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Keywords: ABSTRACT: Gold nanoparticles (AuNPs) have appeared as an
attractive candidate for delivery of various drug molecules or
considered as extraordinary molecular carriers for the targeting,

intracellular trafficking and delivery of a huge array of biomolecules
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molecules of therapeutic significance. Particularly gold nanoparticles
have attracted intensive interest, because they are easily prepared,
have low toxicity and can be readily attached to molecules of
biological interest. More and more research shows that AuNPs-based
technologies are becoming promising approaches in drug and gene
delivery, liver targeting, brain targeting, cancer research and AIDS
treatment. The present review focuses on synthesis and
functionalization methods of GNPs, the past researchs and reviews
about GNPs, their emerging applications and uses and their future
prospects.
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INTRODUCTION: Nanotechnology has
dynamically developed as an important field of

Gold nanoparticles are used in pharmaceutical
formulations and biological fluids as gold

modern research with potential effects in electronic
and medicine * 3. Nanotechnology can be defined
as a research for the design, synthesis, and
manipulation of structure of particles with
dimension smaller than 100nm *.

Nanoparticles (NPs), i.e. particles with the
dimensions in the range of units to hundreds of
nanometers, recently attract an extensive attention
in various fields of chemistry, physics, material
science, medicine and photonics, due to their
unique physical and chemical properties > 1°.
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nanoparticles modified ITO (Au/ITO) electrode is
described for the detection of dopamine and
serotonin in the presence of a high concentration of
ascorbic acid **.

Nanoparticles are not only excellent materials by
structural features but also by functional features. It
can be provided changing of functional properties
by using various methods beside bulky properties.
Electronic ', optic *® and catalytic ** properties of
nanoparticles have grown out of their quantum
levelled size.

Nanosized particles have gained very importance in
modern technology systems due to their high
surface area, different optic and optical properties.
These nanoparticles can be produced by basic
systems like microemulsion, reverse micelle
formation, electro  deposition etc. These
nanoparticles can be replaced to substrate surfaces
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like Au, Al, glass, silica etc. by physical, chemical
or replacement by themselves methods to formation
of regular nano orderly structures ™.

Gold (Au) is unique compared to other metals
because of its resistance to tarnishing. According to
the earliest records, use of Au for medical purposes
can be traced back to the Chinese civilization in
2500 BC and after that, several ancient cultures
have utilized Au-based materials for medicinal
purpose for the treatment of a variety of diseases
itsjch as smallpox, skin ulcers, Measles and Syphilis

In today’s era of nanotechnology, gold
nanoparticles (AuNPs) have been used for the
treatment of diseases like rheumatoid arthritis and
so forth, while considerable research is currently
going on for unveiling potential anticancer and
antimicrobial and biodiagnostic applications of Au-
based materials and compounds for clinical
applications *’.

Gold nanoparticles (AuNPs) provide non-toxic
carriers for drug and gene delivery applications.
With these systems, the gold core imparts stability
to the assembly, while the monolayer allows tuning
of surface properties such as charge and
hydrophobicity. An additional attractive feature of
AUNPs is their interaction with thiols, providing an
effective and selective means of controlled
intracellular release *'.

Synthesis and Functionalization of Gold
Nanoparticles: GNPs are the colloidal suspension
of gold particles of nanometer sizes. GNPs have
been synthesized by following methods;

1. The reduction of chloroauric acid in the
presence of a stabilizing agent.

2. The citrate synthesis method includes
reduction of chloroauric acid using
trisodium  citrate  resulting into the

formation of GNPs. The size of GNPs is
determined  mainly by the salt
concentration, temperature and rate of
addition of reactants resulting in size range
of 10-25 nm.
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3. Widely used method by using toluene with
tetra-octanyl ammonium bromide as a phase
transfer reagent %,

4. Chemical reduction using L-Tryptophane as
a reducing agent for ionic gold and
polyethylene glycol was used to produce
AuCl, ~ ions to provide higher stability and
uniformity in size, shape, and particle
distribution *°.

5. Method using methanol extract of medicinal
plants as reducing agent to produce the
“GREEN” or environmental friendly GNPs
2 In another procedure, an amino acid
derivative of serrapeptase has been used as
stabilizing and reducing agent to synthesize
stable “eco-friendly” GNPs %' Besides the
usual spherical shape, GNPs have been
synthesized in various other shapes
affecting their physical and biochemical
properties.

For example, hexagon and boot shaped
GNPs show different surface enhanced
Raman scattering (SERS) which in turn can
be used to detect molecules conjugated to
GNPs such as avidin, thereby making these
functionalized GNPs (fGNPs) useful for
biolabelling, bioassay, clinical diagnosis
and therapy %. Gold nanocages of six and
eight facets have also been synthesized %.

Similarly, gold nanorods have been
synthesized which find usage in biomedical
applications for cancer imaging and
photothermal therapy *. In yet another
recent study, the GNPs were grown in a
lysozyme crystal which could be useful as a
bifunctional molecule for specific catalytic
activity *°.

Methods are being devised to synthesize GNPs
with functional moieties (as shown in Table 1) to
increase their affinity to biological molecules and
use as drug-carriers into the cells with increased
specificity.
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TABLE 1: SUMMARY OF COMMON FUNCTIONALIZATION METHODS AND THEIR APPLICATIONS.
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Nanoparticles:

1. PEGylation: PEGylation is one of the most
commonly used functionalization methods for
GNPs. GNPs are coated with a layer of PEG
alone or in conjunction with other molecules
such as biotin, peptides or oligonucleotides,
thereby helping the internalization of these
GNPs to the target cells. Due to their ability to
bind the cell membrane, these functionalized
GNPs can serve as good drug-carriers.
PEGylated @ GNPs  functionalized  with
biomolecules such as lectin, lactose and biotin
have been synthesized.

