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Abstract. The applications of nanotechnology materials are rapidly advancing and will leave no
field untouched by their ground breaking innovations. Nanoparticles are molecules with a diameter ranging from 10-100 nm and are available in different types such as spheres, rods, shells,
cages and SERS particles which vary in shape, size and physical properties. The potential
applications of nanomaterials include targeted drug and gene delivery, cancer diagnosis and
therapy, determination of biological molecules and microorganisms, molecular probes for diagcY
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balloon angioplasty, bare metal stents, drug-eluting stents, and bioresorbable stents. Devices
manufactured using nanotechnology materials have promising biomedical applications, and
most noteworthy among them are the implantable non-woven nanofibrous stents for opening up
narrowed blood vessels. The drug-eluting smart stents serve as reservoirs for delivery of medicines that prevent artery closure. The basic characteristics of a well-designed stent are that it
must fit snugly in the blocked artery wall and form a scaffold to enhance blood flow without getting
dislodged and/or drag-along further in the implanted blood vessel. In addition, the elastic and
mechanical behaviour of a stent must match with the native tissue. Nano-robots constitute another important application of nanotechnology in health sciences. These devices may not only
help to monitor and record detailed biomechanical and histopathological information of different
tissues and organs in both humans and animal models, but also reduce the invasiveness risk
and diagnostic cost of human diseases. Due to their specificity and site targeting properties, the
nanomaterials may be a real boon for the diagnosis and treatment of diseases. However, several safety and regulatory questions remain to be addressed regarding the usefulness of conventional in vitro and in vivo methods employed for assessing short- and long-term consequences of nanoparticles and nanomaterials in humans, marine and wild animals as well as
acute and chronic levels of exposure to environment.

1. INTRODUCTION
The risk of cardiovascular diseases (CVDs) such
as coronary heart disease, myocardial infarction,
atherosclerosis, and stroke is escalating in developed and developing countries. Narrowing of the
arteries due to atherosclerosis is a serious condi-

tion in which calcium and fatty material build-up
leads to plaque formation, and consequently reduce
blood supply to the tissues and organs. Sometime
the plaque rupture causes heart attack and stroke
resulting in mortality and long-lasting morbidity. The
treatment and prevention of CVDs is a major chal-
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lenge for basic researchers and health care professionals because the burden of premature mortality
and morbidity due to CVDs is increasing worldwide.
According to the World Health Organization, 40%
of all deaths in the European Union countries are
due to heart attacks and strokes, and the prevalence of coronary heart disease (CHD) is over 13
million in the US, however, nearly 80% of premature
heart disease and stroke are preventable with heart
healthy diets and lifestyle modifications [1,2]. A key
trigger for heart attack (CHD) or brain attack (stroke)
is plaque rupture or its dislodgement from atherosclerotic artery. The debris of the plaque may interrupt blood flow in the cardiac circulatory system
leading to a heart attack, or cause a stroke if it
obstructs a cerebral artery or other major blood vessels in the brain. Earlier diagnosis of CVDs, and
ways to improve therapies constitute current challenges to health care providers and save lives. Therefore, it appears that the main priorities of cardiovascular research studies are determination of potential risk factors, early detection of disease aetiology, and cost-effective therapeutic measures to deal
with CVD-related mortality and morbidity.
The primary aims of health related
nanotechnology are to search for biocompatible and
safe nanomaterials for the detection of disease aetiology, diagnosis, and to produce targeted drug delivery system to cure CVDs, stroke, cancer and
other chronic diseases. Innovative Nano systems
may also be helpful to identify patients at risk at
early stage and to retard the growth of cardiovascular disease. Nanomaterials are available in different
types such as spheres, rods, shells, cages, and
particles which vary in shape, size, and physical
properties. Such biocompatible nanomaterials have
been used for the manufacture of stents which have
saved millions of lives globally. The main focus of
researchers working in the area of nanotechnology
is to develop novel therapeutic materials those are
safe and effective in different patients. As a matter
of fact, nanoparticle-based materials have already
made an impact in the pharmaceutical industry for
the discovery of new therapies, cure for certain cancers, molecular probes for diagnostic purposes,
gene carriers and drug delivery vehicles as well as
development of stents. Due to the unique mechanical, electrical, chemical, and optical properties, the
nanomaterials and nanostructures provide exciting
new opportunities for basic and clinical research,
diagnosis of disease, therapy of heart, lung, blood,
and sleep disorders. Richard Feynman, winner of
the 1959 Nobel Prize in Physics, emphasized in
his address the future role of nanotechnology in
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cardiovascular sciences and envisioned the potential applications of nanotechnology in cardiovascular medicine [3]. With the multidisciplinary approach
being undertaken by chemists, biomedical engineers, pharmacists, pharmacologists and physicians from a wide range of research institutions,
small-to-medium-sized enterprises, and pharmaceutical companies from across the globe, some clinically proven effective remedies are being developed
for treating CVDs, stroke, and the build-up of plaques
in arteries [4]. To monitor the levels of different biochemical markers and to record the information in
their internal memory in the human body, the nanorobots are a vital application of nanotechnology in
medical research and diagnostics. These devices
might be used to investigate detailed biomechanical and histometrical features of different tissues
and organs. Nanotechnology may not only expand
the ease, comfort, and effectiveness in medical applications but also help to reduce the
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2. HISTORICAL PERSPECTIVE OF
GOLD NANOPARTICLES
Gold (Au) is a unique metallic element which has a
melting point of 1064 n
C and a boiling point of 2970
n
C. Several properties of gold such as its excellent
conductive properties and its inability to react with
water or oxygen have made it very useful to mankind over time [6]. In 1857, Michael Faraday explored the ruby gold nanoparticles and was astonished by the ruby color of the colloidal particles.
His studies on these Au particles led to the birth of
the modern day colloidal chemistry and the foundation of nanotechnology. Faraday laid stress on metallic Au being dispersed uniformly in both ruby glass
and ruby fluid which was based upon some physical and chemical understandings. A 100 years later
these ruby-coloured colloids were stable and their
size was figured out to be in ranges of 2-6 nm from
electron microscope [7,8].
Zsigmondy who started to investigate upon the
opacity and colour of the ruby glass, tried to reproduce Au colloids through different methods. He comRYUT:Qb
QTQi
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is still being used for the synthesis of nanoparticles.
He also came up with an ultramicroscope for characterization of size, shape and structure of
nanoparticles. Another scientist, Svedberg introduced ultra centrifuge and through it demonstrated
the dependence of the motion of macromolecules
(colloids) on their shape and size. During the simi-
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Fig. 1. Characterization of Nanomaterials on the basis of Dimensionality (a), Morphology (b), Composition
(c) and Uniformity and agglomeration state (d).

