications including
biological diagnostics, cell labeling, targeted drug delivery, cancer therapy, and biological
sensors and also as antiviral, antibacterial and antifungal agents. [27] An understanding of
the potential toxicity induced by these NPs to human health and environment is of prime
importance in development of these NPs for biomedical applications. The metal NPs can
enter the body via routes such as the gastrointestinal tract, lungs, intravenous injection
and exposure in skin. When NPs come to contact with biological membranes, they pose a
threat by affecting physiology of the body. For example, silver (Ag), copper (Cu) and
aluminum (Al) NPs may induce oxidative stress and generate free radicals that could
disrupt the endothelial cell membrane. It was reported recently that in utero exposure to
NPs present in exhaust of diesel affects testicular function of the male fetus by inhibiting
testosterone production. [28] In this section toxicity issues of each metal nanoparticle will
be discussed, starting with aluminum followed by gold, silicon, copper, titania and ceria.
Al NPs are widely used in military applications such as fuels, propellants, and coatings.
Thus, exposure of aluminum to soldiers and other defense personnel is on the rise. Recent
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studies by Wagner et al showed that Al NPs exhibit higher toxicity in rat alveolar
macrophages and also their phagocytic ability is diminished after 24 h of exposure. [291 Al
NPs have produced significant increase in lactate dehydrogensae (LDH) leakage and were
shown to induce apoptosis after exposing them to mammalian germline stem cells. 301 [
vivo toxicity experiments of aluminum oxide nanoparticles in imprinting control region
(ICR) strained mice indicated that nano-alumina impaired neurobehavioral functions.
Furthermore, these defects in neurobehavioral functions were shown to be mediated by
mitochondrial impairment, oxidative damage and neural cell loss. [31]

Gold (Au) NPs are recently widely used in cellular imaging and photodynamic therapy. Au
NPs exhibited size-dependent toxicity with smaller-sized particles showing more toxicity
than larger-sized particles in various cell lines in vitro, and in vivo similar pattern of size
dependent toxicity was observed. [321 The effect of shape of the Au NPs on toxicity was also
assessed and it was reported that Au nanorods were more toxic than spherical Au NPs. [33]
The effect of surface chemistry of Au NPs was investigated in monkey kidney cells (CV-1) in
and cells carrying SV40 genetic material (Cos-1 cells), and Escherichia coli (E. coli) bacteria.
The results indicated that cationic Au NPs were more toxic compared to their anionic
counterparts. 34l. Lately, biofuncionalization (Lysine capped) of Au NPs has been explored
in an attempt to reduce their toxicity. These lysines capped Au NPs were not toxic to
macrophages at concentrations up to 100 uM after 72 h exposure. Moreover, they did not
elicit the secretion of pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-a) or
interleukin-1 beta (IL-1(3). [3]

Silicon microparticles were investigated for their biomedical application; the results have
shown that vascular endothelial cells which internalized silicon microparticles maintained
their cellular integrity as demonstrated by cellular morphology, viability, and intact mitotic
trafficking of vesicles bearing silicon microparticles. [ Silica (SiO2) NPs were also investigated
for their toxicity as they promise effective biomedical applications. When SiO, NPs were
treated on normal human mesothelial cells at concentration of 26.7 ng/mL, there was only 3%
LDH leakage after 3 hr exposure. When mice were treated with SiO»-nanoparticle coated
magnetic nanoparticles for 4 weeks, the NPs were shown to be taken up by the liver and then
redistributed to other organs such as spleen, lungs, heart, and kidney. It was also reported that
NPs (<50 nm) bypassed various biological barriers (blood-brain and blood-testis) without
inducing any toxicity. 1371 The Ag NPs have also shown cellular toxicity; in vitro they exhibited
size and dose dependent toxicity in neuroendocrine cells, liver cells, lung cells and germline
stem cells, and the toxicity was reported to be mediated mainly through oxidative stress. In
vivo, these NPs of 60 nm size were investigated at various doses (30, 300 and 1000 mg/kg) and
these NPs showed a dose dependent liver toxicity. 138 Copper (Cu) nanoparticles are widely
investigated for their antimicrobial properties. Cu NPs, though very effective antimicrobials,
exhibited severe toxicological effects including heavy injuries in kidney, liver, and spleen of
mice after administration. [3940]

Titanium dioxide (TiO;) nanoparticles are very widely manufactured nanomaterials for
various applications including cosmetics, paints and as additives to surface coatings. TiO»
NPs have shown to induce inflammatory responses and reactive oxygen species (ROS) in
various cell types and tissues. [4ll However, Renwick et al reported that TiO, NPs were not
directly toxic to macrophages but significantly reduced the ability of macrophages to
phagocytose other particles. 42 Cerium oxide (CeO;) nanoparticles were recently used in
computer chip manufacturing, polishing and as an additive to decrease diesel emissions.
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The toxicity studies of CeO; nanoparticles involving human lung adenocarcinoma epithelial
cell line (A549 lung cells) have shown that CeO, NPs did not result in any significant change
in LDH leakage or cell morphology, but exhibited a NP induced oxidative stress resulting in
altered gene expression. [43]

Hemocompatibility of metal nanoparticles is a very important property for biomedical
applications. Metal nanoparticles with good hemocompatibility are often desirable since red
blood cells are the primary cells that come in contact with metal nanoparticle when
administered intravenously. Various attempts were made to improve the hemocompatibility
of metal nanoparticles. It was reported that when Zein, a natural polymer, was incorporated
into silver NPs, the hemocompatibility was easily achieved. The results indicated that zein-
silver nanocomposites have shown better hemocompatibility when compared with Ag NPs
alone. [4448-49] Ren et al have investigated the hemocompatibility of cisplatin loaded Au-Au2S
nanoaparticles. The results indicated that bare Au-Au2S NPs have shown hemolysis ratio
below 2 % at 100 pg/mL concentration. The cisplatin loaded Au-Au2S nanoparticles have
shown hemolysis ratio < 5% at 80 ng/mL, indicating their hemocompatibility and potential
use for cancer therapy. [43]

1.3 Nanostructural characterization of engineered nanomaterials

We have been able to synthesize several metallic and semiconducting NPs, which have been
evaluated using several state-of-the-art instrumentation techniques. Spectroscopic and
microscopic techniques were employed in order to determine the stability, crystalline phase,
morphology and size distribution of the synthesized NPs.