PEGylated GNPs are useful in cellular and
intracellular targeting of biological materials.
Hetero-bifunctional PEGylated GNPs were
synthesized in which GNPs were functionalized
with thiol group on one end and coumarin, a
fluorescent dye on the other. These fGNPs
could make their way into the cells which could
be tracked easily because of the attached dye.
The stability and functional integrity of
PEGylated GNPs is of concern as it is affected
by factors such as the molecular weight of
PEG, the attached functional groups, the ligand
and the size of the GNPs used. The efficacy of
one of such group of PEGylated GNPs in the
ablation of tumors was tested in mice using
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FUNCTIONAL LIGANDS/CARRIER
GROUP MOLECULE KEY FEATURE APPLICATION REF.
Polyethylene PEG with ligands such as a dye Adherence to the cell t?”gtli?wr ar;)c;lolgitsr?ﬁke)ldggar: 31-35
Glycol (PEG) attached through thiol group membrane g g’studies
Amine Group PEG SiRNA carrier Useful in RNAI technology 36
Carboxyl . i Various depending on the
Group Proteins protein 37
Cell surface receptors, amyloid Cytoplasmic and nuclear CeIIu_Iar e e U
Y L . . targeting, macrophage and
. inhibitory peptide™ sweet arrow translocation, adjuvant . i
Peptide . . - : ; proinflammatory cytokine ~ 38-42
peptide, antibody, octrotide targeting carcinoma cells S -~ X
g . elicitation bioimaging
peptide analogue of somatostatin S
imaging of cancer cells
Aptamer, PEGylated goldpoly (B- Targeting Prostate Bioimaging, gene delivery
DNA amino ester), Thiolated ssDNA of cancer cells , SiRNA rnai-regulation of transgene 43-47
RNA | gene, antisense DNA carrier, binds to expression, detection of
oligonucleotides antisense RNA of p53 specific genes e.g., for
RNA Polyvalent RNA—goId i RNAI 48
nanoconjugates
— . . . Immunoassays treatment
Antibodies scFv Antibodies against various Smalle_r size, label and diagnosis e.g. antibodies  49-51
pathogens fidelity : .
against aflatoxins
Methods of Functionalization of Gold thioctic acid anchored PEGylated GNPs. The

internalization of these fGNPs was dependent
on the size of the nanoparticles, molecular
weight of the PEG and the ligands used for
PEGylation. Also, the distribution of these
GNPs into various cells was dependent on their
physiochemical properties.

Peptide/Amino Acid Conjugation:
Functionalization of nanoparticles with amino
acids and peptides has been another effective
way to enhance specificity and efficacy of
nanoparticle based delivery systems. GNPs
functionalized with amino acids such as lysine,
polylysine and glycine bind DNA with higher
efficiency for gene delivery without toxicity.
Primary ammonium groups of these amino
acids contributed to a higher binding capacity
to the cationic groups on DNA. Also lysine
dendrons were found superior to polylysine for
expression of the reporter f-galatosidase gene.

Likewise, amine functionalized GNPs carrying
siRNA-PEG conjugates against human prostate
carcinoma cells were shown to be effective in
the inhibition of specific cancer genes.
Carboxylated GNPs synthesized using glutamic
acid were found better in synthesizing fGNPs
with proteins as the carboxyl group of amino
acid facilitates attachment of proteins through
their amine groups.
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However, conformational changes were
observed in the protein after attachment to the
GNPs. GNPs functionalized with peptides has
also been used as effective cell-targeting
agents. The peptide CALNN and its derivative
CALNNRS8 were used to functionalize GNPs
for  targeting intracellular ~ components.
Distribution of these fGNPs was dependent on
the concentration of the peptide as well as on
the size of the GNPs. GNPs (30 nm size) was
able to cross cell membrane efficiently by
endocytosis and micropinocytosis and showed
higher affinity for DNA, RNA and endoplasmic
reticulum in the cell.

When in mixture both CALNN and its
derivative CALNNRS could make their way to
the nucleus whereas the CALNNRS8 was mostly
trapped into the endoplasmic reticulum due to
the higher affinity of the ER for arginine rich
signal peptides. The cell viability could be
attributed to the extent of fGNP internalization.
Similarly, a sensor for the detection of the
interaction between [-amyloid peptide with
metallic ions Zn?* and Ca®* was designed using
GNPs functionalized with B-amyloid peptide-
CALNNGK (biotin) G, using standard biotin-
streptavidin chemistry.

Time dependent study of the interaction
between the fGNP was used to suggest the
levels of expression of p-amyloid peptide
related genes in a simple colorimetric based
assay using the optical changes occurring in the
absorption spectra of the fGNPs before and
after interaction with the peptides. Peptide
functionalized GNPs are also known to activate
macrophages, holding promise to be used as
adjuvants for vaccine delivery. This is possible
due to their ability to bind different
biomolecules and expose smaller molecules to
the immune system, which are otherwise
unrecognizable by the macrophages.

The GNPs functionalized with an amyloid
growth inhibitory peptide (AGIP) associated
with Alzheimer’s disease were found useful for
intracellular drug delivery. They can selectively
target the p-amyloid fibers and sweet arrow
peptide (SAP) which could be recognized by
the bone marrow derived macrophages.
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These fGNPs were recognized by the
macrophages due to TLR-4, a pattern
recognition receptor. These fGNPs further
activated the pro-inflammatory cytokines TNF-
a, IL-1B and IL-6; thus, stopping macrophage
proliferation. These fGNPs were then
internalized by the macrophages and processed.