lar period, G. Mie tried to find out the reason behind
various colours of gold colloids [7].
In the middle ages, colloidal gold was used as a
cure for diseases like arthritis and heart problems,
epilepsy, dysentery, venereal diseases and tumours
and also for the diagnosis of syphilis, a method which
was used until the 20th century. Towards the end of
16th century, colloidal gold was routinely used to
make ruby glass and for colouring ceramics by
methods which are still used [6].
A brief description of nanomaterials used for
making stents and nanomedicinal products is given
in the following sections.

3. NANOTECHNOLOGY AND
NANOMATERIALS
Nanotechnology consists of designing and producing devices or structures at molecular or miniscule
scale, e.g., at the level of 10 -100 nm in diameter
(one nanometer (nm) = one billionth or 10-9 of a meter)
[9,10]. Nanomaterials are the main products of
nanotechnologies, since they are characterized at
nano-scale particles such as tubes, rods, fibres,
spheres, shells, cages, and SERS (Surface enhanced Raman scattering) particles which vary in
shape, size, and physical properties [11-13].
Nanoparticles are normally defined as being smaller
than 100 nanometres in at least one dimension and

are usually considered to be materials with at least
one external dimension that measures 100
nanometres or less or with internal structures measuring 100 nm or less [14-17].

3.1. Types of nanomaterials
Shape or morphology of nanoparticles characterizes the type of nanomaterial, and it is helpful to
classify them based on their number of dimensions
(Fig. 1).
1D Nanomaterials
One-dimensional nanomaterials at the nanometer
scale are thin films or surface coatings that includes
the circuitry of computer chips and the anti-reflection and hard coatings on eyeglasses. Thin films of
nanomaterials have been developed and used for
decades in various fields such as electronics, chemistry, and engineering. Thin films can be deposited
by various methods and can be manufactured controllably to be only one atom thick, a so-called monolayer film [18].
2D Nanomaterials
Two-dimensional nanomaterials have two dimensions
in the nanometer scale. These include 2D
nanostructured films, with nanostructures firmly attached to a substrate, or nanopore filters used for
small particle separation and filtration. Free particles
with a large aspect ratio, with dimensions in the
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nanoscale range, are also considered 2D
nanomaterials. Asbestos fibers is an example of 2D
nanoparticles.
3D Nanomaterials
Materials that are nanoscaled in all three dimensions are considered 3D nanomaterials. These include thin films deposited under conditions that
generate atomic-scale porosity, colloids, and free
nanoparticles with various morphologies such as
gold nanorods [19].

3.2.Categories of new
nanotechnology materials
Nanotechnology is an innovative technology that
allows the usage of nanoscale material to develop
new devices with applications across diverse fields,
e.g., medicine, cosmetics, engineering, biotechnology, food and agriculture, environment sciences,
biomedical-textiles, and military protection clothing
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nm have increased efficacy in targeting cellular and
tissue specific clinical applications in order to maximize therapeutic effects [19-22]. They have structural features and properties in between those of
single atoms and bulk material which include clusters [23,24]. Nanoparticles [25-31], quantum dots
[17,31-33], nanotubes [15,35] as well as collection
or organization of these individual structures in 2 or
3 dimensional assemblies. The shape, size and
surface functional groups of nanomaterials can be
manipulated for chemical and mechanical properties in order to develop new products, medical devices, stents, and nanotechnology scaffolds to grow
stem cells [36-40]. Nanomaterials are also used to
develop targeted drug delivery systems that are
engineered in a way to link with specific proteins
and nucleic acids associated with the disorder,
thereby protecting it from biodegradation, immune
system attack, and to cross over various cellular
barriers.
Nanomaterials used in medicine
Because of their role in determining enzyme action, cell cycle, cell signalling damage repair,
nanomaterials can be used to create analytical tools
for analysing the structure of cells and tissues at
the atomic and cellular levels, and to design
biocompatible materials for novel therapies as well
as targeted drug delivery, and diagnostic purposes.
Due to their unique capabilities and purported minimal side effects in treating variety of ailments,
nanomaterials have a wide range of biomedical applications. Among the vast array of nanomaterials,
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one example is of the biocompatible super-paramagnetic iron oxide with properly oriented surface architecture and semiconductor crystals called quantum dots (QDs) have been developed for analyses
of biological systems as QDs when attached to biological molecules, emit specific colours and offer
quick and extensive screenings [41].
Nanosensors are used for monitoring in vivo biological processes in single living cells that can help
to improve our current understanding of cellular functions. Nanosized liposomes are currently used to
encapsulate anticancer drugs [42-51]. Magnetic
nanoparticles (NPs) are employed in analysing
blood, urine, and other body fluids to speed up the
separation and improve selectivity of the analytical
methods used [1-4,42,53,54-65].Various fluorescent
nanomaterials (NMs) have formed the basis for new
detection techniques for infectious and genetic disease diagnosis and treatment [3,17,66-77]. NMs
have also proven effective in delivering various vaccine antigens/epitopes with increased antibody and
cellular responses [5,52,53,69,78-80].
Herbal Nanomedicines
Plant-derived herbal medicines have been used for
curing a number of aliments for centuries. The active ingredients of herbal remedies can be attached
with nanomaterials for wound and burn healing purposes. Novel drug delivery systems (NDDS) are
newer approaches to deliver the targeted substances
to achieve maximum therapeutic effects. Slow release nano-dosage forms such as polymeric
nanoparticles, liposomes, proliposomes, solid lipid
nanoparticles, nanoemulsions, etc., are being developed as NDDS for target drug delivery, improved
bioavailability, enhanced absorption, reduce dose
and reduce elimination. Some herbal nanomedicines
currently tested are listed in Table 1.
Curcumin liposomes
Curcumin is widely purported for its anti-microbial
effects, but due to its lower solubility and permeability, its pharmacological actions have not been
determined. Nanoparticles have made it possible
for exploring the wide range of effects of curcumin.
Curcumin liposomes are now under investigation for
diversity of application. It was reported that curcumin
liposomes have better permeability and solubility
as compared to the non-coated curcumin [81].
Curcumin therapy is being considered for a wide
range of applications such as anti-cancer, anti-oxidant, antiplatelet aggregation, etc., [82-85]. In addition, curcumin liposomes are now being tried for
their application to decrease the risk of cardiovascular diseases [86].
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Table 1. Plant-derived herbal nanomedicines.
Herbal nanomedicine