1.3.1 Surface energy study of engineered nanomaterials

The electrokinetics (expressed by zetapotential, {) of the colloidal suspension was
measured using a ZetPALS approach to evaluate particle size and its distribution, from
which the stability of engineered nanomaterials can be further determined. [46] Based on
the sign of particle’s, ¢, the charge can be also determined. [471 The time dependence of the
zetapotential on the course of measurement is another technique to understand the
formation mechanism of nanoparticles. It was encountered that the large zetapotential of
the like (negative) charges enabled to minimize the particles agglomeration due to
electrostatic repulsion.

1.3.2 Crystalline phase study of engineered nanomaterials

X-ray powder diffraction (XRD) analysis was used to identify the crystalline phase of the
NPs due to its capability to provide rapid, non-destructive analysis of multi-component
mixtures, allowing quick and accurate analysis of phase, crystallinity, lattice parameters,
expandition tensors and bulk modules, and aperiodical arranged clusters. Based on the peak
broadening, the cyrstallite size can also be calculated using Scherrer equation. 501 XRD
characterization is widely used in various fields as metallurgy, mineralogy, forensic science,
archeology, condensed matter physics, and the biological and pharmaceutical sciences. Fig.
3 display the working principle and major information obtained from XRD.
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n is an integer determined by the order given, A is the wavelength of x-rays (nm), and moving electrons,
protons and neutrons, d is the spacing between the planes in the atomic lattice (nm), 0 is the angle
between the incident ray, and the scattering planes (rad) , L is the crystallite size (nm), f is the full width
at half maximum (rad), and K is a constant, that varies with the method of taking the breadth
(0.89<K<1).

Fig. 3. XRD characterization of nano-materials.

1.3.3 Fine-structure study of engineered nanomaterials

In this study, the morphology and crystalline structure of the engineered nanomaterials
were characterized using scanning and transmission electron microscopy (SEM and TEM).
(1] Both techniqges are based on the use of a microscope that uses high energy electrons to
form an image. Due to their advantages of higher magnification, larger depth of focus,
greater resolution, and ease of sample observation, both facilities have been employed
widely to determine the crystalline phase, defects, and texture of materials. [52 High
resolution field emission TEM was employed to achieve high spatial resolution, high
contrast, and unsurpassed versatility. Particularly, the Tecnai F20 G2 TEM used in this
study, which includes a Schottky field emission source, provides ultra-high brightness, low
energy spread and very small probe sizes. The Tecnai F20 G2 used in this study has been
designed and preconfigured specifically to meet the strict requirements of nanomaterials.
This TEM is also equipped with a robust high-brightness field emission gun, allowing for a
wide range of applications, from morphological analysis to defect characterisation. 53

1.3.4 Elemental composition study of engineered nanomaterials

As complementary techniques, energy dispersive spectroscopy (EDS, equiped with TEM)
and X-ray photoelectron spectroscopy were used to accurately determine the elemental
composition. [ The EDS is normally used as a semi-quantitative analysis that allows for
determination of the amount and identity of the different elements. The EDS can stimulate
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the emission of characteristic X-rays from a specimen, herein, a high energy beam of
charged particles (electrons, protons) is then produced and focused into the sample. An
atom within the sample contains ground state electrons in discrete energy levels or electron
shells bound to the nucleus. 551 The incident beam form EDS may excite an electron in an
inner shell, ejecting it from the shell and creating an electron hole. An electron from an
outer, higher-energy shell then fills the hole. The difference in energy may be released in the
form of an X-ray. The number and energy of the X-rays emitted from a specimen can be
measured by an energy dispersive spectrometer. As the energy of the X-rays is characteristic
of the difference in energy between the two shells, and of the atomic structure of the element
from which they were emitted, this allows the elemental composition of the specimen to be
measured. The principle of EDS is also shown in Fig. 4 (see § 1.3.3 Fine-structure study of
engineered nanomaterials).

| How does SEM and TEM work? | ‘ Beam-Specimen Interactions ‘

| A beam of electronsis produced | Secondary Electrons

Electrons generated as ionization products. They are called 'secondary' because they are

generated by the primary radiation.

This radiation can be in the form of ions, electrons, or photons with sufficiently high
\I, energy (exceeding the ionization potential).

| Electron beams hit the sample |

|

Back-scattered and secondary
electrons are ejected

L

Secondary or backscattered
electrons are collect

| Electron beams are focused |

X-rays (atom specific)
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Fig. 4. Schematic demonstrates the working principle of TEM (SEM included).

XPS is a surface chemical analysis technique (Fig. 5), which can irradiate a material with a
beam of aluminum (Al) or magnesium (Mg) X-rays. [>] Measurement of kinetic energy (KE)
and binding energy (BE) can be completed by determining the number of electrons that
escape from the top within 1 to 10 nm. Both EDS and XPS require ultra-high vacuum (UHV)
conditions to provide uniformity of elemental composition across the top of the surface. [57]
Additionally, XPS can also provide uniformity of elemental composition as a function of
depth by ion beam ablation and by tilting the sample, empirical formula of pure materials,
elements that contaminate a surface, and chemical or electronic state of each element in the
surface. An analysis of titanium (Ti) is selected for demonstration. Based on the binding
energy, the element can be determined; such as Ti can be identified via measurement of its
binding energies of Ti 2ps;> and Ti 2p1/2 electron configurations located at 456.3 electron-
volt (eV, ~1.602x10-19 C) and 462.2 eV, respectively. In addition, the difference in binding
energy can be used for indexing, since the difference in binding energy for the peak splitting
of Ti 2p3/» and Ti 2p1/2 was calculated to be 5.9 eV. From this analysis, it can be concluded
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that Ti was well-indexed with the standard Ti 2p binding energies and their difference (2ps,2
=454.1 eV, 2p1/2 =460.3 eV, A= 6.2 eV). [58]

Electron Analyzer (0-1.5 kV)
Photo-emitted Electrons (< 1.5 kV) /N (Measure KE of electrons)
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.y ‘ 4/ Electron Detector
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ultra-hihg vacuum (<10°® torr)

Fig. 5. Demonstration of how XPs works and information obtained.

