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Summary

Nano-technology has entered the field of medicine in recent decades and many of the nanomaterials
developed have already had a high impact on health care. Among nanomaterials, gold nanoparticles (GNPs)
and gold quantum dots (QDs) are receiving significant attention because their unique physical, chemical and
biological properties are quite different from the bulk of their counterparts. In this article, after a brief
historical overview, the use of gold and nano-gold in medicine is reviewed, analyzed, and discussed. The
review particularly deals with the use of GNPs and bio-conjugated GNPs in cancer treatment, drug or gene
delivery, DNA detection, biomedical imaging including that of brain activity, enhancement of gene regulation,
the detection of toxic metals, immuno-assays, disease detection and diagnostics, therapy and also the toxicity
of gold and GNPs, etc. A number of novel applications of GNPs in medicine and perspectives of nano-gold

use in medicine are also discussed.
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INTRODUCTION

Nanotechnology is a rapidly growing science which
deals with structures with at least one dimension of
the size of one hundred nanometres or less and
involves producing materials and devices of that size.
Nanotechnology is focused on the integration of
fields such as physics, biology, engineering,
chemistry, computer science and others.
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Nanomaterials have been extensively studied in the
last few years. For example, in our laboratory we have
recently studied nanodiamonds (NDs) and various
clusters (Houska et al. 2008, 2009a, b). Among these
nanomaterials, nanoparticles (NPs) are now playing a
crucial role in the field of nanotechnology. Over a few
years the use of NPs has brought a new era to the field
of nanomedicine and has altered the foundations of
disease diagnosis, treatment and prevention based on
their properties. Furthermore, there is a wide array of
fascinating nanoparticulate technologies capable of
targeting different cells and extra cellular elements in
the body to deliver drugs, genetic materials, and
diagnostic agents specifically to these locations
(Brigger et al. 2002, Paciotti et al. 2004, Jain 2005,
Moghimi et al. 2005, Mukherjee et al. 2005, Cuenca
et al. 2006, Kam et al. 2006, Zhang et al. 2006,
Bhattacharya et al. 2007). The strong optical
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absorption of GNPs, their scattering properties, and
low or complete lack of toxicity have made them a
promising class of nanomaterials for the development
of novel biomedical applications.

Within nanotechnology, GNPs have attracted
great attention due to their unique electronic, optical,
thermal, chemical, biological properties and their
potential catalytic applications in various fields such
as biology, medicine, physics, chemistry, material
science and other interdisciplinary fields (Salata et al.
2004). Biocompatible GNPs labelled with specific
targeting biomolecules/drugs, in site specific delivery,
are playing a key role in the diagnosis and therapy of
several incurable diseases, for example, in cancer
treatment. The physical, chemical and biological
properties of materials at the nano-scale differ from
corresponding bulk counterparts. For example, GNPs
are typically wine red in colour whereas metallic gold
is yellow in colour. The colour of nanoparticles varies
with their size and shapes. Gold atoms can aggregate
themselves under various conditions and can form
GNPs by sequential aggregation. Gold clusters can be
formed by various methodologies. For example,
charged gold (Au,") clusters are formed by laser
desorption/ionization (LDI) of Au(s) or Au salts such
as auric acid (HAuCl,) where Au," clusters with nup
to 1-25 were detected (Pefia-Méndez et al. 2008). An
example of mass spectra concerning the formation of
gold clusters is given in Fig. 1.
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Fig. 1. Part of Laser Desorption lonisation TOF mass
spectrum showing the formation of gold clusters Au,*
(n = 1-25). Conditions: commercial MALDI TOF MS
instrument (Axima-CFR. Shimadzu Biotech, U.K.) with a
pulsed nitrogen laser of a wavelength of 337 nm; linear
positive ion mode, laser energy 100 arbitrary units (A.U.).

GNPs are also synthesized from the reduction of
gold salts by various reducing agents such as gallic
acid, H,0,, hydrazine, etc. (Panda et al. 2007, Wang
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et al. 2007). GNPs represent several different shapes,
i.e. gold nanorods, gold nanospheres, star-like GNPs,
etc. The shape of GNPs plays a major role in the
uptake of GNPs into cell lines. Chithrani et al. (2006)
investigated the intracellular uptake of GNPs with
different size and shape into mammalian cells. They
have concluded that kinetics and saturation
concentrations are highly dependent upon the physical
dimensions of the nanoparticles. This finding will
have implications in the chemical design of
nanostructures for biomedical applications. The
optical properties of GNPs are also dependent on their
shape (Nehl et al. 2006, 2008).

Quantum dots

Quantum dots are semi-conducting nanocrystals
which have quantum optical properties due to the
confinement of their excitons in all three spatial
dimensions. These non-fluorescent compounds
develop intense, long-lasting colours excitable by UV
and visible light-emitting diodes, lasers, etc. due to
their incredible small size (2-100 nm). The colours
produced are a function of the particle size and this
function depends on the diameter of the nanocrystals.
The fluorescence is due to a phenomenon called
quantum confinement.

QDs have ideal properties and their applications as
biological tags in ultra sensitive biological detection
have been extensively investigated (Bruchez et al.
1998, Chan et al. 1998, 2002). They are preferable to
the conventional organic fluorophores due to their
strong, narrow emission spectrum, and photochemical
stability. They also display a wide range of size
tunable colours. So it is possible that a series of
different coloured dots can be activated at the same
time using a single laser. The surface modification of
QDs for various bio-applications has been studied
(Tan et al. 2005). Applications of QDs in
photodynamic and radiation therapies for cancer have
been recently reviewed extensively (Juzenas et al.
2008).

Although several reviews have been published
concerning the applications of GNPs in medicine, the
aim of this particular review is to overview the most
recent papers concerning new applications of GNPs in
medicine, and to summarize and/or discuss various
aspects of these applications not sufficiently discussed
in the literature and also to overview the possible
toxic effects of GNPs on human health.

Forms of gold
Although gold is a noble metal and a commonly used
material because of its resistance to oxidation and
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interesting electrical, magnetic, optical, and physical
properties, it forms many and diverse compounds.
The oxidation state of gold in its compound ranges
from —1 to +5, but Au(l) and Au(Ill) dominate.
Gold(I), referred to as the ‘aurous ion’, is the most
common oxidation state and reacts with “soft” ligands
such as thioethers, thiolates, and tertiary phosphines.
Only salts and radioisotopes of gold are of
pharmacological value, as elemental (metallic) gold
is inert to all chemicals it encounters inside the body.
Pure gold is non-toxic and non-irritating when
ingested (http://www.espi-metals.com/msds%27s/g
old.htm) and is sometimes used as a food decoration
in the form of gold leaf. Gold is even approved as a
food additive in the European Union.