Formulation

Pharmacological activity

Curcumin
Quercetin
Podophyllum peltatum
Silybum marianum
Camptothec acuminate
Ginkgo biloba

Curcumin liposomes
Quercetin liposomes
Solid lipid nanoparticles
Silymarin liposomes
Camptothein nanoparticle
Ginkgo biloba nanoparticles

Antioxidant, antitumor, antiplatelet aggregation
Antioxidant, anticancer
Antiviral, anticancer
Hepatoprotective
Lung and breast cancer
Brain function activation

Quercetin
It is a flavonoid present in plants and foods such as
red wine, onions, green tea, apples and berries.
Quercetin has been used for long-time to lower the
blood levels of high cholesterol, and to decrease
the incidence of heart disease, diabetes, cataracts,
hay fever, peptic ulcer, schizophrenia, inflammation,
asthma, gout, viral infections etc. It is also used for
treating prostate cancer [87]. Studies are under way
to evaluate the quercetin liposomes effects on COX2, NF- B, hepatotoxicity, and wound healing [8891].
Podophyllum peltatum
Podophyllum belonging to the family Berberidaceae
commonly known as mayapple or ground lemon. It
is traditionally used as emetic, cathartic and antihelminthic [92]. The active ingredient podophyllotoxin has purgative and cytostatic properties [89,93].
Some investigators consider podophyllum as an
anticancerous plant [16], and podophyllotoxin-loaded
solid lipid nanoparticles are being studied for site
specific anti-tumor effects [91,92].
Silybum marianum
This plant belongs to the family Asteraceae commonly known as cardus marianus, milk thistle and
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nese medicine as antihepatotoxic agent in order to
clear heat, relieve toxic material by soothing the
liver and promoting bile flow [93]. Mechanochemical activation and spray congealing methods are
used to treat the dry extracts of Silybum marianum
so as to enhance its oral bioavailability [94].
Silymarin liposomes show better results for
hepatoprotective action because their bioavailability
is enhanced by such formulation [95].
Camptotheca acuminate
This plant belongs to the family Nyssaceae commonly known as happy tree, cancer tree, or tree of
life. The pharmacologically active constituent
camptothecin is a cytotoxic quinoline alkaloid which
inhibits the DNA enzyme topoisomerase I, which is
believed to be the mechanism of action for its anti-

cancer treatment for treatment of patients with solid
tumours [96]. Human phase I trials with
camptothecin nanoparticles have shown some success for the treatment of patients with solid tumours
[97]. Hydrophobically modified glycol chitosan
nanoparticles of camptothecin have enhanced the
drug stability and tumor targeting in cancer patients
[98].
Ginkgo biloba
It is traditionally used in Chinese and Japanese
medicine for the enhancement of cognitive functions.
In a few studies, Ginkgo biloba has shown positive
results in the improvement of dementia and
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generative disorders [101].
Parentral injection routes with nanomaterialbased vaccine show efficacy in a range of 40 -800
nm size nanomaterials [69-72]. Small size
nanomaterials are rapidly cleared from body [5,102107]. However, nanomaterials larger than 10 nm avert
single pass renal clearance and the presence of
negative charges minimize their non-specific interaction with proteins and cells to achieve pharmacokinetic manipulations [10]. Recognition capabilities
of biomolecules when combined with nanomaterials
can lead to novel tissue substitutes, biosensors and
controlled drug delivery systems with improved
therapeutic performances.
Medical applications of nanomaterials are summarized in Table 2.
Another focus of this review is on the development of nanofibrous stents which are surgically implanted for opening up the completely or partially
blocked arteries in different cardiovascular disorders.
A brief description of stent technology is given in
the following section.
Development of stents is a significant milestone
in opening up blocked vessels. Implantation of stents
has emerged as effective treatment to open the passageways which are obstructed by a variety of
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Table 2. Medical applications of nanomaterials.
Nanomaterial