1.4 Biomedical application of engineered nanomaterials

The most important driving force behind many changes in the field of medical research is
the advent of nanotechnology. Progress in nanotechnology is not only aiming at
miniaturization but also at systems with increased complexity. This is not just a matter of
geometrical structurization but also a matter of specific functionalities that are positioned at
discrete locations and in defined distances. Whereas many NMs exhibit localization to
diseased tissues via intrinsic targeting, the addition of targeting ligands, such as antibodies,
peptides, aptamer, and small molecules, facilitates far more sensitive cancer detection.
Nanoparticles with certain specific surface characteristics such as charge and
hydrophobicity along with enhanced permeability and retention effect (EPR) have shown
higher bioavailability at the target site. EPR is a result of disorganized angiogenesis leading
to production of “leaky” blood vessels. EPR effect and lack of effective lymphatic drainage
in the tumor tissue have improved the chances of nanoparticle imaging agents with sizes 10-
100 nm to be retained in tumor. [>]

Use of nanoparticles in imaging for cancer broadly encompasses two wide areas: (1)
detection of certain protein or cancer cells using nanoparticles and, (2) formulation of nano-
imaging agents to improve the specificity and to provide high-contrast imaging. Capturing
of circulating tumor cells has great potential in cancer diagnosis and therapy. It is very
challenging because of the fact that on an average there may be only 1-2 cancer cells per
milliliter of blood. Nanotechnology devices based on molecular biomarkers have shown
great promise in improving the yield of cancer cell captured. [¢0l For example, to improve the
detection sensitivity and specificity, folate conjugated gold-plated carbon nanotubes were
used as contrast agent for photoacoustic imaging. [61]
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Many nanoparticle based devices were investigated for their potential applications for
imaging in tumor therapy. Most of these were investigated at preclinical stage with few
reaching clinical trials. The nanoparticles investigated are either monofunctional or
multifunctional. Quantum dots (QDs), which are colloidal fluorescent semiconductor
nanocrystals, have sizes ranging from 2-10 nm were investigated in visualization of colon
cancer using fiber optics. (62 [ron oxide Nanoparticles conjugated with herceptin as targeting
ligand were investigated for detection of small tumors of breast cancer using magnetic
resonance imaging (MRI). [63] Dendrimers which are highly branched synthetic polymers
were conjugated with prostate specific antigen and were used for imaging in prostate
cancer. [64]

Multifunctional nanoparticles are the nanoparticles which combine various functionalities to
improve specificity to cancer cells at a single component. Silica based nanoparticles are
considered to be promising candidates for development of multifunctional nanoparticles
because of their ability to host various materials such as fluorescent dyes, metal ions and
drugs. [65] Supramagnetic iron oxide nanoparticles coated with silica were conjugated with
fluorescein isothiocyanate to label human bone marrow mesenchymal stem cells. [6¢]

The most recent nanoparticles also termed as third-generation nanoparticles involve a
disease-inspired approach of the “nanocell” which are nanoparticle constructs that comprise
a polymeric nanoparticle core enclosed in a lipid-based nanoparticle. For example, an anti-
angiogenic agent (combretastatin) will be trapped in the lipid envelope and polymeric
nanoparticle core will be loaded with a conventional chemotherapeutic agent like
doxorubicin. This nanocell when accumulated in tumor by EPR effect will effectively
disrupt the tumor vascular growth by releasing the anti-angiogenic agent followed by
release of cytotoxic agent for effective tumor inhibition. [67]

1.4.1 Mechanistic study of cancer theragnostics

Relevant biomedical applications of new nanomaterials are cancer diagnosis and treatment.
Nanotechnology offers opportunities to enhance our understanding of the mechanisms of
cancer, such as by detecting the generation and distribution of cancer cells in tissues, which
can lead to improved diagnosis of this dreadful disease. Furthermore, by harnessing and
targeting the toxic properties of nanoparticles, therapeutic agents that are more effective for
treating cancer will be developed through molecular targeting.

Cancer encompassess a set of complex and diverse diseases that arise generally when
normal cells are transformed into tumorogenic cells, which grow in an uncontrolled fashion
to the detriment of the surrounding tissues and eventually the organism. Several factors can
play a role in the generation and aggressiveness of the tumor cells, such as accelerated
growth, lack of need for growth factors or absence of response to growth inhibitors,
unresponsiveness to factors that trigger cell death by apoptosis, enhanced migration
properties and ability to invade blood circulation, evasion of the immune response, etc. [6¢]
Mechanistically, the transformed phenotype is derived from the progressive accumulation
of genetic mutations, including base changes, nucleotide additions and deletions, insertions,
duplications, and chromosomal translocations. [l Many types of genes have been associated
with the development of cancer, such as oncogenes, tumor suppressor genes, apoptosis
regulatory genes, cell cycle genes, invasiveness and metastasis related genes, etc. [68-73]
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One major difficulty in the treatment of cancer is that the tumor cannot often be detected
early enough in patients. Early stage tumors usually have favorable prognosis, while many
larger, more developed tumors are frequently refractory to current anti-cancer therapies.
Another major problem of many current therapies is the lack of adequate selectivity for
cancer cells. This inability to adequately distinguish between cancer and normal, healthy
cells, leads to toxic effects on the normal cell population and, therefore, detrimental side
effects on the cancer patient. The use of NPs in anti-cancer therapies may improve tumor
therapies in these two fronts.

Healthy Cell  Cancer Cell Nanoparticles

e®®0O O
(Yo 0e e
.. 000 e

Fig. 6. Detection of cancer cells using NPs.

Different types of metal nanoparticles can be modified to expose molecules that confer them
selective binding to specific molecules on the surface of cancer cells, providing probes for
the detection and monitoring of cancer cells in tissues (Fig. 6). Au NPs in particular have
long been utilized in the specific detection of molecules at the surface or inside cells. [74]
Other nanomaterials with different chemical reactivity characteristics, including reactivity
towards specific functional groups or surface oxidation properties, could provide certain
advantages for performing modifications that confer targeting properties to the NPs. The
changes in surface plasmon resonance (SPR) properties of Au and Ag NPs caused by
interactions with molecules in the surrounding environment can be applied in sensing
biomolecules on the surface of tumor cells.