While metallic gold is non toxic, gold salts are;
e.g. gold chloride is a neurotoxin and known to cause
peripheral neuropathy. Soluble gold salts such as
potassium gold cyanide, used in gold electroplating,
are toxic to the liver and kidneys. There are rare cases
of'lethal gold poisoning from potassium gold cyanide.
Gold toxicity can be ameliorated with chelation
therapy with an agent such as Dimercaprol (Wright et
al. 1986, Wu et al. 2001). Even if metallic gold in
living organisms is considered non-toxic and no
oxidation reactions are known up to now, this
oxidation problem requires attention.

Gold as a medicine: Historical overview

The use of GNPs has been known throughout history
and alchemists referred to them as a possible “Elixir
of Life”. Gold was already being used by the Chinese
as a medicine in 2500 B.C. In India, colloidal red
gold was used in the form of ayurvedic medicine for
rejuvenation and revitalization during old age, and
was called “Swarna Bhasma” (Mahdihassan 1971,
1981). Cinnabar-gold, also known as
“Makaradhwaja” (Mahdihassan 1985) is used as a
drug for youthful vigour in India. Gold was for a long
time used as a drug, called “nervin” for the
revitalization of people who are suffering from
nervous disorders (Fricker et al. 1996). In the 16™
century, gold was recommended for the treatment of
epilepsy (Daniel et al. 2004) for which Paracelsus
created a potion called Aurum Potabile. Colloidal
gold was used to colour glass yellow or red and the
colour of the famous bohemian ruby glass is also
obtained from nano-gold. Herschel used colloidal
gold to record images on paper in 1842. However, the
modern scientific evaluation of colloidal gold did not
commence until 1857, when Michael Faraday learned
by experiment that the colour of gold solutions was
due to the small size of gold particles. In the
beginning of the 19" century, gold was used as a drug
for the treatment of syphilis (Daniel et al. 2004). The
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therapeutic use of gold was established for the first
time when Robert Koch discovered the bacteriostatic
effect of gold cyanide on Mycobacterium
tuberculosis, following which the medicinal use of
gold for the treatment of tuberculosis was introduced
in the 1920s (Daniel et al. 2004). Gold and gold
compounds are mainly applied as a drug for the
treatment of rheumatic diseases including psoriasis,
palindromic rheumatism, juvenile arthritis and discoid
lupus erythematosus (Felson et al. 1990 and Shaw
1999). Rheumatoid arthritis (RA) is a form of arthritis
that causes pain, swelling, stiffness and loss of
function in joints. It can affect any joint of the body
but is common in the wrist and fingers. The most
important drugs for the treatment of RA are gold
thiolates, and prime examples of these are sodium
aurothiomalate and aurothioglucose. Following the
body’s extensive exposure to these gold thiolate
drugs, the gold can diffuse to various organs such as
the liver, kidney and spleen (Bhattacharya et al.
2008). The adsorption of gold in the kidney causes
nephrotoxicity. In addition, several adverse effects
such as skin irritation, mouth ulcers, liver toxicity and
blood disorders have been associated with prolonged
exposure to gold compounds (Bhattacharya et al.
2008). To avoid these poor pharmacokinetics and
toxicity, a safe and superior second generation drug,
auranofin (AF) was introduced for the treatment of
arthritis. A critical case study was carried out on the
efficacy and toxicity of AF by Glennés et al. (1997),
which found that AF can be more lipophilic and has
better retention in the circulation due to the presence
of phosphine-ligands. Also renal toxicity has been
reduced by the use of AF in comparison with the
parental gold (Bernhard 1982). Subsequently,
phosphines containing gold drugs received great
attention and are considered as suitable drugs for the
treatment of cancer, as they exhibit potential
anti-tumour properties; however, when used in
clinical trials they have caused cardiovascular
toxicity. The mechanism of action for these drugs has
been poorly understood. However, it is believed that
under biological conditions, gold (I) and gold (III)
species can be reduced to gold (0). Recently,
Bhattacharya et al. (2008) reported, for the first time,
the anti-angiogenic properties of gold. Even though
there are many papers published concerning gold
applications in medicine (Mukherjee et al. 2007, Cai
et al. 2008) this paper discusses the more recent and
most important applications of GNPs and attempts to
put them in perspective.

The role of gold and/or GNPs in medicinal
applications as a direct medicine (active medicine)
and as an additive to drugs or biomolecules (passive
medicine) will be discussed in individual chapters.
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Any discussion of the medical applications of GNPs
cannot be dealt with in discrete chapters and there
will inevitably be some overlapping of topics as new
perspectives are brought into play.

GOLD AS AN ACTIVE MEDICINE

Gold, designated as an active medicine, has been used
for the treatment of various autoimmune diseases and
for RA. In this section, selected examples of various
drugs containing gold and their medicinal
applications are discussed, while their potential toxic
effects are also considered.

Gold has been used for the treatment of RA for
several years. The cause of RA is still unknown and
autoimmunity plays a pivotal role in its chronicity
and progression. RA is a chronic, systemic
inflammatory disorder, which mainly attacks the
joints producing an inflammatory synovitis that often
leads to the destruction of the articular cartilage and
ankylosis of the joints. In addition, RA can also
produce diffuse inflammation in the lungs,
pericardium, pleura, sclera, and nodular lesions are
the most common symptoms in subcutaneous tissue.
Although gold and gold compounds had been used
for some time in the treatment of disease it was not
until 1927 that aurothioglucose was used for the first
time in the treatment of RA by Landé (1927). Gold
thiopropanol sodium sulfanate was used in more than
550 cases of RA with beneficial results by Forestier
in 1935. Subsequently, several gold compounds were
developed and clinical trials confirmed Forestier’s
results (Forestier 1935).

Gold therapy is available in two forms: injection
and the oral route. Clinical benefits have been
achieved from treatment with one of these two
therapies. Both therapies have highly significant
side-effects and should be considered as toxic but the
oral preparation appears to have a better safety profile
than the injectable compound (Davis 1988).