Application

References cited

Gold nanoparticles and Gold Biosensors
Hydroxyapatite
Iron oxide
Iron oxide
Titanium oxide
Titanium and ceramics
Titanium
Iron oxide
Quantum dots
Quantum dots
Quantum dots
Chitosan
Liposome
PLGA
Carbon nanotubes
Carbon nanotubes

Pregnancy test
Tissue regeneration
Drug and vaccine delivery
Separation
Protein adsorption
Implants
Biosensor
Magnetic resonance imaging
Fluorescence, IR Imaging
Vaccine delivery
Biosensors
Drug and gene delivery
Drug delivery
Drug delivery
Tissue regeneration
Biosensors

[4,111,112]
[18,113,114]
[52,54,69,114]
[115]
[110]
[116,117]
[110]
[52,113]
[3,66,71]
[5,69]
[67,75,77,115]
[119-123]
[42,44,48]
[124-127]
[128-130]
[127]

CVDs. During the past two decade, surgical implantation of stents has virtually become a routine procedure for opening up arteries blocked with plaque,
esophageal cancer, airways blocked due to lung
cancer, scar inflammation or weakening of the airway wall. It is estimated that more than one million
stents are implanted each year worldwide, and in
the United States alone around 60% stenting procedures are carried out annually in about 600,000
heart patients. The main advantage of stenting is
that they do not require major surgery as they are
implanted directly through the arteries. To date, a
variety of stents (over 40-types) are commercially
available or in development composed of different
materials such as metal, metal-alloys, platinum,
polymer, plastics, coated, un-coated, drug eluting,
balloon-expandable and self-expandable. Therefore,
over the past two decades the quality of life of patients suffering from arterial blockage has improved
immensely. Four generations of stent treatment include balloon angioplasty, bare metal stents, drugeluting stents, and bioresorbable stents as illustrated
in Fig. 2.
A new era of stents started at the beginning of
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coronary stents. To open the blockage due to the
formation of plaques, fatty materials, and cholesterol-induced atherosclerosis in the arteries, the

concept of remodelling of the artery was introduced
in 1964, which entered into mainstream in 1977
through a procedure called angioplasty to restore
blood flow. However, angioplasty has shortcomings
because the opening created by this procedure was
not very smooth and because the balloon did not
evenly expand in all areas of the arterial wall [128131]. Also, some of the compressed material tends
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nel to become narrow shortly after being enlarged
by balloon expansion. Moreover, balloon angioplasty
caused restenosis in about 40% of all treated patients [132]. Thus, the concept of stent was developed as a means to mitigate elastic recoil of the
artery, control restenosis, strengthen the artery wall,
and to hold arterial channels permanently open
[133,134].
The other potential benefit of stenting is shorter
recovery time over the artery bypass surgery. Therefore, the stent implantation has become the treatment of choice among patients compared to simple
balloon angioplasty [135]. However, restenosis occurs in stenting too which is called thrombosis if
tissue damage happens right after the stent insertion and in-stent-restenosis if inflammation and scar
formation appears within 3-6 months of implantation due to the response of stent presence and native tissue [134,135]. The chances of restenosis are

Fig. 2. Starting from balloon angioplasty to further developed stages of stents.
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significantly reduced to 25% in stenting procedure
when compared to angioplasty (40%). Later on, drugeluting stents were developed for the prevention of
in-stent-restenosis which carry special drug on their
surface to controls scar formation [136,137]. As
mentioned earlier, a new era for stent technology
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drug-eluting bioresorbable coronary stent that dissolves within approximately two years, leaving patients with a treated artery free of a permanent implant [138]. To date, a variety of stents of metals,
polymer and plastic in various designs are fabricated. Commonly used metals in stent fabrication
include stainless steel, tantalum and nitinol alloys
due to their strength, elasticity and flexibility and
shape memory, whereas polymers are convenient
for drug loading [139-143]. It is estimated that by
2020, global stent device market for USA alone will
be six billion USD, where 900,000 stent procedures
are performed annually [144]. Though coronary
stenting has emerged over the years for the treatment of myocardial infarction, unfortunately 20% to
40% cases develop stent restenosis after stenting,
whereas drug eluting stents lead to late stent-induced thrombosis. The market for clinical use, particularly drug-eluting stents has reduced due to early
and delayed complications with stenting and the
restenosis rate by 80 percent [144]. Optimizing stent
design parameters and manufacturing technologies
are of great importance because of the increased
demand by the ageing population and escalating
CVDs which happen to be one of the major killers in
the 21st century. Since last few years,
nanotechnology is poised to revolutionize biotechnology for medical applications [145], particularly,
in developing the next generation of cardiovascular
stents using coating of nanoparticles,
nanocomposite polymers and nanofiber [146,147].
High-performance flexible [148-150], bioresorbable
[151,152], advanced therapeutics via functionalized
nanoparticles [153-159] and inorganic nanoparticles
have been explored as futuristic therapeutic platforms because of their high surface-to-volume ratio,
ability to scavenge reactive oxygen species (ROS),
and photo activation properties [160,161]. Fabrication and characterization of bioresorbable and bioinert nanomaterials, designs and their integration
strategies with a bioresorbable electronic stent
(BES), fitted with nanomembrane-based flexible flow/
temperature sensors and memory storage devices,
anti-inflammatory nanoparticles, and drug-loaded
core/shell nanospheres that are activated by an
external optical stimulus has been reported [162].
It is also anticipated [163] that the next generation
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cardiovascular stent could involve coating with special nanocomposite polymers such as polyhedral
oligomeric silsesquioxane poly-caprolactone
(POSS-PCU) to enhance endothelialization, endothelial progenitor cell (EPC)-specific antibodies could
be attached to the polymer, nitric oxide (NO)-eluting polymers for maintaining a healthy endothelium
and preventing thrombosis, and multiple drugs could
be incorporated using layer by layer coating technology. Also, polyhedral oligomeric silsesquioxane
poly-(carbonate-urea) urethane (POSS-PCU) is nonbiodegradable, and so is used as the base coat to
prevent bare metal from coming into contact with
circulating blood, whereas polyhedral oligomeric
silsesquioxane poly caprolactone (POSS-PCL) is
biodegradable, and can be used together with drugs
for controlled release.