Detectors based on such sensors can be very useful for the early detection of cancer cells
(Fig. 7). The use of Au NPs is also being explored for the early detection of tumors by other
techniques such as X-ray scatter imaging . [>! In this research, hepatocellular carcinoma cells
containing Au NPs coated with two layers of charged polymers showed enhanced X-ray
scattering over cells containing no gold. Hepatocellular carcinoma is the most common
cancer that affects the liver and has an estimated 5-year survival rate of only 10%, since
current detection methods can only spot the tumors when they have grown to about 5
centimeters in diameter. The imaging technique utilized by this research group (spatial
harmonic imaging, SHI) in combination with targeting of the Au NPs to hepatocellular
carcinoma cells via attachment to a specific antibody (FB50) has the potential to detect
tumors of only a few millimeters in diameter, which would very significantly improve the
prognosis of this cancer type.
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Fig. 7. Schematic design for cancer imaging via optically/electrochemically active gold-NPs.

As indicated, the use of nanomaterials is being investigated not only for the early detection of
tumors, but also for the specific destruction of cancerous cells. Ag NPs disrupt the function of
proteins and other macromolecules on the surface of bacterial and eukaryotic cells, which can
lead to permanent damage and death of the cells. [7677] Other metallic NPs have different
toxicity effects on cells. TiO, NPs for example do generate reactive oxygen species (ROS) upon
absorption of ultraviolet (UV) light. Additionally, specific modifications of the metallic NPs
can attach other toxic molecules to the nanomaterial. Combining the toxicity effects of novel
nanomaterials with specific targeting to tumor cells can lead to the development of highly
specialized therapeutic NPs that can be introduced into the body of cancer patients, where
they could detect and destroy cancer cells at early stages, preventing the growth of tumors.

Molecular targeting of NPs was utilized in the generation of TiO, NPs coupled with an
antibody, which targeted the nanomaterial to glioblastoma multiforme cancer cells
(glioblastoma multiforme is a type of brain cancer). [8] The antibody used recognizes the
interleukin-13 receptor a2 protein chain (IL13Ra2), which has been shown to be almost
exclusively overexpressed on the plasma membrane of certain brain tumors, including
glioblastoma multiforme. [78-80] The nanomaterial accumulated inside tumor cells and upon
exposure to UV light, the NPs led to the formation of ROS and killed the cancerous cells,
while they did not show citotoxicity toward normal brain cells.

An example of NPs application for drug delivery is the formation of “Trojan horse” like
hybrid NPs. Glycan NPs were synthesized using cyclodextrins as stabilizing agent
(polymeric backbone). These glycan NPs were used as envelope for the encapsulation of
camptothecin. The formulation of the NPs allowed its internalization on tumor cells; inside
the tumor cells, the coating is desintegrated, releasing the toxic molecule that destoys
specifically the tumor cell without harming healthy cells. 811 This glycan NPs containing
camptothecin, designated as IT-101, have been shown to eliminate or significantly reduce
tumors in several mice models of human cancer, and are currently under investigation in
clinical trials for the treatment of cancer patients. Delivery of these glycan NPs to tumors is
based on the fact that newly formed tumor blood vessels are leaky and let particles as large
as 400 to 700 nm into the cancerous mass.

2. Experimental approach

Here, we describe design, synthesis and characterization of nanoscaled metals and their
nanostructures. All chemicals used are of analytical grade and were obtained from various

www.intechopen.com



Application of Nanometals Fabricated Using Green Synthesis in Cancer Diagnosis and Therapy 45

vendors. Silver nitrate (AgNOs) and gold (III) chloride trihydrate were purchased from
Sigma-Aldrich (St Louis, MO), L-ascorbic acid and other reducing agens from Fisher
(Thermo scientific, Pittsburgh, PA), Arabic gum from M.P. Biomedicals, Morgan Irvine, CA),
and used without modification. The experiments are carried out for the construction of NPs
derived from a bottom-up colloidal method. Non-toxic chemicals and two strong reducants
are used in various formulations of NPs, allowing for mitigation of pollution. The structural
characterization is by electron microscopy and X-ray diffraction. We also investigated the
toxicity of some of the synthesized NPs. Importantly, as previously indicated in the
introduction, this approach can also be applied to the toxicity and cancer diagnosis, along
the “theragnostics mechanism” described in the following sections.

2.1 Fabrication of nanometals

The experimental workflow to engineer nanoparticles is shown in Fig. 2 (see §1.1.3 Synthesis
of nanomaterials). Briefly, the nanometal was created by dissolving different concentrations of
silver nitrate (AgNO3) and/or gold (IIl) chloride trihydrate (HAuCly'3HO) in distilled
water. Concentration was controlled at 0.005-1.0 M according to application. This aqueous
solution was mixed continuously with a magnetic stirrer/ mechanical agitation for 30 min.
Arabica gum (AG, as a surfactant) was added (2 % by mass) to the above solution to improve
the dispersion of NPs and to control the particle size. Reducing agents (four selected ones)
were then incrementally added into the solution. The molar ratio of metallic cations to
reducing agent was controlled at 1:2 to 1:8 and to produce 16 formulations. The colloids
were directly used for zetapotential, cytotoxicity and hemocompatibility analyses. The
precursor sols were heated between 60 and 80 °C for 2 hrs and filtered and rinsed with
ethanol/deionized (DI) water to produce powders used for XRD and and TEM analysis.

2.2 Structural characterization

In tandem to §1.3 (Nanostructural Characterization of Engineered Nanomaterials), this section
briefly discusses the technical variables or the characterization methods. A ZetaPALS™
(Brookhaven Instruments Corporation, NY) was used to measure the particle size
distribution and zeta-potential to evaluate the stability of NPs. The ZetaPALS operating
conditions are as follows: An electric field (2 V*cm) was applied to obtain good results. This
electric field was used and an alternating current (AC) waveform with the frequency control
of 2-20 Hz was applied; measurement duration was kept at 30 to 60 s; laser input was 5 V
and laser output power was 35 mW; and an automatic selection of field strength was used.
The Ultima III X-ray powder Diffraction (XRD) was employed to determine the crystalline
phase and average crystallite size of the NPs. The XRD patterns were collected using a
Rigaku multiflex diffractometer, equipped with a copper (Cu) target. The scanning range
varied between 30 and 80 degrees at a scanning rate of 2 °/min. The phase structure was
then identified through the Jade 7.0 database. A Tecnai F20-G2 TEM (FEI Company, Tecnai
F20-G2 Hillsboro, OR), equipped with ED and EDS techniques were also employed to obtain
nanostructural information, crystalline phase and elemental composition of nanometals. In
the EDS analysis, the peak intensities were converted to percent weight and then to final
molar ratio via the DAX ZAF Quantification tool. The spectra were acquired to determine
elemental composition. The HRTEM images were taken at a direct magnification of 600
thousand magnitudes with the point resolution of 0.2 nm. An Axis ULTRA XPS (Kratos

www.intechopen.com



46 Green Chemistry — Environmentally Benign Approaches

Analytical Inc, NY) was employed to identify the elemental composition of the products.
The operating specifications were: high vacuum was controlled under 10 Torr; anode mode
was aluminum (Al, K;) monochromatic energy source with the power of 10 mA by 12 kV;
the lens was used in hybrid mode; resolution of the individual element analysis was of pass
energy of 40 eV and 160 eV for survey. (8]