Gold therapy with auranofin

The treatment of certain diseases, especially RA, with
gold compounds is known as Chrysotherapy.
Auranofin (AF) is the name of an effective gold
compound which has been used for the treatment of
rheumatoid arthritis. The exact mechanism of action
is still unknown, but it probably acts via
immunological mechanisms and the alteration of
lysosomal enzyme activity. Although AF has limited
long term clinical experience, its efficacy appears to
approach that of sodium aurothiomalate (an injectable
form of gold). AF is suitable for most RA patients,
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but patients with diarrhoea, skin rash, and pruritus are
sometimes troubled, and thrombocytopenia and
proteinuria are potentially serious adverse effects
which may occur during the therapy. Mucocutaneous
side effects are more frequent with injectable gold
compounds and gastrointestinal reactions are the most
common adverse effects seen with AF. Auranofin and
sodium aurothiomalate have the same frequency of
side effects, but they are generally less severe with
auranofin. Although there are adverse effects, such
effects can be controlled by a reduction in dosage
although temporary or permanent withdrawal of AF
may be necessary. A combination of AF with
disease-modifying potential agents is presently
available for the treatment of rheumatoid arthritis.
This therapy will generate significant interest as it
acquires a better place in therapy through additional
well-designed investigations and wider clinical
experience (Chaffman et al. 1984).

AF is also showing potential antimalarial activity
beyond its anti-arthritic properties. Recently the
anti-malarial activity of auranofin has been reported
(Sannella et al. 2008); it seems that it acts as a
potential inhibitor of mammalian thioredoxin
reductases which cause oxidative stress. The authors
conclude that it exhibits potential antiplasmodic
activity, which means that AF could inhibit the
growth of Plasmodium palsifarum, the pathogen
which causes the malaria disease. The combination of
artemisinin (an anti-malarial drug) and AF showed
additional antimalarial effects (Sannella et al. 2008).

Gold therapy with aurothioglucose

It is thought that an immune system response may
contribute to arthritis. Gold may affect this response
and decelerate the progression of the disease.
Aurothioglucose (ATG, Solganal™), also known as
gold thioglucose, is a glucose derivative used to treat
RA. Tt reduces the inflammation and swelling due to
arthritis. Aurothioglucose is used to treat only the
early stages of adult or juvenile (childhood)
rheumatoid arthritis and it is not effective in treating
advanced cases of arthritis. Although ATG exhibits
anti-rheumatic activity, it also presents adverse effects
such as blood in urine, mouth sores, fever, skin rash
or itching, unusual tiredness, swelling of eyes and
face, etc. (http://www.uamshealth.com/HealthLibrary,
viewed on 21* March 2009).

HIV therapy

NF-xB (nuclear factor kappa-light-chain-enhancer of
activated B cells) is a protein complex that acts as a
transcription factor, which is a potent cellular
activator of HIV-1 gene expression. Traber et al.
(1998) reported that ATG significantly inhibited
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TNF-a induced HIV-1 replication in latently infected
cells and also reported its efficacy as an inhibitor of
HIV replication in latently infected OM10.1 and
Ach2 cells. The tumour necrosis factor
(TNFa)-induced HIV-1 replication in OM10.1 [a
human immunodeficiency virus type-1
(HIV-1)-infected promyelocytic cell line, designated
as OM, derived from HL-60 cells] or Ach2 cells
(Ach-2 is a clone that survived infection and that
constitutively produces low levels of reverse
transcriptase) was significantly inhibited by
non-cytotoxic doses of ATG (>10 uM in OM10.1
cells and >25 uM in Ach2 cells). The effect of ATG
on NF-kB-dependent gene expression was confirmed
by a transient CAT assay (An enzyme assay. CAT
stands for chloramphenicol acetyl transferase
enzyme). Electron microscopic examinations, as well
as specific staining, revealed the accumulation of
metal gold in the cells, indicating that gold ions could
block NF-B-DNA binding by a redox mechanism
(Traber et al. 1998). It was concluded that the
monovalent gold compound ATG is a potentially
useful drug for the treatment of patients infected with
HIV.

GNP AS A PASSIVE MEDICINE

Due to their unique properties, GNPs have been used
as an additive to various drugs, and are in this respect
designated as a passive medicine; We will discuss
here the recent novel applications of GNPs as a
passive medicine.

GNPs in cancer treatment

Conventional strategies for the treatment of cancer
are surgery, radiation therapy and chemotherapy but
cancer nanotechnology is a fascinating field with
broad applications in the fight against cancer, which
include molecular imaging, molecular diagnosis, and
targeted therapy. GNP applications in cancer
treatment have been investigated recently, because of
the unique properties of GNPs. Laser irradiated gold
nanorods, nanospheres, nanoshells, and nanocages
can kill bacteria and cancer cells (Zharov et al. 2006,
Chen et al. 2007). According to Gannon et al. (2008),
lasers have been used in clinical diagnosis to treat
malignant tumours, but the procedure presents a
number of difficulties (Bilchik et al. 2000, Bleicher et
al. 2003, Curley et al. 2004, Haemmerich et al. 2005).
These limitations include: 1) laser ablation is an
invasive treatment because it requires insertion of
needle electrodes directly into the tumours; 2) the
treatment is non-specific as it causes thermal injury to
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normal tissues together with malignant tissues; 3)
there is the possibility of incomplete tumour
destruction; and 4) invasive laser ablation treatment of
tumours is limited to a few organ sites (liver, kidney,
breast, lung, and bone) (Gannon et al. 2005, Raut et
al. 2005). Although laser ablation methods have
limitations, GNPs have been used extensively to
detect and destroy cancerous cells.

GNPs can act as chemical carriers to deliver drugs
to a targeted location to destroy a cancer cell or they
can be used together with radiation. Radio frequencies
are used to heat GNPs. The heated nanoparticles in
turn heat, and destroy the cancer cell. These radio
waves might not harm the healthy cells. Infrared light
waves can be used in place of radio waves to heat up
the cancer cells for destruction, but, in reality, the
laser mediated destruction of tumour cells requires
intracellular and intra-tumoral agents that release heat
under the influence of a radio frequency field. Also
required are suitable agents that have little or no
intrinsic cellular or tissue toxicity to malignant
tumour cells and not harmful to healthy cells.
Potentially these non-invasive techniques for the
treatment of cancers, with minimal or no toxic effects,
could be highly beneficial (Gannon et al. 2008). An
instance of this, according to Patra et al. (2007), is
GNP induced apoptosis (cell death) in the human
carcinoma lung cell line A549. For comparison, the
process was checked with another two cell lines, i.e.,
BHK21 (baby hamster kidney) and HepG2 (human
hepatocellular liver carcinoma), and no effects in
BHK21 and HepG2 cell lines were observed. These
results demonstrated that the specificity of induction
for the death response in A549 cells indicated that
GNPs do not target all cell type indiscriminately, but
are specific to a few cell lines. Flow cytometric
studies have shown a dose dependent threshold effect
in this death response (Patra et al. 2007).