4. SUMMARY AND CONCLUSIONS
The demand for nanotechnology engineered materials is increasing globally and their impact is being
felt in a wide variety of biomedical sciences, agriculture and food industry, and physical disciplines,
including military applications. Due to their specificity and site targeting properties, the nanomaterials
may be a real boon for the diagnosis and treatment
of diseases. Here, in the cardiovascular arena, the
course of the treatment remains dual in nature, where
the stents are implanted mechanically and the therapeutic entities are administered separately. However, nanoparticles imbibed onto the stents can
make treatment a one way method, where drugs
need not be administered separately but through
the medium of stents. Such engineering technique
could be one of the most convenient and the compliance reliable method for the patients suffering from
cardiovascular ailments. As nanoparticles are known
to increase the solubility and permeability of the
drugs, the imbibition of drugs on nanoparticles or
the stents will not only improve the bioavailability of
the therapeutic agents but will also affect their predetermined release profiles. Nevertheless, several
issues and concerns are being raised regarding the
long-term environmental impact of nanoscale particles, toxicity evaluation of nanomaterials, and cellular and genotoxicity of nanomedicines. Presently,
several important safety and regulatory questions
remain unanswered: namely, are conventional in vitro
and in vivo methods used for assessing short- and
long-term adverse effects of nanoparticles or
nanomaterials sufficient, considering their higher
surface area, acute and chronic levels of exposure
to environment, humans, marine life, and wild ani-
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mals? Do similar nanoparticles display differential
short- and long-term toxicity once introduced in the
body?

REFERENCES
[1] American Heart Association, Heart Disease
and Stroke Statistics - 2004 Update
(Dallas,TX: American Heart Association, 2003).
[2] R.P. Feynman // Eng Sci (Caltech) 23 (1960)
22.
[3] D.B. Buxton, S.C. Lee, S.A. Wickline and
M. Ferrari // Circulation 108 (2003) 2737.
[4] H. Ernest and S. Rahul // Online Journal of
Nanotechnology (2005): DOI : 10.2240/
azojono0101
[5] Kumaresh S. Soppimath, Tejraj
M. Aminabhavi, Anandrao R. Kulkarni and
Walter E. Rudzinski // J Control Release 70
(2001) 1.
[6] Minakshi Das, Kyu Hwan Shim, Seong Soo
A. An and Dong Kee Yi // Toxicology and
Environmental Health Sciences 3 (2011) 193.
[7] M. Faraday // Phil. Trans. R. Soc. Lond 147
(1857) 145.
[8] Valerio Voliani, Giovanni Signore, Riccardo
BY
Vck:UbQ TQFY
SS
YGd
UV
Q @eYQ T:QRY
Beltram // New Frontiers in Nanomedicine,
Recent Patents on Nanomedicine 2 (2012) 8.
[9] G. Schmid, Nanoparticles: from theory to
applications (Weinheim, Germany: Wiley-VCH
Publishers, 2004).
[10] Functional nanomaterials, ed. by K.E.
Geckeler and E. Rosenberg (American
Scientific Publishers, 2006).
[11] Handbook of Thin-Film Deposition Processes
and Techniques - Principles, Methods,
Equipment and Applications, ed. by
K. Seshan (William Andrew Publishing/
Noyes, 2002).
[12] J. Gong, Y. Liang and Y. Huang // Biosens
Bioelectron 22 (2006) 1501.
[13] S.J. Osterfeld, H. Yu and R.S. Gaster //
PNAS 105 (2008) 20637.
[14] A. Surendrian, S. Sandhiya, S.C. Pradhan
and C. Adithan // Indian J Med Res. 130
(2009) 689.
[15] W. Wagner, A. Dulllart, A.K. Bock and
A. Zweek // Nat Biotechnol. 24 (2006) 1211.
[16] K. Pusic, H. Xu, A. Stridiron, Z. Aguilar,
A. Wang and G. Hui // Vaccine 29 (2011)
8898.
[17] M.B. Ahmad, K. Shameli, M. Darroudi,
W. Yunus and N.A. Ibrahim // Am J Appl
Sciences 6 (2009) 1909.