GNPs can therefore be conjugated to adjuvants,
cofactors or adaptor proteins for an effective
immune response. Cellular and subcellular
targeting of fGNPs depends on the peptide used
for conjugation and the type of cells in
question. PEGylated GNPs (30 nm)
functionalized with  Arg-Gly-Asp (RGD)
peptide and a nuclear localization signal peptide
lysine-lysine-lysine-arginine-lysine was found
to target specifically the nucleus of cancer cells.
Likewise, GNPs functionalized with the peptide
conantokin-G were internalized by HER293
cells through selective binding to N-methyl-D-
aspartate receptors.

In another study, GNPs functionalized with
protein transduction domains (PTDs) from HIV
Tat proteins were used to follow their
intracellular path. PTDs are peptides that can
translocate to cell and nuclear membranes in a
temperature and receptor independent manner.
fGNPs were shown to make their way either
into the nucleus (if nuclear localization signal
peptide is used) or to the cytoplasm of the
target cells through an endosomal path. Peptide
sequence thus regulates the entry of the
conjugated GNPs.

Peptide-conjugated GNPs are also being used to
devise a protein kinase assay using secondary-
ion mass spectrometric imaging. This method
uses the change in the mass of the peptide
substrate after kinase action and is much
simpler as opposed to traditional methods using
radioactive or fluorescent labels.

Thus, the peptide conjugated nanoparticles hold
promise to be used for bioimaging, diagnosis
and therapeutic applications. GNPs are also
being functionalized using both peptides and
oligonucleotides for perinuclear localization for
various functions such as cell imaging, target-
specific internalization, etc.
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Similarly, bioconjugated gold nanorods have
been employed as probes for imaging. A mouse
monoclonal antibody specific to human
epidermal growth factor receptor 2 (HER2),
over-expressed in SKBR3 breast carcinoma
cells, was conjugated to either GNPs or
nanorods which can be used for biomedical
imaging of the carcinoma cells. GNPs
functionalized with Bombesin peptides, can be
used for imaging of cancer cells as Bombesin
has high affinity to gastrin releasing peptides
that are over-expressed in cancer cells.

GNPs coated with polyelectrolytes were found
to restructure the 3D constructs made of
collagen and cardiac fibroblasts, reduced
contraction and altered the expression of [-
actin, a-smooth muscle actin and collagen type
I, suggesting the potential applications for anti-
fibrotic therapies. Likewise, GNPs were also
found to enhance cross linking of collagen
fibrils as well as sites to deliver signaling
compounds that direct self-assembly and reduce
inflammation.

Oligonucleotide Functionalized Nano-
particles: Several research groups have devised
methods to functionalize gold and other
nanoparticles using oligonucleotides either
alone or with some modifications. DNA
conjugated nanostructures can be synthesized in
a controlled manner, either by attaching a
specific number of single stranded DNA
molecules through thiol caps or by saturating
the surface of the GNPs by single stranded
DNA molecules.

Kinetic and thermodynamic studies on DNA
hybridized to GNPs have shown that ssSDNA
first adheres to the GNPs and then slowly
diffuses on its surface. Secondary structure of a
DNA hairpin inhibits interaction between GNPs
and DNA thereby increasing the stability of
adhered DNA. Aptamer-GNP conjugation has
been exploited to target prostate cancer cells.
This was achieved by attaching GNPs with an
oligonucleotide complementary to the sequence
of the anti-PSMA (prostate specific membrane
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antigen), thus facilitating the attachment of
PSMA-GNPs to anti-PSMA antibody. These
results show a promising role of such fGNPs in
the detection and imaging of cancerous cells. In
another novel study, DNA functionalized GNPs
were employed to design a chip based DNA bio
bar code sensor to detect target DNA
sequences. Here, the bio bar code amplification
of the target DNA is assessed using a
complementary DNA attached to GNPs and
subsequent detection of the amplified DNA
instead of the original target DNA.

Other Common Functionalization Methods:
Apart from DNA and proteins, various other
molecules have also been used effectively for
functionalization of GNPs for various
applications. GNPs functionalized using goat
anti-human 1gG were used to formulate a
bioassay to detect human 1gG in serum
samples. GNPs modified with carboxyl and
alcoholic groups were functionalized using
antibodies for the detection of E. coli O157:H7.
GNPs have also been employed in the
immobilization of enzymes to offer an inert and
biocompatible system.

The enzyme glucose oxidase has been
immobilized on chitosan-GNPs for the
quantitative detection of glucose. This method
helps the enzyme retain its activity at higher
temperature and extreme conditions. GNPs
were used to detect 5-fluorouracil (an anti-
leukemic drug) due to the quenching effects of
GNPs against the fluorescence of 5-
fluorouracil. Also, this conjugate has been
shown to have antifungal and antibacterial
activity.

Apart from these approaches, there have been
several studies using different combinations of
proteins, DNA, RNA, antibodies, etc. to
functionalize the GNPs pertaining to the basic
requirements of the application in question. The
field is expanding day by day and has extensive
applications in biomedical sciences *°.
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TABLE 2: RESEARCHED STUDY ON GOLD LIPID NANOPARTICLES IN RECENT YEARS