Recently, Bhattacharya et al. (2008) reviewed the
use of GNPs in cancer therapy. So called coated
GNPs with specific antibodies represent a promising
alternative as probes for the detection of antigens on
the surfaces of cells. The interaction between GNPs
and proteins has been known for some time
(Krasovskii et al. 2007, Dobrovolskaia et al. 2008)
and has been applied in the immunogold labelling
technique in which GNPs labelled with antibodies are
used to mark specific cells and act as a probe for the
transmission of the scanning electronic microscopy
observations (Faulk and Taylor 1979). By electron
microscopy observation, the immunogold labels
appear as extremely dense round spots at the position
of the antigen in ultra thin sections of tissues (Roth et
al. 1981).

Lu et al. (2009) used tiny hollow gold spheres
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with a highly targeted peptide to hunt down and
penetrate deep inside melanoma cells destroying them
using heat converted from infra red light. This
technique utilized tiny gold spheres, 40 to 50
nanometres in diameter, their hollowness allowing
them to penetrate the cancer cells. The hollow gold
spheres have a strong but narrow and tunable ability
to absorb light at the visible and near-infrared end of
the spectrum, whereas other metal nanoparticles do
not. Photo thermal ablation, a minimally invasive
treatment in which the target tissue is destroyed by
irradiating the target area with light, was applied to
live lab mice. The light is converted to heat and
destroys the surrounding tissue. However, it is not
easy to treat melanomas using this method due to the
difficulty in aiming nanoparticles and differentiating
between healthy and cancerous tissue. To avoid this
problem, a peptide, was embedded in the gold
nanospheres. The peptide was highly target specific
and it could only bind to the melanocortin type 1
receptor, which is excessively abundant in melanoma
cells (Lu et al. 2009).

When gold nanosphere treated melanoma cell
cultures are irradiated, the majority of cells
containing the targeted nanospheres die, and nearly
all those left are damaged beyond repair. When
untargeted nanospheres are used, only a very small
fraction of treated cells die (Lu et al. 2009).

Laser induced explosion of GNPs have been used
for the selective nanophotothermolysis of cancerous
cells. Letfullin et al. (2006) demonstrated that when
GNPs are irradiated with short laser pulses, their
temperature rises very rapidly and it leads to the
formation of nonlinear effects such as micro bubble
formation, acoustic and shock wave generation and
the abnormal cancerous cell are destroyed. By
engineering laser wavelength, laser pulse duration,
nanoparticles size and shape, this method can provide
highly localized cancer cell damage in a controlled
manner without damaging the surrounding healthy
tissue. Thermal explosion is realized when heat is
generated within a strongly absorbing target more
quickly than the heat can diffuse away. It is
demonstrated that on the basis of simple energy
balance, the threshold energy density of a single laser
pulse required for the thermal explosion of a solid
gold nanosphere is ~ 40 mJ/cm® (Letfullin et al.
2006). A schematic presentation of the laser induced
explosion of GNPs for the treatment of cancer is
shown in Fig. 2.

GNPs as drug or gene carriers or vectors

There is great interest in finding pharmaceutically
active particles to mediate the targeting of cell types.
Monoclonal antibodies have been used for the
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Fig. 2. Schematic presentation of the laser induced
explosion of GNPs for the treatment of cancer.

A Areas of thermo mechanical damage.

B Au atoms and clusters with high velocity.

C Shock waves with supersonic expansion.

D High pressure layers.

treatment of various illnesses, especially in the
targeting of cytotoxic drugs and radio nucleotides to
diseased cells in the human body. However, the use of
monoclonal antibodies presents limitations related to
their immunogenicity and targeting specifics.
Photodynamic therapy (PDT) is another type of
treatment, in which cancer cells are destroyed using
light activated dyes. When dye-loaded cells are
treated with a laser, the dye interacts with oxygen to
produce singlet state oxygen, which is highly toxic to
cells. However, residual dye molecules can migrate to
other normal tissues such as the skin and eyes,
resulting in sensitivity to daylight (Salata 2004,
El-Sayed et al. 2006).

Recently the use of gold colloids and GNPs has
become an attractive platform in biomedical
applications. GNPs have had a great impact on the
medical community, are used for cancer diagnosis
treatment, and as drug delivery vectors for biologic or
pharmacological agents (Hirsch et al. 2005, Huang
2006, Niidome et al. 2006, Ding et al. 2007,
Mukherjee et al. 2007). Biomedical applications of
plasmon resonant metal nanoparticles were reported
by Liao et al. (2006). The use of GNPs as drug
carriers in diagnostic and medical fields is based on
certain specific qualities such as: 1) they are easily
fabricated and 2) the binding capacities of molecules
with GNPs to target cancer cells, antibodies,
carbohydrates and pharmacological agents, is higher
than other nanoparticles (Hirsch et al. 2005, Huang
2006, Niidome et al. 2006, Mukherjee et al. 2007,
Ganon et al. 2008). An illustration of the use of GNPs
as drug carriers is shown in Fig. 3.
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Drug molecule

Nanogold Drug-loaded nanogold

Fig. 3. Schematic illustration of nanogold used as adrug
carrier for drug delivery.

GNPs have been used also as effective gene
delivery vectors for the efficient transfection of DNA
into the nucleus by tuning the surface charge density
of aminoacid-functionalized GNPs. Transfection is
the process of introducing nucleic acids into cells by
non-viral methods. Transfection of animal cells
involves opening transient pores or ‘holes’ in the cell
plasma membrane, to allow the uptake of material.
Genetic material (supercoiled plasmid DNA or
siRNA constructs), or proteins such as antibodies,
may be transfected into the cell plasma membrane.
Ghosh et al. (2008) functionalized
aminoacid-conjugated thiols with
1-pentaanethiol-protected gold clusters (Au-C;, core
diameter ~ 2 nm). The functional head group
transfection efficacy was explored using three
different vectors (GNP-LysG,, GNP-Lys, and
GNP-Gly) with differing densities of cationic sites.
Aminoacid-functionalized gold colloids provide a
scaffold for effective DNA binding with consequent
condensation. The research concluded that particles
functionalized especially with lysine and lysine
dendron formed compact complexes and that gene
delivery efficiency was high without any observable
cytotoxicity. GNPs functionalized with first
generation lysine dendrons (GNP-LysGl) showed
~ 28-fold greater efficacy than polylysine in reporter
gene expression (Ghosh et al. 2008).