2.3 Evaluation of in vitro cytotoxic activity

The cytotoxicity of Au and Ag NPs was performed in two cell lines: ovarian
adenocarcinoma cell line (NCI/ ADR-RES), and normal ovarian cell line (NCI/CHO). A total
of 2x104 cells in 200 pL of medium per well were placed in a 96-well plate. After incubation
overnight, the medium was replaced with media containing nanometals at different
concentrations (0.1, 0.5, 1, 10, and 100 uM) in separate wells. After 24 hrs of incubation, the
medium was removed and the cells were washed with ice-cold phosphate-buffered saline
(PBS) three times to remove NPs. A volume of 50 uL of 3-[4, 5-dimethylthiazol-2-yl]-2,5,-
diphenyl tetrazolium bromide (MTT) at a concentration of 5 mg/mL was then added to each
well. Following incubation for 4 hrs, formazan crystals formed were dissolved in 150 pL of
dimethylsulfoxide and absorbance was measured at 530 nm using a NOVOstar plate reader
(BMG lab technologies, Cary, NC, USA). The percentage viability was calculated by
comparing absorbance of treated cells versus untreated control cells which were assigned
100 % viability.

2.4 Evaluation of hemocompatibility

To evaluate hemocompatibility, human red blood cells (HBCs), which composed of reduced
leukocytes with adenine-saline were used. HBCs were obtained from coastal bend blood
center, Corpus Christi, Texas as a kind gift from. The HBCs were separated from plasma by
centrifugation at 4,000 rpm for 5 min at 4 °C. HBCs were washed three times with
physiological saline solution and re-suspended in saline to obtain HBCs suspension at 2%
(v/v) hematocrit. The so-prepared HBC-suspension was used within 24 hrs upon
preparation.

3. Results and discussion

The optimal fabrication variables of NPs will be discussed first (described in § 3.1), followed
by electrokinetic properties analysis and crystalline phase strucure of NPs (described in §
3.2-3.3). The in-vitro toxicicity and hemocompatibility will be discussed next (described in §
3.5) and conclusion on bioapplication of nanomaterials to close the chapter (§ 4.0).

3.1 Fabrication optimization of engineered nanomaterials

The generation process of nanoparticles through facile chemical approach is as follows: (1) A
complex between a metal ion and a ligand, that is the functional group of a protecting
polymer, is formed in an aqueous solution; (2) The metal ion is reduced to a metal atom
with a reducing agent; and (3) The metal atoms aggregate and grow into nanoparticles. The
effect of the nature and concentration of the reducing agent was evaluated. As “green”
reducing agents, ascorbic acid and sodium citrate were employed. As strong reducing
agents, sodium borohydride (NaBHj) and dimethylaminoborane (DMAB) were also tested
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as the control samples. The concentration of the reducing agent was varied from 1:1, 1:2, 1:4
and to 1:8 molar ratios with respect to metallic ion. Table 1 tabulated the 44 formulations of
the nanopartciles via bottom-up “green” colloidal chemistry method. In this study, the
reduction of noble metal cation occurs spontaneously. The reactions are shown as follows:

Agt (aq) + e —> Ag° (s) E°=+0.80V (1)

AuCly (aq) +3 e — Au® (s) + H* (aq) + 4 Cl-(aq) E°=+0.99V (2)

CeHsOg (aq) + 2e —» CsHeOg (aq) + 2H*(aq) E° =+0.06V  (3)

According to these three half reaction standard reduction potentials, the overall reaction is
determined to have a potential of 0.74 and 0.93 V, respectively. This indicates that the redox
reaction between Ag* and CsHsOs, and HAuCly and CgHsOgs occurs spontaneously since
they are favored, thermodynamically. The released proton H* (from both half reactions, the
redox process) was responsible for acidity and resulting decrease in pH.

In this research, the dispersing agent, Arabic gum (AG), was used as a size directing agent
in the synthesis of the nanometals and to prevent the agglomeration of the fine particles (<
10 nm). Because the complex between surfactant and metal ions can be formed, the growth
of the central particle is prevented and terminates at a size in the nanoscale regime (1-100
nm). In short, AG regulates stability of nanoparticles. The synthesis of noble metal
nanocomposite via reduction of metal ions in aqueous solutions of AG is based on the
formation of a stable metal particle-macromolecular complex.

Cross Product of conc. Molar ratio of Mn* : reducing agent
and molar ratio 11 1:2 1-4 1:8
s 0.005 10 mL * 10 mL 10 mL 10 mL
1o ‘ 10 mL** 20 mL 40 mL 80 mL
=< 0.01 10 mL 10 mL 10 mL 10 mL
= ' 10 mL 20 mL 40 mL 80 mL
£ 0.02 10 mL 10 mL 10 mL 10 mL
e ' 10 mL 20 mL 40 mL 80 mL
= a 0.03 10 mL 10 mL 10 mL 10 mL
ERERS ' 10 mL 20 mL 40 mL 80 mL
5 < g
8 ~—
kS
S
8
© 05 10 mL 10 mL 10 mL 10 mL
5 ' 10 mL 20 mL 40 mL 80 mL
£ 0 10 mL 10 mL 10 mL 10 mL
O ' 10 mL 20 mL 40 mL 80 mL

Note: * represent the volume of metallic cation solution and ** the volume of reducants.

Table 1. Potential set of values of volume of Mn*,and reducing agents at designed molar
ratio when temperature is maintained at 60 °C and agitation at 1000 rpm.
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3.2 Nanocharacterization and bio-application of engineered nanomaterials

The surface energies of nanomaterials are described first in §3.2.1. The crystalline structural,
morphological and elemental composition characterization are described next from §3.2.2 to

-3.2.4. Lastly, the cytotoxic activity and hemocompatibility of nanometals is described in §3.3
and 3.4, respectively.