TOPIC MATERIAL USED SYNTHESIS CHARACTERIZATION RESULT REF.
The results of cellular
Biomedical . cytotoxicity and
Applications of . By reductlo_n o 1. Particle size analysis fluorescence  confocal
PEG-diol, gold chloride S
Gold . . 2. Transmission electron analyses showed that the
. methylene chloride, (HAUCI,) with . .
Nanoparticles . . microscope (TEM) PEG spacer modified
L X silver(l) oxide, freshly prepared . - .
Functionalized A s . . 3. In vitro Cytotoxicity nanoparticles were 51
. potassium iodide and sodium citrate . - .
Using Hetero- Studies essentially non-toxic and
. . p-toluenesulfo yl and allowed to o
Bifunctional Poly : . 4. Fluorescence Confocal could be efficiently
chloride. boil under reflux X : : . .
(ethylene glycol) e Microscopy Studies. internalized in the cells
conditions. L
Spacer. within one hour of
incubation.
5. UV-Visible spectrum,
& 20 ISR This research opens u
Cell culture 7. Quantitation of AbVF _opens up
Primary CLL, B cells in the nanoconjugates " SIEUAIES in 15
Potential " hu)r/nan s ’Ienic B p_—n IUg treatment of CLL-B
therapeutic P g . . using gold nanoparticles
- cells Standard wet 8. thermogravimetric .
application of . . and integrates
. Reagents chemical analysis (TGA) . X
gold nanoparticles . - . nanoscience with
. . Immunological methods using 9. Studying nature  of ;
in B-chronic . . therapy in CLL. In 52
. reagents sodium bonding by X-ray .
lymphocytic - future, potential
. ] Mcl-1 borohydride as a photoelectron . .
leukemia (BCLL): . opportunities exist to
- XIAP reducing agent.  10. Spectroscopy
enhancing . . .. harness the
apoptosis ol . LL BT apoptosis  in optoelectronic properties
' VEGF neutralizing CLL-B cells isolated £ aol icles i
antibody (2C3) from patients ©7 el MEMGEEITE s 7
' . the treatment of CLL.
Immunoblotting
analysis.
. 1. X-ray photoelectron celd nanop_artlcle/PAM
Reduction of spectroscopy (XPS) nanocomposites have
gold salt with P COpy been successfully
. . 2. Transmission electron
One-pot synthesis polyacrylamide, . The PAM played an
. microscopy (TEM) . .
of Polyacrylamide and and well- 3 Eourier transform important role in the
polyacrylamide- chloroauric acid dispersed gold ' infrared  SDeCtrosco preparation  of  this 53
gold (HAuCI4-4H20). colloids (FTIR) P Py nanocomposit, it reduces
nanocomposite. stabilized by g - metal ions but also
0 4. Ultraviolet—visible L
polyacrylamide . . stabilized metal
. f (UV-vis) absorption .
immediately. nanoparticles at the
spectra. .
same time.
1. Transmission electron
. microscopy (TEM).
Reduct]on o 2. UV-visible (UV-Vis) AuCl, reduction by
(IEL oy bsorpti d NaBH4 |
NaBH, or 3- i' sorption spectra an ?h' V\]/cas complete
SHER e Horfsg spleen (Nmorpholino) |net|cs_ monitoring within a few s_econds,
activity of apoferritin (HSAF), ronanesulfonic absorption. whereas reduction by
Y NaBH, or 3- prop 3. Circular dichroism (CD) MOPS  was much
apoferritin- . acid (MOPS) as X L 54
o (Nmorpholino) . 4. Inductively coupled slower; in all cases,
stabilized gold L the reducing . L . .
nanoparticles propanesulfonic acid agent stabilized plasma optical emission protein  was required
' (MOPS), AuCl,. spectroscopy (ICP-  during reduction to keep
by Horse spleen OES h Id icl ;
apoferritin ) . iy gl e (I
5. Fast protein liquid aqueous solution.
(HSAF).
chromatography
(FPLC)
Characterization 1. UV/vis spectroscopy The results from these
of cold Tubulin aliquots, 2. Transmission electron studies provide better
nano garticle guanosine Photochemical ~ microscopy (TEM) understanding of the
bin dF;n o triphosphate reduction 3. Surface enhanced binding between Au and 55
microtu%ule (GTP), Taxol and methods. Raman spectroscopy the biotemplate and give
filaments NaN3. (SERS) insight concerning
' 4. X-ray photoelectron methods to improve Au
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spectroscopy (XPS) coverage for  MT-
templated Au nanowires.