Multiple drug therapy has been proven to be an
efficient treatment for complex diseases, but the
difference in chemical properties and
pharmacokinetics of different drugs causes serious
concerns in terms of loading, delivering, and
releasing multiple drugs. Wijaya et al. (2009)
demonstrated the load and selective release of two
different DNA oligonucleotides from two different
gold nanorods, where DNA was loaded on the gold
nanorods via thiol-conjugation. Ultra fast laser
irradiation was used at the nanorods’ longitudinal
surface plasmon resonance peaks to melt gold
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nanorods for selective release. This particular type of
gold nanorod can be selectively melted by the
excitation at one specific wavelength after which it
selectively releases one type of DNA strand. The
release of DNAs was laser fluence tunable and its
efficacy was 50-80%. Released oligonucleotides were
still functional (Wijaya et al. 2009).

GNPs enhance gene regulation

Small interfering RNA (siRNA), also known as
silencing RNA, is a class of 20-25 nucleotide-long
double-stranded RNA molecules which is involved in
the RNA interference (RNAi) pathway, where it
interferes with the expression of a specific gene.
GNPs can be used as a shield to protect siRNAs from
degradation and they can enhance the regulation of
genes involved in cancer. Consequently, this
straightforward method is receiving significant
attention for the delivery of potent gene-regulating
agents into targeted cells.

The therapeutic use of siRNA molecules has faced
anumber of problems among which is the degradation
of siRNA molecules in the presence of the nucleases.
These potentially therapeutic siRNA molecules are
highly unstable, particularly if trace levels of enzymes
called nucleases that break down nucleic acids are
present. GNPs have been examined to avoid the
degradation of siRNA molecules. For this
examination, Giljohann et al. (2009) used a harsh
stripping method to ensure that the surface of the
GNPs was free of any nucleases. Surprisingly, this
treatment did not have any effect on the optical or
physical properties of the nanoparticles. Without the
application of this pre-treatment, it was not possible
to add any RNA molecules to nanoparticles. Using
their developed pre-treatment, the resulting
13-nanometer GNPs held an average of 34 siRNA
molecules each. In the confocal microscopical
examination, the entry of nanoparticles into cultured
tumour cells was also visible and inside the cell the
siRNA was able to escape from the nanoparticle
surface and inactivate its gene target. The efficacy of
gene silencing achieved with the siRNA-nanoparticle
construct was double compared with cells which were
treated with siRNA alone. In conclusion, a boost in
therapeutic efficacy arises because of improved
siRNA stability when associated with GNPs.

DNA-FUNCTIONALIZED GNPs IN TOXIC
METAL DETECTION

The application of GNPs to the detection of toxic
metals such as mercury in the human body and in the
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environment (rivers, streams, lakes and oceans)
represents a new goal. Industrial pollution caused by
the release of many potentially toxic metals into the
environment is a major world problem. Methyl
mercury, a potential neurotoxin, is dangerous to
young children and pregnant women when ingested
in for example methyl mercury-contaminated fish or
shellfish.

Lee et al. (2007) reported a novel colorimetric
method which is sensitive, accurate, and capable of
detecting mercury ions at 100 nanomolar level in
aqueous samples. This is a procedure for monitoring
mercury levels in lakes and rivers which is instrument
free, highly selective for GNPs and, unlike other Hg**
detection methods, does not require organic solvents
or co-solvents. GNPs-DNA conjugates exhibit a
purple colour, as they are held with oligonucleotides
at a a critical distance. The key to the method is that
a purple to red colour change occurs at 46 °C if the
solution has no mercury, and occurs at a higher
temperature if mercury is present. Mercury binds
strongly to the T-T mismatch site and the GNPs are
now held together even more tightly. The mercury
creates a stronger bond that requires a higher
temperature to break apart the DNA strands and
exhibit the purple colour. When we heat this solution
above 46 °C, DNA strands will automatically be
separated and the GNPs are no longer in close
proximity to each other. The colour turns to to bright
red, indicating how much mercury is present at the
high temperature.

Based on previous knowledge of the capacity of
mercury to bind to the bases of thymidine-thymidine
(T-T) mismatch, Lee et al. (2007) designated each
strand of DNA containing thymidine-thymidine
mismatchto be attached to GNPs. If there is mercury
in the test solution, then it is tightly bounded to
thymidine-thymidine mismatch.

So, in the test solution, the detection of mercury
ion traces can be made easily by following the
changes in the colour of the solution from purple to
bright red. This method is selective for Hg*" and
insensitive to Mg, Pb*", Cd %, Co*', Zn**, Ni**, and
other metal ions.

Recently scientific results reveal that GNPs can be
used to trap toxins, bacteria, viruses used by
bioterrorists. GNPs act as very effective detectors of
biological toxins. Solutions of the GNPs are a strong
red colour but instantly they change to blue when the
target substance is present. The particles reveal the
presence of toxins faster and with a detection limit
lower than existing techniques
(http://news.bbc.co.uk/2/hi/technology/4872188.stm,
viewed on 18" February 2009).
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OTHER MEDICAL APPLICATIONS

GNPs in DNA detection

Nanotechnology is achieving better results in all
research areas related to/and connected with DNA
detection — sensitivity, selectivity, ease of use, cost
and speed. Park et al. (2002) developed a novel DNA
detection technique by using gold nanoprobes. The
technique is more accurate, less expensive and faster
than conventional methods. The technique applied a
simple electrical signal for the detection of target
DNA. These new DNA detection techniques replace
classical DNA detection techniques such as for
example, the polymerase chain reaction (PCR), using
conventional fluorescent probes in clinical
diagnostics. Different DNA samples can be placed on
a glass slide. Each sample is made up of single strands
of synthesized DNA or oligonucleotides, with a
sequence designed to bind with its complimentary
target DNA. These oligonucleotides are then placed
between a pair of electrodes. The gold nanoparticle
probes, each covered with oligonucleotide strands,
latch on to these pairings. Only perfect matches will
remain, and this allows silver-coated-gold nanoprobes
to carry a measurable electrical signal across the gap
between the electrodes. The detection limit of the
target DNA is 500 femtomolar concentrations and a
point mutation selectivity factor of 100,000:1 was
feasible by this method (Park et al. 2002). This
methodology may be applied to the detection of
hundreds of pathogenic agents, simultaneously. After
optimization, the method may be used to quickly and
easily detect biological weapons such as anthrax, and
small pox and also to diagnose many pathogenic and
genetic diseases, cancer, HIV and other sexually
transmitted diseases. Obtaining results would take
only a matter of minutes instead of days (Park et al.
2002).