3.2.1 Electrokinetic behavior of metallic colloidal suspension

The measured zetapotentials ({, with ZetaPALS™) of nanosized metal colloidal suspension
were averaged at -44.00 mV. The negative sign indicates large repulsive forces between
nanoparticles of either silver or gold preventing flocculation and aggregation of particles
and the numerical value indicates samples had colloidal stability (Fig. 8). € results indicate
that the colloid of Ag and Au are stable and agglomeration is successfully prevented using
GA as the surfactant. The electrokinetic study also confirms that nano-dispersion of Au with
size of 10-15 nm (correspondingly, the particle size of NP powders were found by TEM, see
Fig. 10 a & b) has been achieved. Fluctuations in the measured value of { during the
experiment were not observed; therefore the measurements were time independent in the
present study, which confirms the stability of nanometal colloid.
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Fig. 8. Relationship between particle size and zetapotential, a: the zetapotential
measurement to determine the surface energy of silver nanoparticles, b: the zetapotential
measurement to determine the surface energy of gold nanoparticles, c: redox reaction to
obtain nanometal particles, d: repulsive and attractive forces in colloidal suspension, and e:
schematic of repulsive or attractive forces on nanoparticles, the magnitude which defines
aggregation, or separation.

The main goal during the synthesis phase was to control the particle size and its
morphology followed by nanocharacterization of the nanoparticles. These particles were
synthesized using a bottom-up colloidal chemistry approach. Ag and Au-NP size was
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controlled through incorporation of GA as the dispersing agent, which also aids wetting of
the metal salt. The large negative zetapotential would promote repulsion between the
nanoparticles, which in turn would minimize particles agglomeration, which is
schematically summarised in Fig. 8e (see above figure). The contribution of this green
synthesis lies in the following: 1) Finding the best fabrication parameters to achieve
complete de-aggregation of the nanoscaled catalyst; 2) Identifying non-toxic dispersing
agents to prevent aggregation of the nanocatalyst; and 3) Identifying the suitable reducing

agent that ensures complete reduction of metal ions and improves the mono-dispersion of
nanocatalyst.

3.2.2 Crystalline phase analyses of engineered nanomaterials

XRD results can provide figure-print characterization of the crystalline phase and the lattice
constants. Fig. 9a indicates that Ag-NPs display highly crystalline face centered cubic (fcc)
space group. The Ag NPs derived from green colloidal chemistry is well indexed with PDF
01-089-3722 (lattice constants, a = 4.0855 A and o = 90°). In addition, the crystallite size was
calculated to be averaged at 30.2 nm. According to the full width at half maximum, the
crystallite size was calculated using Scherrer equation (also see Fig 3). Similarly, the Au NPs
correspond to the standard PDF 04-0784 (Fig. 9b: lattice constants, a = 4.078 A and a = 90°).
The crystallite size of Au nanoparticles was averaged at 10.4 nm; suggesting both Au and
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Fig. 9. XRD patterns for nanometals, including XRD patterns for two selected samples,
cyrstallite size distribution and cubic centered phase structure, a: XRD pattern of silver and
gold nanoparticles and b: particle size distribution of silver and gold nanoparticles.
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Ag particle agglomeration was successfully prevented. In both circumstances, the reducing
agent, ascorboic acid was selected for demonstration. Other reducing agents provided the
same crystalline phase; however, the crystallite size of the engineering particles varies
accordingly. It is found that the NaBH; and DMAB provided essentially the same size,
averaged at 12.7 nm for Ag and 4.8 nm for Au nanoparticles, which is also confirmed by
TEM measurement. It is important to point out that the lattice occupancy is near ideal (99.0
%), suggesting the Ag and Au nanoparticles possessed highly crystalline structure with less
lattice distortion. Both nanoparticles also display high frenquecy of merit (0.2) when using
Jade 7.1 database to index with the standard poser diffraction files. The crystalinity index
was also determined via taking the ratio of particle size from TEM vs the crystallite size
calculated from XRD data. It can be seen that Ag and Au nanoparticles are highly
crystalline. Ag showed monoparticles and Au on the other hand polyparticles (see table 2)
according to different fabrication methods.

Selected samples | Crystallite size | Particles Crystallinity Particle Type
(nm) size (nm)
Ag-Ascobic acid 30.2 33.1 ~1.1 monocrystalline
Ag- DMAB 12.7 30.4 ~24 twincrystalline
Ag-DMAB 11.2 34.1 =~ 3.1 polycrystalline
Au-Ascobic acid 10.4 15.6 ~1.5 monocrystalline
Au-DMAB 5.8 14.4 ~22 twincrystalline
Au-DMAB 4.8 15.4 ~3.2 polycrystalline

Table 2. Summary of the crystalinity index of Ag and Au nanoparticles (six samples are
selected for demonstration)

3.2.3 Fine-structure study of engineered nanomaterials

The morphological and elemental studies through HRTEM technique are shown (Fig.10a
and 10b). HRTEM was used as a complementary technique to SEM, which revealed that
mono-dispersed and highly crystalline Ag and Au nanoparticles were synthesized. The
appearances of both Ag and Au NPs are found to be near-spherical. The particle sizes are
varied according to different reducing agents. Generally, the sizes for Ag and Au via
reduction of ascorbic acid and citrate are larger than those produced from strong reducing
agents, DMAB and NaBH,, with the average particle size from 4.8, to 32 nm in diameter. For
both Ag and Ag, ring pattern of the particles indicated that the Ag and Au were well
indexed with the standard metallic pattern, which correlated with the XRD analysis.

3.2.4 Elemental composition analyses of engineered nanomaterials

EDS and XPS were used as supplemental techniques to determine the composition of the
engineered nanomaterials. EDS spectra of the metal nanoparticles (Fig. 10a & b, lower right-
hand-side panel for elemental analysis) indicated the presence of the Ag and Au elements,
noting that metallic Ag displays two major emission lines at K,: 22.162 keV and L,: 2.984
keV, respectively. While Au displays two major peaks of L, at 9.711 keV and M,, 2.123 keV,
respectively. The characteristic peaks of Au were obtained, and were correlated to K, peak
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which occurred at 2.10 KeV and the Kg peak which occurred at 2.18 KeV, respectively, which
is in agreement with Au characteristic peaks. The Au NP appearance is near-spherical with
the average particle size from 15 to 20 nm in diameter. The high resolution image also shows
the lattice fringe which was distinguished, which also confirms the formation of Au crystals.
The element Cu peak detected is resulting from Cu grid sample holder.