Gold By reduction . . . The applications of gold
. S . 1. Zeta sizer (size and size - .
Gold Nanoparticle  chloroauric asid salt  reaction between AN nanoparticles are highly
g . distribution  of  the . -
Synthesis and (H[AuCl4]), tetrachloroauric . extensive as conductive 56
oo STuE : X - synthesized gold : :
Characterisation. Trisodium citrate acid and sodium nanoparticles) material in  sensors
(NazCgH50,.2H,0), citrate P ) and/or biosensors.
The QAIL surrounding
Stabilized and Gold the nanoparticles surface
size-tunable gold nanoparticles . can act as an effective
. 1. UV/is spectroscopy L
nanoparticles . . under gamma- i stabilizer of gold
. Cholin chloride, A 2. Transmission electron .
formed in a radiation in a . nanoparticles, and the
ZnCl, Aqueous microscopy (TEM) . -
quaternary quaternary . nanoparticles size and
- hydrogen . 3. Photon cross correction . . 57
ammonium-based ammonium- uniformity are affected
tetrachloroaurate L spectroscopy (SERS) : .
room-temperature based ionic by the interactions
P (HAUCI,). - 4. X-ray photoelectron
ionic liquid under liquid (QAIL) spectroscopy (XPS) between the QAIL and
gamma- [Me3NC?H*OH* P Py clusters  during the
irradiation. [ZnCI°T. formation the
nanoparticles.
TABLE 3: REVIEWED STUDY ON GOLD LIPID NANOPARTICLES INRECENT YEARS
TOPIC RESULT REF.
The most challenging nanoscience ahead of us will be to find new
The golden aae:aold nanoparticles for chemical and physical methods of functionalizing gold nanoparticles with
9 biongwed%cine (201p2) compounds that can promote efficient binding, clearance, and 57
biocompatibility and to assess their safety to other biological systems and
their long-term term effects on human health and reproduction.
L . The most promising applications of AuNPs in cancer are tumor detection,
Gold Nanoparticles: Promising . - ; . . .
. . - molecular imaging, multiplex diagnostic, and fluoroimmunoassay. All
Nanomaterials for the diagnosis of Cancer . ; 58
these together have boosted the immense potential of AuNPs and would
and HIV/AIDS (2011) h 3 o ) o
shed light on various applications of biomedical field.
The control of GNPs properties via modification of the gold surface with
specific selectors provides opportunities to design unique separation
L . . systems. The ability to combine molecular functionality with the inherent
Application of gold nanoparticles in . £ ized entiti K NP scaffold i
separation sciences (2010) properties of nanometer-sized entities makes an scaffold important 59
tool for creation of complex functional systems. Although the GNPs
assisted techniques have not up to date provided a major break-through,
the increasing role of gold and other NPs in separation science is evident.
Undoubtedly, further research in the field is highly needed.
Gold nanoparticles (AuNPSs) provide non-toxic carriers for drug and gene
delivery applications. With these systems, the gold core imparts stability
Gold nanoparticles in delivery to the assembly, while the monolayer allows tuning of surface properties 60
applications (2008) such as charge and hydrophobicity. An additional attractive feature of
AUNPs is their interaction with thiols, providing an effective and selective
means of controlled intracellular release.
The surface-plasmon resonance-enhanced optical properties of colloidal
L . . gold nanoparticles directed towards recent biomedical applications with an
Gold nanoparticles: interesting optical - . . )
. A emphasis on cancer diagnostics and therapeutics. Methods of molecular-
properties and recent applications in e . . . . 61
. . specific diagnostics/detection of cancer, including strongly enhanced
cancer diagnostics and therapy (2007) . ; L
surface plasmon resonance light-scattering, surface-enhanced emission of
gold nanorods and surface-enhanced Raman scattering.
The diversity of surface monolayers on the particles, organic ligands or
biomolecules, employed to improve the transfection efficiency of the
Monolayer coated gold payloads. Accurate mechanisms of uptake for AuNPs should be known to
nanoparticles for delivery facilitate optimization of AuNP platforms for efficient internalization. The | 62
application mechanism of cellular uptake of AuNPs is likely to differ for different
classes of AuNPs based on their surface monolayer structure, size, and
charge.
Gold nanoparticles in biomedical The application of GNP conjugates to biomedical diagnostics and
applications: recent advances and analytics, photothermal and photodynamic therapies, and delivery of | 63
perspectives (2012) target molecules
International Journal of Pharmaceutical Sciences and Research 4074
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Surface Plasmon Resonance Scattering
and Absorption of anti-EGFR Antibody
Conjugated Gold Nanoparticles in Cancer
Diagnostics: Applications in Oral Cancer
(2005)

SPR scattering imaging or SPR absorption spectroscopy generated from
antibody conjugated gold nanoparticles can be useful in molecular
biosensor techniques for the diagnosis and investigation of oral epithelial
living cancer cells in vivo and in vitro.

64

The forthcoming applications of gold
nanoparticles in drug and gene delivery
systems (2011)

The attractive features of gold nanoparticles include their surface plasmon
resonance, the controlled manner in which they interact with thiol groups,
and their non-toxic nature. These attributes can be exploited to provide an
effective and selective platform to obtain a targeted intracellular release of
some substance. The use of gold nanoparticles can also increase the
stability of the payload.

65

Use of Gold Nanoparticles in
Diagnostics, Surgery and Medicine: a
Review (2012)

Particularly gold nanoparticles have attracted intensive interest, because
they are easily prepared, have low toxicity and can be readily attached to
molecules of biological interest. The gold nanoparticles have become
more precious than pretty gold because of their wide use and applications.

66

Functionalized gold nanoparticles and
their biomedical applications (2011)

GNPs can be considered as extraordinary molecular carriers for the
targeting, intracellular trafficking and delivery of a huge array of
biomolecules including DNA, RNA, proteins, peptides, drugs, genes and
other molecules of therapeutic significance. They do not cause significant
cytotoxicity due to their physiochemical properties. Despite these
preliminary studies, efforts need to be taken for designing GNPs to
enhance the bioavailability of these fGNPs with less immunogenicity and
cytotoxicity to be used in vivo.

67

Gold nanoparticles from
nanomedicine to nanosensing.

AuNPs-based therapeutic agents could overcome the barriers presented by
the human immune and circulatory systems to achieve delivery at diseased
sites without uptake by healthy tissues. In principle, such improved
targeted delivery could make other AuNPs-based experimental therapeutic
techniques, such as photothermal therapy, practicable. With the “right”
combination of delivery agents and particle size, AuNPs-based
therapeutics could effectively kill the diseased cells while eliminating the
horrendous side effects of the conventional chemotherapeutic agents.
Special attention should be given to gaining comprehensive insights on the
effects of nanoparticle size, ligand conjugation and conjugation chemistry
on AuNPs physiological properties. Additionally, the potential for
cumulative toxicity upon repeated exposure to AuNPs-based agents must
be rigorously investigated. Nanotoxicity may not be a small matter after
all! Results from these and related studies will prove informative in further
refinement of the design of AuNPs for use in various nanotechnology
applications.