The development and application of hybrid
materials which include the conjugation of inorganic
nanoparticles, such as GNPs with biomolecules (i.e.
proteins, polynucleotides), have been reported by
Dubertret et al. (2001). A 25-base synthetic
oligonucleotide modified with primary amine at its 3’
end and a disulfide at its 5* end was selected for the
experiment. This oligonucleotide acquires a
hairpin-loop structure as its extremities. The pattern
of sequence provides a hairpin-loop structure which
is very stable at room temperature. The combination
of the highly specific properties of biomolecules with
the unique optical properties of nanoparticles, make
them highly suitable for use in the field of bio-
diagnostics. Dubertret et al. (2001) demonstrated that
high sensitivity is reached when hybrid
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dye-DNA-nanoparticle materials such as nucleic acid
probes to detect specific nucleotide sequences are
applied. The structure of the synthetic oligonucleotide
opens easily on hybridization of the loop to its target.
Initially, an amine reactive dye was conjugated to the
primary amine at the 3’ end of the oligonucleotide.
Disulfide at the 5° end of the oligonucleotide was
cleaved after purification and free sulthydryl was
covalently attached to 1.4 nm diameter gold cluster.
This hairpin structure, with a gold nanoparticle at one
end and fluorescent dye at the other end presents a
strongly suppressed fluorescence. When present in
solution of specific strands of DNA, the linker is
unzipped, and the dye begins to shine as much as
1000 times brighter than before (Fig. 4).

O

o =» Gold nanoparticle ‘ =» Fluorophore

Fig. 4. Hybrid dye-DNA-nanoparticle materials can be
used as nucleic acid probes to detect specific nucleotide
sequences with incredible sensitivity.

The newly developed GNP-DNA nanoconjugates
are used to measure the nuclease activity and for
DNA foot printing (Liu et al. 2006) (Fig. 5A, B).

Fig. SA. DNA conjugate with a single GNP.
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Fig. 5B. GNP-DNA nanoconjugate for measuring
nuclease activity and DNA footprinting.

GNPs in bioimaging

Optical imaging is a technique which encompasses
the elucidation of morphology, molecular function,
and metabolism of tissue. GNPs have intense plasmon
resonance driven absorption and scattering properties.
The plasmon resonance condition of GNPs depends
on their size, shape, structure, and refractive index of
the embedding medium. Due to these special
properties, they are used as contrast agents for optical
imaging techniques. Cellular imaging using gold
nanorods was also reported recently by Murphy et al.
(2008). Rayavarapu et al. (2007) applied the
bio-conjugated GNPs (nanospeheres, nanorods) for
imaging, where the conjugation was achieved by
using a combination of electrostatic and hydrophobic
binding interactions. The particles selected for this
conjugation were 25 nm citrate-capped gold spheres.
Gold nanorods conjugated with HER81 antibodies
bind with high efficiency to Her2 receptors expressed
by SKBR3 breast carcinoma cells (Rayavarapu et al.
2007).

Using multifunctional GNPs, Kumar et al. (2007)
described the intracellular molecular imaging
platform. The multifunctional GNPs incorporating
both cytosolic delivery and targeting moieties are
named as “nanosensors”. These nanosensors can be
effectively delivered into the cytoplasm and bind to
their target providing a strong molecular specific
optical signal. For developing the nanosensors,
monodisperse water soluble 20 nm GNPs and
anti-actin and anti-biotin antibodies were used. The
GNPs were attached to antibodies via a hetero
functional linker that consisted of an alkaline
terminating in a dithiol tether and an amide-bonded
adipic hydrazide (Kumar et al. 2007). Finally, these
nanosensors will bind strongly to the actin or biotin
and give the optical signal (Fig. 6).
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Fig. 6. Multifunctional plasmonic nanosensor for
imaging intra-cellular biomarkers in live cells. A
schematic representation of gold nanoparticle based
nanosensor with both targeting and delivery components.
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GNPs in brain activity imaging

The human brain is a complicated structure,
consisting of trillions of interconnections between
tens of billions of neurons. The aim of modern
neuroscience is to develop creditable goals for the
fundamental understanding of these circuits for
neurological and general health care reasons. Metal
nanoparticles, such as GNPs have a localized surface
plasmon (LSP) resonance property and can be used
for optical sensing. The optical properties of GNPs
make them most significant as they can provide
enhanced functionality for several biological
applications. Some optical properties of star shaped
GNPs have also been reported (Nehl et al. 2006). Due
to their bright, stable scattering signal, GNPs are
being used as labels for microscopic imaging. Lining
up tiny electrodes within or near single neurons to
probe their electrical activity is one of the ways to
‘walk around’ the brain’s microcircuit system.
Although it is a well established technique, it has
some limitations due to it being an invasive method
and noisy, because of the background electrical
activity in the brain. Many techniques have been tried
to investigate the neuronal structures of the brain, for
example by using optical probes that can detect
neuronal activity with light. However, these methods
often require labelling neuronal cells with electrically
sensitive dyes that may be toxic to neurons in human
brain (Zhang et al. 2009). Avoiding the use of toxic
dyes, a new type of dye-free optical probe, that can
directly sense naturally occurring neural activity, was
developed (Zhang et al. 2009). This methodology
includes the embedding of GNPs into brain tissue
cultures, followed by measurement of the electrical
activity of live neurons. Zhang et al. (2009) reported
the optical detection of brain cell activity by using
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plasmonic GNPs. An electrostatic field sensing
technique has been used to detect mammalian brain
cell activity, by optically measuring the cellular
potential induced shift in the surface plasmon
resonance mode of an adjacent planar gold
nanoparticle array. Hippocampal brain neural cells
were cultured onto the GNPs template. When the
chemically triggered neurons switched their potential,
optical cellular level individual transient signals were
detected. The neuronal activity modulates the electron
density at the surface of the nanoparticle, giving as a
result, an observable spectral shift that can be
monitored. Zhang et al. (2009) compared the
experimental data with calculations using the Drude
model for the dielectric response of gold and the Stern
model for the metal-electrolyte junction and they were
found to be in close agreement with theoretical
calculations.