51/nm 8 S
—_— Full Soale 271 clg Crmor D010V (1021 cta)
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8 1 & & & W
Fill Sl 443t Curecr Q0GR eV (1912 )

Fig. 10. TEM images and elemental analysis of nanoparticles, a: morphology, ring pattern
and composition of nanosilver; b: morphology, ring pattern and composition of nanogold.

The XPS results (Fig. 11) show that Ag and Au are characterized by an asymmetric line
shape with the peak tailing to the higher BE. The BE may be varied due to its extra columbic
interaction between the photoemitted electron and ion core. The binding energies for Ag
electron configurations of 3ds/> and 3ds/2 were found to be 366.0 eV and 372.0 eV with the
difference of 6.0 eV (Fig. 11a). This measurement was corresponding to the standard Ag 3d
binding energies (3ds/> = 368.3 eV, 3ds;» = 3743 eV, A = 6.0 eV). Apparently, the 3d

www.intechopen.com



52 Green Chemistry — Environmentally Benign Approaches

photoemission of Ag is split between two peaks with an intensity ratio at about 6:5. It was
also found that Au (Fig. 11b) displayed two principal emissions at 4f7,, = 82.2 eV, 4f5,, = 85.8
eV, respectively. The spectrum was also well-indexed with the standard metallic Au spectra
(4f7/2 =822 eV, 4f5/2 =85.8 eV, A=3.6 eV).
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Fig. 11. XPS analyses of NPs, a: determination of nanosilver; b: determination of nanogold.

3.3 In vitro cytotoxic activity of nanometals

In addition to nanostructural characterization, the cytotoxicity in normal ovary and ovarian
cancer cells using Au and Ag NPs in human red blood cells has been systematically
investigated. The in vitro cytotoxicity of Ag and Au NPs was assessed in NCI/ADR - RES
(OVCAR -8) cells, which are ovarian adenocarcinoma cells, and Chinese hamster ovary
(CHO) cells. Samples with 2x10¢ OVCAR-8 and CHO cells were seeded in a 96-well plate.
Percentage viability was calculated by comparing absorbance of treated cells with untreated
cells (100 % Viability). These results have indicated that at all concentrations (0.1, 0.5, 1, 10
and 100 pM), Au nanoparticles have not shown any toxicity in both normal and ovarian
cancer cell lines indicating their biocompatibility. Ag NPs have shown no toxicity at lower
concentrations (0.1, 0.5 and 1 pM) in both cell lines. However, at higher concentrations (10
and 100 uM), Ag NPs have shown only 55.9 % and 32.59 % viability in OVCAR-8 cells for 10
and 100 pM doses, respectively. In CHO cells, the Ag NPs have shown 37.88 % and 15.37 %
viability for 10 and 100 pM doses, respectively. Based on the data, it may be concluded that
the Ag NPs can potentially be used Carriers for cancer therapy. The in vitro cytotoxicity data
is presented in Fig. 12a and 12b.

3.4 Hemocompatibility of nanometals

Ag and Au NPs were incubated with human red blood cells (RBCs) suspension for 6 hrs in a
96 well plate. The plate was then centrifuged and supernatant was collected and measured
for release of hemoglobin by measuring absorbance at 540 nm. RBCs treated with Triton X-
100 was used as the reference standard. RBCs are the first point of contact of NPs when
administered systemically. In the present study, the Au NPs have shown that the percentage
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of hemolysis increased with increase in dose. The Au NPs have shown 9.5 % and 12.5 %
hemolysis at 0.1 and 1 pM concentrations, respectively. However, at 10 uM concentrations
the % hemolysis was found to be 22.4 %. Similarly, Ag NPs have shown hemolytic profile of
9.47 % and 13.07 % at 0.1 and 1 pM. Interestingly, Ag NPs have also shown higher hemolytic
activity 29.15 % at 10 uM. These data suggest that at lower concentrations (0.1, 1 pM), Au
and Ag NPs can be used for in vivo applications. The in vitro hemolysis data are presented in
Fig. 13.

In vitro cytotoxicity of Au and Ag NPs in OVCAR-8
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Fig. 12. In vitro cytotoxic activity of nanometals, percentage viability was calculated by
comparing absorbance of treated cells with untreated cells (100 % Viability), top panel: The
OVCAR-8 cells were used; bottom panel: CHO cells were used.
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Hemocompatibility of Ag and Au NPs
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Fig. 13. The hemocompatibility of Ag and Au NPs with human red blood cells, the hollow
collum represents the hemocopatibility of Ag, and the filled black colum represents
hemocompatibility of Au.

4. Mechanistic studies of nanometals for cancer diagnosis and therapy

A new concept in cancer therapy called “Theragnostics” is emerging recently, which
summarizes information based on various biotechnologies involving genomics,
transcriptomics, proteomics and metabolomics. 89 The term “Theragnostics” encompasses
wide array of topics which includes predictive medicine, personalized medicine, integrated
medicine, and pharmacodiagnostics. Major applications of theragnostics in biomedical
research include profiling of subgroups of patients based on the likelihood of occurrence of
positive outcome to a given treatment so as to entail them to targeted therapies (efficacy),
identification of subgroups of patients who are at risk of side effects during a treatment
using pharmacogenomics (safety), and monitoring therapeutic response after treatment
(efficacy and safety). [%]

The various components of nanotheragnostics each having their own advantage are: signal
emitter which emits signal upon excitation by external source, therapeutic moiety can be a
drug, or a nucleic acid like small interfering ribonucleic acid (siRNA), nanocarrier is a
polymeric carrier capable of carrying high drug payload, and targeting ligand is the entity
which can bind to a disease marker with high specificity so as to deliver the entire system to
target cell. Non-invasive imaging techniques like magnetic resonance imaging (MRI), X-ray
computed tomography (CT), positron emission tomography (PET), single photon emission
computed tomography (SPECT), and ultrasound can be used to capture response of signal
emitter in real-time. The therapeutic moiety as well as the signal emitter can be encapsulated
or covalently attached to the polymeric carrier. Many synthetic and natural polymers were
proved to be effective carriers but polymers that are approved for clinical application or
currently under clinical trials are poly (ethylene glycol) (PEG), dextran, carboxydextran, -
cyclodextrin, poly (Dextro Levo-lactide-co-glycolide) (PLGA), and poly (L-lysine) (PLL). The
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most important component of a theragnositc is its targeting ligand. The targeting ligand
includes small molecule ligands like short peptides, aptamers, and large molecule ligands
like antibodies.