49

Emerging applications

and uses

of Gold real-time kinetics of

ligand-receptor

Nanoparticles:

1. In diagnosis of Cancer and HIV/AIDS: A
number of techniques applying with AuNPs
such as surface chemistry mainly by
conjugating them with biological molecules
have been playing a great role in 21th century
for the diagnosis and treatment of various
diseases like cancer and HIV. Surface plasmon
resonance (SPR) is significant for the
absorption and scattering properties of AuNPs.
The last 20 years have seen tremendous
development of SPR and its use in biomedical
applications related to diagnostics and therapy.
This technique applies not only for measuring
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interactions, but also for the screening of lead
compound identification in the pharmaceutical
drug development, and for the detection of
small molecules. Modern and highly advanced
spectroscopic techniques based upon SERS
provide a huge enhancement of the Raman
signal, by a factor of ca. 1014-1015, allowing
detection at the single-molecule level in
pico/nanoconcentration. The most promising
applications of AuNPs in cancer are tumor
detection, molecular imaging, multiplex
diagnostic, and fluoroimmunoassay. AuNP-
based biobarcode amplification (BCA) assay
can detect HIV-1 p24 antigen at levels as low
as 0.1 pg/mL. In the recent years, protein
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microarray detection strategies and Protein
Chip System for parallel analysis of multitumor
markers and its application in cancer detection
have also been developed **.

Monoclonal antibodies (mAbs) can recognize a
specific cancer cell. When such monoclonal
antibodies attached to gold nanoparticles or
nanorods and then expose it to near IR radiation
"heating phenomenon™ results which can be
used in cancer detection. This acoustic signal
gives valuable information about the
presence ofcancer cells .

In Surgery: The biological inertness of gold
was found to be important in this application
and goldplated stents have been found to
produce the least number of macroscopic
changes in surrounding intravascular tissue. A
new surgical procedure for prostate cancer
involves the insertion of three gold grains into
the prostate. The position of the gold grains can
receptorbe detected using X-rays, allowing
doctors to target the position of the prostate
within one or two millimeters and thereby
allow a more precise dose of radiation to be
administered to a more targeted area for the
treatment of the tumour ®'.

In Brain Targeted Drug Delivery System:
Gold nanoparticles have promising utilities for
drug delivery as well as for the diagnosis and
treatment of several diseases related to the
CNS. AuNPs are retained in a number of
organs, such as liver and spleen due to their
negative charge and/or  processes  of
Opsonization and hence decreasing their
delivery to the brain. It is crucial to alter the
nanoparticles’ surface to obtain desired
characteristics for achieving enhanced delivery
to the brain. Conjugation of 12 nm GNPs with
the amphipathic peptide CLPFFD increases the
in vivo penetration of these particles to the rat
brain. The C (GNP)-LPFFD did not alter the
integrity of the blood-brain barrier, and had no
effect on cell viability .

In Liver Targeted Drug Delivery System:
Nitric oxide (NO) plays an important role in
inhibiting the progress of hepatic fibrosis and as
a result complication of portal hypertension by
inhibiting human hepatic stellate cell (HSC)
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activation. Gold nanoparticles based drug
delivery system containing NO donors was
developed  which  was of  potential
therapeutic application in chronic liver disease.
HSC proliferation and the vascular tube
formation ability, manifestations of their
activation, were significantly weakened by the
NO released from these nanoparticles. This
study indicates that gold nanoparticles mediated
drug delivery systems for introducing NO could
be used as a strategy for the treatment of
hepatic fibrosis or chronic liver diseases .

In Magnetic Drug Targeting: Magnetic drug
targeting, using core-shell magnetic carrier
particles loaded with anti-cancer drugs, is an
emerging and significant method of cancer
treatment. Kayal et al. synthesized Gold shell-
iron core nanoparticles (Fe@Au) by the reverse
micelle method with aqueous reactants,
surfactant, co-surfactant and oil phase. From
Magnetic measurements it was found that the
particles were superparamagnetic at room
temperature. The anti-cancer drug doxorubicin
was loaded onto these Fe@Au nanoparticle
carriers. It was found that the amine (-NH2)
group of DOX binds to the gold shell. The
present studies show that DOX loaded gold
coated iron nanoparticles are promising for
magnetically targeted drug delivery ™.

In Photodynamic Therapy (PDT):
Photodynamic therapy (PDT) is a promising
technique for treating various cancers. It
involves light,photosensitizers, and tissue
oxygen. Most photosensitizing agents, such as
porphyrins and are hydrophobic and locate
preferentially in apolar sites such as the lipid
bilayer membranes of cells. After intravenous
injection and accumulation in the target tissue,
the photosensitizers, can be excited by light of
an appropriate wavelength, can transfer energy
to surrounding tissue oxygen which leads to
generation of highly reactive oxygen species
(e.g., singlet oxygen), and induce apoptpsis or
necrosis directly 2.

On one hand, such PDT drugs need to be
lipophilic to get through the lipophilic
membranes to reach to relevant sites so that the
initial oxidative damage can occur on proteins
that reside within the membranes of those
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organelles. But lack of solubility under
physiological conditions raises a significant
problem for intravenous PDT drug delivery.
The administration of such photosensitizers
takes long time to reach the maximum
accumulation in the tumor sites. This poses an
additional risk for toxicity and side effects.
Therefore, one needs a delivery carrier that can
bestow hydrophilicity during the drug delivery
without destroying the hydrophobic
characteristics of the drug itself. There are
several delivery strategies known to stabilize
PDT drugs in aqueous systems. Conjugated
polymer nanoparticles are one of them.
PEGylated gold nanoparticles (AuNPs) hold the
promise to be a highly efficient PDT drug
delivery scaffold.

Au NPs are well known for their chemical
inertness and have minimum toxicity. By using
water-soluble polyethylene glycol (PEG), NPs
can be stabilized by steric repulsion to inhibit
colloid aggregation in physiological conditions.
Drugs on the NPs could be shielded from being
uptaken by the reticuloendothelial system
(RES). Such drug vectors can preferentially
accumulate in tumor sites through the leaky
tumor neovasculature and do not return to the
circulation "3,

As Insulin  Carrier: Gold nanoparticles
synthesized with chitosan were tested as a
carrier for insulin. The nanoparticles showed
good insulin loading and long-term stability in
terms of aggregation.