GOLD QDs APPLICATIONS

Gold QDs in immuno assays

During the last decade, fluorescence based assays
have taken a priority position in
immunochemistry-based in vitro diagnosis and in vivo
imaging assays. There are a number of advantages in
using radio chemical labels and chromophores: higher
sensitivity, their potential for easy multiplexing, their
optical properties, including narrow absorption band
width, broad excitation, size dependent controllable
emission spectra, high molar absorptivity and
potential stability against photo bleaching, and it is
thought that semiconductor QDs will replace the
traditional organic or organometallic fluorophores.
Triulzi et al. (2008) synthesized gold QDs using
polyamidoamine (PAMAM) dendrimers as capping
ligands. The gold QDs show size- dependent narrow
emissions, narrow excitation and excellent
biocompatibility and are suitable for biological
applications. PAMAM dendrimers have proven to be
excellent cell transfect ion agents due to the presence
of hydroxyl or amine groups at their end groups. So,
with the combination of a biologically inert material
such as gold, along with biological compatibility, it
penetrates to the cell membranes. This combination
could be efficiently conjugated to various
biomolecules as DNA, RNA, proteins and
carbohydrates. PAMAM dendrimers can be
covalently or electrostatically conjugated to DNA
(Choi et al. 2004, 2005), RNA (Kang et al. 2005),
carbohydrates (Tsvetkov et al. 2002) and proteins
(Lee et al. 2004, Wang et al. 2007, Triulzi et al.
2008).
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Triulzi et al. (2008) reported the use of gold QDs
in a human IgG immunoassay. The gold QDs were
electrostatically conjugated to a goat-derived
anti-human IgG polyclonal antibody to detect human
IgG. The conjugate of gold QDs-PAMAM
dendrimers-antibody complex was treated with
specific antigens such as IgG, rabbit IgG, and a
number of unrelated proteins such as bovine serum
albumin and B-casein. Encapsulated gold QDs in
PAMAM dendrimers with the combination of
specific antigens like anti-human IgG were very
stable. The different systems exhibited a linear
luminescence quenching response over the
micromolar to nanomolar human IgG concentration
range with little or no interference from BSA or
B-casein and a slight interference from rabbit IgG,
which indicated the specificity of anti-human IgG
antibody. A strong influence of specific antigen
(human IgG) concentration on the luminescence of
gold QDs was observed and no influence was
observed on BSA or B-casein. A linear decrease in
the luminescence of the gold QDs was seen with an
increase in the concentrations of human IgG over the
range of concentration from micromolar to
nanomolar. It followed that the mechanism of
antibody-induced selectivity in competitive surface
quenching is mainly dependent on the size of the
quantum dots. This lends great credence to the usage
of different varieties of ligand specific assays for
diagnostics and imaging applications in nanomedicine
(Triulzi et al. 2008).

Gold Quantum dots-Protease complexes as ““smart
nanoprobes” for disease detection

Imaging for the detection of diseases is a long
standing problem in medicine. The use of GNP-based
nanostructures allows ‘illumination’ of the disease
location, making it possible to distinguish between
the signals due to “cancer is here”, and so called
‘background’ light (arising from nanostructures not
specifically bound to their molecular targets).
Actually, QDs make it possible to solve this problem.
Emissive nanoparticles as QDs exhibit a unique
property: they give off light in the near-infrared, a
rare portion of the spectrum that has no background
components in biomedical imaging. Near-infrared
light also passes harmlessly through muscle, cartilage
and skin. So these new QDs probes can alert
researchers to tumours and other diseases localized
deeply in the human body. There is no need for a
biopsy and/or invasive surgery to detect the locations
of these diseases. The ‘smart nanoprobes’ developed
consist of gold tethered quantum dots, which are a
hundred times smaller than a human cell and areas
programmed to light up when they are activated by
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specific proteases. This altered expression of specific
proteases is a hallmark of cancer, arthrosclerosis and
many other diseases (Chang et al. 2005).

The major mechanism in the construction of these
‘smart nanoprobes’ is the use of QDs which have a
unique property of luminescence. These probes are
prepared by a special technique called “quenching”.
Quenching involves binding a gold nanoparticle to the
quantum dot to inhibit its luminescence. These
QD-peptide-GNPs are used for detection of
proteolytic activity proteases. When a specific
protease cleaves peptide in the QD-peptide-GNPs
complex, the GNPs are released and these GNPs
exhibits luminescence, and by following this
luminescence, the exact disease location can be found
(Chang et al. 2005).

GOLD AND GNPs TOXICITY

Although gold and gold compounds have been used
as a potential drug for the treatment of RA, some
adverse effects, such as skin irritation, dermatosis,
stomatitis, contact allergy, and hypersensitivity
reactions were associated with over exposure to gold
and gold compounds.

Gold compounds such as gold sodium thio
sulphate (GSTS) have been used as a dental gold
alloy. Vamnes et al. (2000) reported two critical cases
ofthe adverse effects of dental gold alloys. In the first
case study, a healthy 34-year-old woman was affected
by dental gold and demonstrated symptoms which
included itching in the mouth, loss of taste, and
burning sensation in the oral mucosa. Non-specific
dermatitis was also observed on her face. Her
symptoms persisted and increased over some months
(Vamnes et al. 2000). In the second case study
described by Vamnes et al. (2000), a healthy 50-
year-old man was affected by the wearing of a
gold-containing crown; the symptoms were itchy
lichenoid dermatitis, which was symmetrically
distributed on the trunk and thighs.

According to McKenna et al. (1995), 278
consecutive patients with suspected contact dermatitis
were patch tested with GSTS. Around 13 patients
(4.6%) were affected with a positive allergic response.
The patients were female, with an average age of
37 years. The most affected sites of eczema (generic
term for inflammatory conditions of the skin) were
head and neck (62%); 46% of people had eczema on
the limbs and 15% had a perianal rash.

Rédsdnen et al. (1999) examined the
hypersensitivity reactions involved in dermatosis
induced by gold sodium thiomalate (GSTM).
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Svensson et al. (2002) examined the clinical and
biochemical effects of a low starting dose for gold
therapy in RA patients with a contact allergy to gold.
Four out of 19 patients were found to be affected by
contact allergy to gold. In comparison with the
gold-negative patients (starting dose: 10 mg GSTM),
a large increase of TNF-a, sTNF-R1, IL-1 ra
(interleukin-1 receptor antagonist) was observed in
the serum of gold-allergic patients. Risédnen et al.
(1999) concluded that it is better to minimize the dose
of GSTM to 5 mg to reduce the risk of adverse
reactions. Fleming et al. (1997) examined 8 patients
to detect gold contact hypersensitivity. Two out of
eight patients were shown to be positive to gold
allergy which is mainly caused by wearing gold
jewellery.

GNPs cytotoxicity

Nanoscale engineering is one of the most attractive
technologies and includes knowledge of various
fields such as electronics, physics, biology and
medicine. However the use of nanoparticles could be
limited because of toxic effects on health. (Lewinski
et al. 2007). It has recently been reported that silver
nanoparticles can have hazardous effects on human
health and the environment (Panyala et al. 2008).
GNPs also represent some hazardous effects on
human health. The few papers which have been
published on the cytotoxicity of GNPs are referred to
in the following discussion.