293

[18] L. Borum-Nicholas and J.O.C. Wilson //
Biomaterials 24 (2003) 367.
[19] E. Carbo-Argibay, B. Rodriguez-Gonzalez,
I. Patoriza-Santos, J. Perez-Juste and L.M.
Liz-Maran // Nanoscale 2 (2010) 2377.
[20] C. Huang, Z. Zusing Yang, K. Lee and
H. Chang // Angew Chem Int Ed. 46 (2007)
6824.
[21] J. Li, X.L. Lu and Y.F. Zheng // Appl Surf Sci
255 (2008) 494.
[22] A.G. Nasibulin, A. Moisala, H. Jiang and E.L.
Kauppinen // J Nanopart Res 8 (2006) 465.
[23] T.J. Webster, C.D. Ergun, R.W. Siegel and
R. Bizios // Biomaterials 22 (2001) 1327.
[24] S.K. Balasubramaniam, L. Yang, L.Y.L.
Yung, C.N. Ong, W.Y. Ong and L.E. Yu //
Biomaterials 31 (2010) 9023.
[25] S. Frens // Nat Phys Sci 241 (1973) 20.
[26] A. Gole and C.J. Murphy // Chem Mater 16
(2004) 363.
[27] D.A. Handley, In: Collodial Gold: Principles,
Methods, and Applications, ed. by M.A.
Hayat (Academic Press, New York, 1989),
189.
[28] P. Hazarika, T. Giorgi, M. Reibner, B. Ceyhan
and C. Neimeyer, In: Bioconjugation
Protocols: Strategies and Methods, ed. by
C. Niemeyer (Humana Press, New Jersey,
2004), 1.
[29] E. Katz and I. Willner // Angew Chem Int Ed
43 (2004) 6018.
[30] J. Kimlong, M. Maier, B. Okenve, V. Kotaidis,
H. Ballot and P.A. Turkevich // J Phus Chem
B 110 (2006) 15700-7.
[31] L.M. LizMarzan, M. Giersig and P. Mulvaney
// Langmuir 12 (1996) 4329.
[32] U. Nickel, A.Z. Castell, K. Poppl and
S. Schneider // Langmuir 16 (2000) 9087.
[33] A. Tao, P. Sinsermsuksaku and P. Yang //
Angew Chem Int Ed 45 (2006) 4597.
[34] P. Tartaj and C.J. Sema // J Am Cham Soc
125 (2001) 15754.
[35] J. Turkevich, P.C. Stevenson and J. Hillier //
Discuss Faraday Soc 11 (1951) 55.
[36] B. Wiley, Y. Sun, B. Mayers and Y. Xia //
Chem-Eur J 11 (2005) 454.
[37] B.O. Dabbousi, J. Rodriguez-Viejo and F.V.
Mikulec // J Phys Chem B 101 (1997) 9643.
[38] L. Manna, E. Scher and A. Alivisators //
Nanocrystals. JACS 122 (2000) 12700.
[39] C. Murray, D. Norris and M. Bawendi //
Semiconductor Nanocrystallites JACS 115
(1993) 8706.

294
[40] N. Pradhan, D.M. Battglia, Y. Liu and X. Peng
// Nano Lett. 7 (2001) 312.
[41] M. Casalova, V. Grillo and E. Carlino // Nano
Lett. 7 (2007) 1386.
[42] P.D. Cozzoli, L. Manna and M.L. Curri //
Chem Mater 17 (2005) 1296.
[43] S. Deka, A. Falqui and G. Berloni // Am
Chem Soc 131 (2009) 12817.
[44] L. Yang, Z. Cao and H. Sajja // J Biomed
Nanotech 4 (2008) 1.
[45] L. Yang, X. Peng and Y. Wang // Clin Cancer
Res 15 (2009) 4722.
[46] S. Dagar, M. Sekosan, B.S. Lee,
I. Rubinstein and H. Onyuksel // J Controlled
Release 74 (2001) 129.
[47] T.M. Allen, D.R. Mumbengegwi and G.J.
Charrois // Clin Cancer Res 11 (2005) 3567.
[48] D.C. Drummond, O. Meyer, K. Hong, D.B.
Kirpotin and D. Papahadjopoulus //
Pharmacol Rev 51 (1999) 691.
[49] J.R. Heath and M.E. Davis // Annu Med Rev
59 (2008) 251.
[50] S. Jin and K. Ye // Biotechnol Prog 23 (2007)
32.
[51] F. Pastorino, C. Brignole and D. Marimpietri
// Cancer Res 3 (2003) 219.
[52] D. Baranav, A. Fiore and M. van Huis // Nano
Lett 10 (2010) 743.
[53] L. Carbone, S. Kudera and E. Carlino // J Am
Chem Soc 128 (2006) 748.
[54] S.B. Tiwari and M.M. Amiji // Curr Drug Del
3 (2006) 219.
[55] M. Tobio, A. Sanchez and A. Vila // Colloids
Surf B.: Biointerfaces 18 (2000) 315.
[56] J.A. Zhang, G. Anyarambhatla and L. Ma //
Eur J Pharm Biopharm 59 (2005) 177.
[57] N. Zhang, Q.N. Ping, G.H. Huang and W.F.
Xu // Int J Pharm 294 (2005) 247.
[58] M. Mahmoudi, S. Sant, B. Wang, S. Laurent
and T. Sen // Adv Drug Deliv Rev 63 (2011)
24.
[59] J.B. Haun, T. Yoon, H.J. Lee and
R. Weisssleder // Wiley Interdiscip Rev
Nanomed Nanobiotechnol 2 (2010) 291.
[60] H. Lee, T. Yoon, J. Figueiredo, F.K. Swirski
and R. Weissleder // PNAS 106 (2009)
12459.
[61] Z.P. Aguilar, H. Xu, J.D. Dixon and A.W.
Wang, Nanomaterials for Enhanced Antibody
Production. Small business innovations
research for the National Science Foundation
(National Science Foundation, 2012).
[62] M. Brzeska, M. Panhorst and P.B. Kamp //
J Biotechnol 112 (2004) 25.