The use of chitosan served dual purpose by
acting as a reducing agent in the synthesis of
gold nanoparticles and also promoting the
penetration and uptake of insulin across the oral
and nasal mucosain diabetic rats. The study
concluded that oral and nasal administration of
insulin-loaded, chitosan-reduced gold nano-
particles improved pharmacodynamic activity
of insulin™.

In the delivery of anti HIV agents: Gold
nanoparticles coated with multiple copies of an
amphiphilic sulfate-ended ligand are able to
bind the HIV glycoprotein gp120 as measured
by surface plasmon resonance (SPR) and inhibit
in vitro the HIV infection of T-cells. It is
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possible to attach both sulfated ligands and
other anti-HIV molecules on the same gold
cluster and so one can design multifunctional
anti-HIV systems ™.

In the delivery if Anticancer agents: The
anticancer drug, doxorubicin (DOX), was
loaded onto DNA-capped gold nanoparticles
(AuNPs)  designed for specific DOX
intercalation " To improve selectivity and
antitumour activity functionalization of gold
nanoparticles (AuNPs) with both a targeting
peptide and a drug peptide ligand was
attempted. Enhanced activity and selectivity of
the peptide multifunctionalized gold
nanoparticle conjugates was observed ”’.

Gold nanoparticles (AuNPs) were
functionalized with an anticancer drug,
doxorubicin. As discussed earlier, Doxorubicin
was assembled on gold via amino group. The
reaction proceeded under mild acidic
conditions.

Au NPs could not be adsorbed on doxorubicin
in alkaline solution because amino group was
not protonated. Under acidic conditions,
protonation created a positively charged amino
group thus adsorption was easier. The
interaction  between  Au  colloids and
doxorubicin is believed to be electrostatic .

Multidrug resistance (MDR) is a major hurdle
to the success of cancer chemotherapy.
Doxorubicin was tethered onto the surface of
gold nanoparticles with a poly (ethylene glycol)
spacer via an acid-labile linkage (DOX-
Hyd@AuNPs), it was demonstrated that
multidrug resistance in cancer cellscan be
significantly overcome by a combination of
efficient cellular entry and a responsive
intracellular release of doxorubicin from the
gold nanoparticles in acidic organelles. It
released doxorubicin in response to the pH of
acidic organelles following endocytosis *°.

Methotrexate is a folic acid analogue which
destroys folate metabolism of cells and is
commonly used as a cytotoxic anticancer drug.
The carboxylic groups on the methotrexate
molecule can bind to the surface of gold
nanoparticles. The cytotoxic effect of
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methotrexate conjugated to goldnanoparticles in
Lewis lung carcinoma cells is about seven
times higher than that of free methotrexate .

In Gene Delivery: The use of nucleic acids to
treat and control diseases is termed ‘gene
therapy’. Gold nanoparticle conjugates can
prepare which protect DNA from degradation®".
The light-triggered release of deoxyribonucleic
acid (DNA) from gold nanoparticle-based,
plasmon resonant vectors, such as nanoshells,
shows great promise for gene delivery in living
cells. Intracellular light-triggered release can be
performed on molecules that associate with the
DNA in a DNA host-guest complex bound to
nanoshells. The light exposure required for
molecular release do not compromise cell
viability. This highly controlled co-release of
nonbiological molecules accompanying the
oligonucleotides may have vast applications in
the study of cellular processes and in the
glevelopment of intracellular targeted therapies

PEGylated GNPs are one of the most
commonly used nanoparticles for gene delivery.
A PEGylated GNP based delivery system was
evaluated for its transfection efficiency using a
plasmid DNA mediated through electro-
poration. Gene expression was enhanced to
about 100-fold with DNA-PEGylated GNPs
compared to naked DNA after intravenous
injection®®.

In Percutaneous Drug Delivery: Co
administration of protein drugs with gold
nanoparticles enables percutaneous delivery of
them. The Au-NPs with a mean size of 5 nm
are skin permeable, probably due to the nano-
bio interaction with skin lipids and the transient
and reversible openings on the stratum
corneum. When simultaneously applied with
Au-NPs, the protein drugs were also granted to
penetrate the skin barrier and migrate into the
deep layers. This indicated that co-
administration with the skin-permeable Au-NPs
could mediate proteins across the skin barrier.

Such co-delivery effect can lead to a simple yet
effective method for overcoming the skin
barrier for percutaneous protein drug delivery.
Employing this strategy, a non-invasive vaccine

12.

13.
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delivery system was developed and by topically
co-administrating  antigens  with ~ Au-NPs
immune response was elicited in the tested
animals.

The results conferred the promise for achieving
a needleless transcutaneous vaccination .

In Photothermal Therapy: Gold nanorods
(which are rod-shaped gold nanoparticles) show
a surface plasmon band in the near-infrared
region. They have been proposed as heating
devices for photothermal therapy. Polyethylene
glycol-modified gold nanorods systemically
administrated. After intravenous injection of
gold nanorods followed by near-infrared laser
irradiation, significant tumor damage triggered
by the photothermal effect was observed %,

As Biosensors: GNPs have been studied and
exploited in the development of an assortment
of biosensors to detect specific biomolecules
significant in disease etiology. Determination of
choline in various human samples is clinically
important and is usually assayed through the
estimation of the enzyme choline esterase. A
biosensor developed by combining choline
oxidase (ChOx), multi-wall carbon nanotubes
(MWCNTSs), GNPs and poly-diallyl dimethyl
ammonium chloride (PDDA) for the specific
detection of choline provided an alternative,
significantly sensitive, rapid and efficient
approach of detection.