According to Pan et al. (2007) the cytotoxicity of
GNPs was checked by including them with various
incubating cell lines; for example, HelLa cervix
carcinoma epithelial cells (HeLa), SK-Mel-28
melanoma cells (SK-Mel-28), 1.929 mouse fibroblasts
(L929) and mouse monocytic/macrophage cells. It
was observed in transmission electron microscopical
studies that the cells were swollen and lost their
substrate contact. Membrane blebbing and vesicle
formation at the plasma membrane were observed.
After 12 hours incubation with GNPs, many cells had
lost cell-to-cell and cell-to-substrate contact. A few
cells showed cytoplasmic disintegration, membrane
blebbing and nuclear fragmentation indicating
apoptosis and secondary necrosis. Pan et al. (2007)
described the cell death by gold clusters in the cell
lines, finding two types of cell death in the cell lines.
Firstly, there is a rapid cell necrosis caused by strong
physical stress, such as freezing, boiling, shearing,
and rupture of the cell membrane. The products
released by this necrosis process are also highly
inflammatory so they can cause inflammation in the
human body. The second type of cell death — slow
acting cell death — also called apoptosis, doesn’t
involve membrane damage and inflammation. In this
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apoptosis or programmed cell death, cells undergo an
energy-dependent sequence of events, which leads to
the fragmentation of nuclei and cytoplasmic
organelles into small apoptotic bodies eliminated by
phagocytes. Apoptosis is a default process in which
destroyed particles and dead cells are scavenged by
the macrophages in our body (Pan et al. 2007).
Connor et al. (2005) examined the GNPs uptake
into human cell lines and their cytotoxic levels by
culturing K562 human leukaemia. As a result it was
concluded that GNPs and functionalized GNPs have
no potential toxic effects on human leukaemia cell
lines. Moreover, the results confirmed that a few
functionalized GNPs such as CTAB
(cetyltrimethylammonium bromide)-modified GNPs
have potential toxic effects on human cell lines.
CTAB also shows toxicity in human cell lines.
Goodman et al. (2004) reported cationic and anionic
functionalized GNP toxicity and they concluded that
cationic functionalized GNPs have moderate toxicity
when compared with anionic functionalized GNPs.
Pernodet et al. (2006) examined the adverse
effects of citrate coated GNPs on human dermal
fibroblast cells. The presence of GNPs led to major
changes in cell growth, cell shape and alteration of
actin fibres. It was shown that 14 nm GNPs can easily
pass through the cell membrane and accumulate into
vacuoles. The presence of GNPs is responsible for
abnormal actin filaments and extra cellular matrix
constructs in dermal fibroblasts. It leads to a decrease
in cell proliferation, adhesion and motility.
Wiwanitkit et al. (2009) examined the in vitro
toxic effects of 9 nm size GNPs on the human
spermatozoa. A fresh semen sample was cultured with
500 puL of GNPs and motility and morphological
changes were studied after 15 minutes by clinical
microscopy. The same changes were studied as well
for the blank sample which was not cultured with the
GNPs. Microscopic examinations revealed that 25%
of sperm cells were not motile and penetration of
GNPs into the sperm head and tail was observed. In
addition, the fragmentation of the sperm was visible.
Cho et al. (2009) studied the in vivo toxic effects
of 13 nm size PEG-coated GNPs on mice. The
nanoparticles were seen to induce acute inflammation
and apoptosis in the liver. They accumulated in the
liver and spleen for up to 7 days after injection and
had long blood circulation times. In addition,
transmission electron microscopical examinations
revealed that numerous cytoplasmic vesicles and
lysosomes of liver Kupffer cells and spleen
macrophages contained the PEG-coated gold
nanoparticles. Because PEG-coated GNPs are widely
used in biomedical applications these effects have
obvious clinical implications.
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Chen et al. (2009) also studied the in vivo toxicity
of GNPs on mice. Naked GNPs ranging from 3 to 100
nm were injected intraperitoneally into mice at a dose
of 8 mg/kg/week. GNPs of 3, 5, 50, and 100 nm did
not show any toxic effects; however, GNPs ranging
from 8 to 37 nm induced severe sickness in mice and
mice injected with GNPs in this range showed
fatigue, change of fur colour, loss of appetite, and
weight loss.

DISCUSSION AND CONCLUSIONS

From ancient time, gold and gold compounds have
been used as a medication as it was believed that gold
has the power to cure a number of diseases, among
them rheumatoid arthritis. Recent developments in
nano-science have also made a number of application
based upon the use of nano-materials available to
medicine. The most important of these materials for
‘nanomedicine’ is nano-gold.

GNPs show entirely different properties in
comparison with their bulk counterparts. GNPs have
a capability of binding strongly to bio molecules like
proteins, peptides, antibodies, oligonucleotides, and
pathogens such as bacteria, viruses, etc. GNPs could
be used as biomarkers to detect diseases and to
deliver a suitable drug to cure the disease. However,
even though gold and gold salts such as auranofin,
aurothioglucose have been used as active medicine in
the treatment of, for example, RA they could have
toxic effects on human health.

The use of functionalized GNPs as biomarkers
and their binding capacity to biomolecules is opening
new feasibilities, for example, attenuation of the
function of the disease causing proteins. Much
concern is paid to the investigation of GNP
interaction studies such as type of binding, structure
of biomolecules, and influence of charge on the
interaction. The interaction of biomolecules with
GNPs needs to be even more deeply investigated.
There are still many problems and questions to be
answered. For example, is interaction of biomolecules
with GNPs a size dependent process or are there other
factors influencing the interaction? Are we able to
design GNPs that will attenuate the function of
disease causing proteins with more efficiency and
more specificity? There are many questions similar to
these.

Itis shown in the literature that there are a number
of potential adverse effects of gold and GNPs on
human health. It is evident that the toxic and
cytotoxic effects of GNPs have not been sufficiently
investigated to date, and a critical examination is
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needed of GNP cytotoxicity and the symptoms of
over-exposure to GNPs. Also it is necessary to
investigate the feasibilities of minimizing the
cytotoxic levels of GNPs to use them in various
biomedical applications without any hazardous effects
on human health. The design of less toxic and
therapeutically significant GNPs might open new
ways of approaching incurable diseases. Generally,
the use of gold and GNPs applications in medicine is
growing so rapidly that great progress and perhaps
surprising new developments can be expected in the
near future.
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