S.K. Bhullar, H.P. Singh, G. Kaur and H.S. Buttar
[63] R.S. Gaster, D.A. Hall and C.H. Nielsen //
Nat Medicine 15 (2009) 1327.
[64] J. Kim, T. Piao and T. Hyeon // Chem Soc
Rev 38 (2009) 372.
[65] M. Mahmoudi, A. Simchi, M. Imani, A.S.
Milani and P. Stroeve // Nanotechnology 20
(2009) 40.
[66] R. Mejias, S. Perez-Yague and L. Gutierez //
Biomaterials 32 (2011) 2938.
[67] T. Osaka, T. Nakanishi, S. Takahama and
H. Zhang // Colloids and Surfaces B.:
Biointerfaces 71 (2009) 1325.
[68] A.P. Philipse, M.P.B. Vanbruggen and
C. Pathmamanoharan // Langmuir 10 (1994)
92.
[69] V.I. Shubayev, T.R. Pisanic and S. Jin // Adv
Drug Delivery Rev 61 (2009) 467.
[70] Z. Agular, H. Xu, B. Jones, J. Dixon and
A. Wang // Mater Res Soc Prac 1237 (2010)
1201.
[71] K. Susumu, H. Uyeda, I. Medintz, T. Pons,
J. Delehanty and H. Mattoussi // J Am Chem
Soc 129 (2007) 13987.
[72] H. Xu, Z. Aguilar, J. Dixon, B. Jones,
A. Wang and H. Wei // Electrochemical
Society Transactions 25 (2009) 69.
[73] B. Ballou, B.C. Lagerholm, L.A. Ernst, M.P.
Bruchez and A.S. Waggoner // Bioconjug
Chem 15 (2004) 79.
[74] X. Gao, Y. Cui, R.M. Levenson, L.W.K.
Chung and S. Nie // Nat Biotechnol 22 (2004)
969.
[75] P. Juzenas, W. Chen and Y.P. Sun // Adv
Drug Delivery Revs 60 (2008) 442.
[76] A.M. Smith, H. Duan and A.M. Mohs // Adv
Drug Delivery Revs 60 (2008) 1226.
[77] A.M. Smith, X. Gao and S. Nie // Photochem
Photobiol 80 (2004) 377.
[78] H. Tada, H. Higuchi, T.M. Wanatabe and
N. Ohuchi // Cancer Res 67 (2007) 1138.
[79] D. Willard, L. Carillo, J. Jung and A. van
Orden // Nano Lett 1 (2001) 511.
[80] A. Wolcott, D. Gerion and M. Visconte //
J Phys Chem B 110 (2006) 5779.
[81] Katja Berginc // European Journal of
Pharmaceutics and Biopharmaceutics 87
(2014) 40.
[82] Hima Bindu Ruttala and Young Tag Ko //
Colloids and Surfaces B: Biointerfaces 128
(2015) 419.
[83] Lakshmi Sailaja Duvvuri // Expert opinion on
drug delivery 12 (2015) 827.
[84] Shen Li. // BioMed Research International
2015 (2015) 1.

An overview of the applications of nanomaterials and development of stents in treating...
[85] Lawrence Helson // Journal of Receptor,
Ligand and Channel Research 5 (2012) 1.
[86] Piwen Wang // The Journal of nutritional
biochemistry 25 (2014) 73.
[87] Aroonsri Priprem // Pharmaceutical
Nanotechnology 1 (2013) 26.
[88] J. E. S. S. Y.Shaji and S. N. E. H. A. Iyer //
Asian J Pharm Clin Res 5 (2012) 104.
[89] J. E. S. S. Y.Shaji and S. N. E. H. A. Iyer //
Int J Curr Pharm Res 4 (2012) 24.
[90] Rajendra Jangde and Deependra Singh //
Artificial cells, nanomedicine, and
biotechnology (2014) 1.
[91] Carl von Linnaeus, Species Plantarum
(Laurentius Salvius, 1753).
[92] Mounia Guerram, Zhen-Zhou Jiangh and
Lu-Yong Zhang // Chinese Journal of Natural
Medicines 10 (2012) 161.
[93] O. P. Chaurasia // Indian Journal of
Traditional Knowledge 11 (2012) 234.
[94] Kamel A. Abd-Elsalam and Ayat F. Hashim //
Fungal Genom Biol 3 (2013) e115.
[95] Manish Mathur and S. Sundaramoorthy //
Applied Biological Research 15 (2013) 1.
[96] L. Wang, B. Waltenberger and E.M.
Pferschy-Wenzig // Biochemical
Pharmacology 92 (2014) 73.
[97] N. Passerini // Phytomedicine 19 (2012) 160.
[98] El-Samaligy, M. S., N. N. Afifi and E.A.
Mahmoud // International journal of
pharmaceutics 308 (2006) 140.
[99] Yaw-Huei Hsiang // Journal of Biological
Chemistry 260 (1985) 14873.
[100] Y. Yen // ASCO Annual Meeting
Proceedings 25 (2007) 4414.
[101] Kyung Hyun Min // Journal of Controlled
Release 127 (2008) 208.
[102] Pierre L. Le Bars // Jama 278 (1997) 1327.
[103] S. Kanowski // Pharmacopsychiatry 29
(1996) 47.
[104] Zhen-Gang Wang and Jun Ren // Trends in
Pharmacological Sciences 23 (2002) 347.
[105] H. Xu, Z. Aguilar, J. Waldron, H. Wei and
Y. Wang, In: Biomedical Engineering and
Informatics (IEEE Computer Society, 2009),
p. 516.
[106] H. Sajja, M. East, H. Mao, Y, Wang, S. Nie
and L. Yang // Curr. Drug. Discov. Technol.
6 (2009) 43.
[107] H.K. Sajja, M.P. East, H. Mao, A.Y. Wang,
S. Nie and L. Yang // Curr. Drug. Discov.
Technol. 6 (2009) 43.
[108] T. Akagi, X. Wang, T. Uto, M. Baba and
M. Akashi // Biomaterials 28 (2007) 3427.