Similarly, uric acid (UA) detection was
facilitated using GNPs. UA is an important end
product of purine metabolism abnormal levels
of which are associated with various metabolic
diseases such as gout, hyperuricaemia,
pneumonia, kidney damage, cardiovascular
diseases and Lesch-Nyhan syndrome. Several
methods including colorimetric, enzymatic and
electrochemical methods are available for the
determination of UA concentration in human
fluids.

However, UA can be detected using GNPs by
an amperometric method, in blood serum and
urine with detection limit as low as 50 nm.
Another biosensor model was developed based
on the surface plasmon resonance changes and
its efficiency was tested using streptavidin.
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Here, the absorption maximum of the scattered
light by individual nanoparticles was related to
the number of molecules of a given analyte
bound to individual nanoparticles.

The biosensor model was able to predict the
molecular detection limits (minimum no. of
detectable molecules) and dynamic range
(maximum no. of analyte molecules bound to a
nanoparticle) depending on the geometry of the
nanoparticles and other parameters of the
system .

H,0, biosensor showed a high affinity and
good catalytic activity to H,O, with good
reproducibility and  stability.  Hydrogen
peroxide is not only an essential mediator in
food, clinical, environmental and many other
fields, but also a by-product of various
enzymatic reactions. Therefore, the as-prepared
sensor could be used in the detection of H,O; in
the detection of antigen or antibody in real
serum samples based on the peroxidase labeled
immunoassay ®.

In Detection: GNPs are also being used for
detection of various biological molecules
including proteins, enzymes, DNA, antigens
and antibodies, etc.

a. Detection of Biological Molecules: GNPs
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have been used for the detection of proteins,
based on their characteristic surface
plasmons. For this, GNPs have been
functionalized using bifunctional molecules
which were conjugated on one side to the
GNPs through their thiol group and on the
other side to the electron-rich aromatic
sidechains of proteins through a diazonium
moiety. The model was tested using thrombin
as the protein.

The vibrations of the diazo-bond formed
between the bifunctional molecule and the
target protein tends to enhance due to the
conjugation of GNPs constituting the Raman
marker. After the functionalized GNPs
interact with antithrombin as a sensitive
recognition element, immobilized on a
substrate, thrombin can be detected through
surface enhance Raman Spectroscopy.
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GNPs have been used for detection of other
biological compounds such as antioxidants
which have been studied for their roles in
diseases such as cancer, atherosclerosis etc. in
suppressing the free radicals. Vitamin E (a-
tocopherol) is well known for its antioxidant
activity. GNPs functionalized with Trolox, an
analogue of vitamin E have been synthesized
using self-assembly of thiol ligand, and were
evaluated for the free radical scavenging
activity. The antioxidant capacity of the
GNPs functionalized with Trolox was
observed to be higher than that of Trolox
alone, showing a promise of these
antioxidant-functionalized GNPs in the
treatment of various diseases.

. Detection of Microorganisms: Detection of

microorganisms can be achieved by several
biochemicals, microbiological and molecular
methods. Recent advances in the field of
nanotechnology have made it possible to
detect microorganisms by using nanoparticles
functionalized with oligonucleotides
complementary to the gene tags of the
microorganisms. In  one such study,
oligonucleotides complementary to the
unique sequences of the heat shock protein 70
(HSP 70) of Cryptosporidium parvum was
used to functionalize GNPs, which could be
used to detect the oocytes of Cryptosporidium
in a colorimetric assay, offering a simple and
robust method of molecular detection.

GNPs were used to detect Salmonella
enteritidis and Listeria monocytogenes, where
GNPs deposited within the flagella and in the
biofilm network [112]. Similarly, GNP-Poly
(para-phenyleneethynylene) could efficiently
identify both Gram positive and negative
bacteria based on the differential response by
each bacterium. In another study, GNPs
funtionalized with hairpin DNA was used to
image live HEp-2 cells infected with
Respiratory ~ syncytial ~ virus.  Another
immunoassay based on multi-functionalized
GNPs was developed by using antibodies
against protein A, a cell wall protein of the
bacterium Staphylococcus aureus, to detect it
in food samples. For this, gold electrode was
modified by stepwise adsorption of 1, 6-
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hexanedithiol, GNPs and IgG and the changes
in the electron transfer resistance were
correlated to the deposition of functionalized
GNPs. The increments in the amplified
impedance showed good correlation with the
protein detection limits ®.

FUTURE PROSPECTS: Gold nanoparticles are
promising new vehicle for drug and gene delivery.
Control, place and timing of release of the
candidate are vital in drug and gene delivery
systems. The poor stability of conventional drugs
and genes in biological fluids, enzymatic
degradation, and difficulties in assuring their
penetration through some barrier or nucleus of cells
are some of the unfavorable attributes of the
existing technologies.

The conjugation of gold nanoparticles with drugs
or genes offers greater control and enhanced
therapeutic efficacy. In particular, the combination
of gold nanoparticles and laser irradiation to
control the release of drugs and genes has the
potential to provide useful therapeutic benefits.
Nevertheless, it is early days in this field and one
can achieve a lot.

Most promising application of gold nanoparticles is
organ targeting. Liver targeting, brain targeting and
tumour targeting is achieved precisely with gold
nanoparticles. Magnetic targeting in combination
with iron nanoparticles achieved with gold
nanoparticles. Advantages of this technique are that
Gold nanoparticles are not toxic to human cells. A
similar technique with QDs uses semiconductor
crystals to mark cancer cells, but the semiconductor
material is potentially toxic to the cells and
humans.It does not require expensive high-powered
microscopes or lasers to view the results. All it
takes is a simple, inexpensive microscope
and white light. The results are instantaneous. If a
cancerous tissue is sprayed with gold nanoparticles
containing the antibody, the results can be seen
immediately. The scattering is so strong that a
single particle can be detected.
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