Metallic nanoparticles because of their unique optical properties and their capability to
transit therapeutics to tumor have gained wide importance as theragnostic agents. Au
nanoparticles possess unique optical properties such as photothermal and surface-plasmon
effects, and these properties can be utilized for various clinical applications in cancer
diagnostics. Rod shaped Au NPs (Au nanorods) when irradiated in near-infrared region
show a surface Plasmon band. This property can be used for bioimaging, or as heating
devices for photothermal therapy. Thus, Au nanorods can be used as potential theragnostic
devices for bioimaging, thermal therapy and a drug delivery system. When these Au
Nanorods coated with as thermosensitive gel were administered to tumor bearing animals
and the tumor was irradiated externally, a significantly larger amount of gold was detected
in the irradiated tumor. [°1] Ag nanosystems have also shown promise as theragnostic agents
because of their optical absorption properties. Ag nanosystems were reported to be potential
contrast agents for photoacoustic imaging and image-guided therapy. Ag nanosystems
consisting of PEGylated Ag layer deposited on silica Cores were investigated and was
shown to be non-toxic in vitro at concentrations up to 2 mg/mL. Ag nanosystems also have
shown strong concentration-dependent photoacoustic signal when embedded in an ex vivo
tissue sample. (921 Thus, Ag nanosystems which have capability to carry therapeutic payload
and exhibit very strong signal when used for image-guided therapy can be widely used for
theragnostic applications.

Theragnostics advanced with advent of nanotechnology. Nanotechnology, by virtue of their
unique physicochemical properties like quantum confinement in quantum dots,
superparamagnetism in certain oxide nanoparticles and surface-enhanced Raman scattering
(SERS) in metallic nanoparticles, resulted in emergence of sensitive and cost effective
imaging agents. Similarly, their properties like large surface area to volume ratio, capability
to control size, hydrophobicity and surface charge according to intended application made
them valuable carriers for therapeutic drugs and genes. %l Many nanocarriers with
anticancer drugs are currently investigated clinically for their targeting capability.
Immunoliposomes of doxorubicin are in Phase I clinical trials for targeting human
metastatic stomach cancer. [%! Polymeric micelles with Paclitaxel are currently in Phase II
clinical trials for targeting stomach cancer. 51 Thus, nanoparticles have the required
attributes to house therapeutic payload along with diagnostic imaging agent for real-time
monitoring of treatment response.

The Au/Ag-NPs exhibit potential for use for molecular-targeted cancer diagnosis and
therapeutics. The Au-NPs were biocompatible with the cell lines utilized in our studies.
They exhibit strong absorption at 530 nm in the visible light spectrum, with the absorption
maximum wavelength displaying shifts upon interaction with other molecules. They are
therefore well suited for the development of diagnostic tools aimed at molecular-targeted
detection of cancer cells in samples or in vivo through imaging technologies. To achieve
molecular targeting, modification of the Au-NPs by conjugation with diverse
macromolecules (polypeptides, polysaccharides, and even polynucleotides), is being
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explored in our laboratory. The conjugated Au-NPs can be used in the development of
contrast agents for optical imaging to identify the cancerous tissues. On the other hand, Ag-
NPs showed cytotoxic effects on both the ovarian adenocarcinoma cell line and the non-
tumorogenic ovary cell line in the low micromolar range, as well as stronger hemolytic
effects with red blood cells. The toxicity properties of Ag-NPs could be utilized for the
development of therapeutic agents to eliminate cancer cells. Once again, conjugation with
macromolecules could result in novel nanomaterials with enhanced specificity of action. In
this case, the macromolecules should either block the toxicity on normal cells, or target the
Ag-NPs to the surface of cancer cells specifically. In the latter case, a lower overall
concentration of the targeted Ag-NPs could be utilized, which would reach only toxic levels
on the surface or within the cancer cells. Oligosaccharide coatings are currently being
investigated in our laboratory. The hypothesis is that cancer cells need to grow fast and
would have an enhanced requirement for carbohydrates, driving them to accelerated
endocytosis of the nanomaterial, reaching therefore toxic levels of Ag-NPs within the cell
upon degradation of the oligosaccharide coat. Furthermore, in advanced cancers the leaky
blood vessels would release these NPs right near the cancerous cells, providing for another
mechanism for concentration of the therapeutic agent at the target sites.

Our laboratory has focused on the coating of NPs with macromolecules that provide a first
level of specificity to distinguish cancer cells from healthy cells. Further specificity for
diagnosis or treatment of specific cancer types could be achieved by forming hybrid
materials that include specific ligands or antibodies that bind to specific cancer cell types. As
described earlier, an antibody against the IL13Ra2 receptor has been utilized to direct TiO»-
NPs to certain brain tumors. [78] Our knowledge of molecular markers of specific tumors is
increasing steadily, providing tools for the development of a larger collection of high-
specificity therapeutic agents that can be utilized in tailored personalized treatment
regimens.

5. Conclusion

The green colloidal approach provides stable metallic nanoparticles (Au and Ag). The as-
prepared nanometals are determined to be ultrafine, pseudo-spherical and monodispersed.
The technical advantages of the colloidal method lie in cost and time effectiveness,
simplicity, ability to control homogeneity from molecular level, and high precision of
aggregation under use-friendly fabrication variables. The nano-characterization by state-of-
the-art instrumentation techniques allow for in-depth understanding of control in
morphological, structural and elemental composition via varying the fabrication parameters.
Additionally, the Au and Ag nanometals displayed 100 % percentage viability when in vitro
cytotoxicity was tested. Both metal NPs were also found to be applicable for in vivo
applications at lower concentrations (0.1, 1 uM).

6. Useful definitions

Phase 0 trials are designed to speed up the development of promising drugs by establishing
early on whether they have a similar profile as in the early preclinical studies.

Phase 1 includes trials designed to assess the safety, kinetics, and pharma of a drug.
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Phase 2 includes phase I study but on a larger sample size, inculding formulation and
dosage.

The Trojan Horse is a stratagem that causes a the nanomaterial to be delivered without
detection of the host immune system.
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