295

[109] T. Fifis, A. Gamvrellis and B. Crimeen-Irwin
// J Immunol 173 (2004) 3148.
[110] G. Mingo, A. Scholzen and C.K. Tang //
Vaccine 25 (2007) 1316.
[111] P.I. Mottram, D. Leong and B. Crimeen-Irwin
// Mol Pharm 4 (2007) 73.
[112] S.M. Moghimi, A.C. Hunter and J.C. Murray
// FASEB 19 (2005) 311.
[113] T. Nakamura, T. Sakaeda and M. Takahashi
// Drug Metab Pharmacokinet 20 (2005)
219.
[114] A.C. Sabuncu, J. Grubbs, S. Qian, T.M.
Abdel-Fattah, M.W. Stacey and A. Beskok
// Colloids and Surfaces. B.:Biointerfaces
95 (2012) 96.
[115] V.P. Torchilin, M.I. Shtilman, V.S.
Trubetskoy, K. Whiteman and A.M. Milstein
// Bichin Biophys Acta 1195 (1994) 181.
[116] Z.K. Hong, P. Zhang and C. He //
Biomaterials 26 (2005) 6296.
[117] L.E. Freed, G.V. Novakovic and R.J. Biron //
Biotechnology 12 (1994) 689.
[118] B. Ben-Nissen and A.H. Choi //
Nanomedicine 1 (2006) 311.
[119] P. Calvo, C. Remunan-Lopez, J.L. Vila-Jato
and M.J. Alonso // Pharm Res 14 (1997)
1431.
[120] Y. Hu, X. Jiang, Y. Ding, H. Ge, Y. Yuan and
C. Yang // Biomaterials 23 (2002) 3193.
[121] J. Illum, N.F. Farraj and S.S. Davis // Pharm
Res 11 (1994) 118.
[122] T.J. Aspden, J.D. Mason and N.S. Jones //
J Pharm Sci 86 (1997) 509.
[123] P. Erbacher, S. Zou, T. Bettinger and A.M.
Steffan // Pharm Res 15 (1998) 1332.
[124] T. Govender, S. Stolnik, M.C. Garnett,
L. Illum and S.S. Davis // J Controlled
Release 57 (1999) 171.
[125] J. Panyam, S.K. Sahoo, S. Prabha,
T. Bargar and V. Labhasetwar // Int J Pharm
262 (2003) 1.
[126] J. Panyam, D. Williams and A. Dash //
J Pharm Sci 93 (2004) 1804.
[127] Y.-C. Wang, Y.-T.Wu and H.-Y. Huang //
Biomaterials 29 (2008) 4546.
[128] P.A. Tran, L. Zhang and T.J. Webster // Adv
Drug Deliv. Rev 61 (2009) 1097.
[129] R. Bakry, R.M. Vallant and M. Najam-ul-Hag
// Int J Nanomed 2 (2007) 636.
[130] J. Wang, M. Musameth and Y. Lin // J Am
Chem Soc 125 (2003) 2408.
[131] J.M. Dang and K.W. Leong // Adv Drug
Deliv Rev 58 (2006) 487.

296
[132] A. R. Gruntzig, R. K. Meyler, E. S. Hanna
and M.I. Turina // Circulation 56 (1977)
III-84.
[133] S.B. King // Circulation 93 (1996) 1621.
[134] M. J. Post, C. Borst and R.E. Kuntz //
Circulation 89 (1996) 2816.
[135] P. W. Serruys, P. Jaegere and F. Kiemeneij
// New England Journal of Medicine 331
(1994) 489.
[136] D.L. Fischman, M.B. Leon, D.S. Baim, R.A.
Schatz, M.P. Savage, I. Penn, K., Detre,
L. Veltri, D. Ricci and M. Nobuyoshi // New
England Journal of Medicine 331 (1994)
496.
[137] J. Al Suwaidi, P.B. Berger and D.R. Holmes
// Journal of the American Medical
Association 284 (2000) 1828.
[138] A.J. Nordmann, P. Hengstler, B.M.
Leimenstoll, T. Harr, J. Youngand H.C.
Bucher // European Heart Journal 25 (2004)
69.
[139] R. Hoffmann, G.S. Mintz, G.R. Dussaillant,
J.J. Popma, A.D. Pichard, L.F. Satler, K.M.
Kent, J. Griffin and M.B. Leon // Circulation
94 (1996) 1247.
[140] A. Kastrati, J. Mehilli, J. Dirschinger,
DQSXU ? I]
GSXmXU
M. Seyfarth, C. Schmitt, R. Blasini,
: BUe]Q Q T5 GSXl]Y
W%
%American
Journal of Cardiology 87 (2001) 34.
[141] P. W. Serruys, B. Van Hout, H. Bonnier,
V. Legrand, E. Garcia, C. Macaya,
E. Sousa, G. W. Van Der, A. Colombo,
R. Seabra-Gomes, F. Kiemeneij,
P. Ruygrok, J. Ormiston, H. Emanuelsson,
J. Fajadet, M. Haude, S. Klugmann and
M.A. Morel // Lancet 352 (1998) 673.
[142] A. C. Morton, D. Crossman and J. Gunn //
Pathological Biology 52 (2004) 196.
[143] A F 6U Ud
dQ TA Cv
GeY
f
Q%
%
Pharmacology &Therapeutics 91 (2001)
149.
[144] X. Zhang and J. Phil Drug-Eluting
Bioresorbable Stents, Med-Tech Innovation,
The communication hub for the UK and
Irish medical device industry, http://
www.med-techinnovation.com.
[145] M. J. Patel, S. S. Patel, N. S. Patel and
N.M. Patel // Acta Pharmaceutica 62 (2012)
473.
[146] C. Lally, D. J. Kelly and P.J. Prendergast,
In: Encyclopedia of Biomedical Engineering
(Wiley, 2006), p. 3345.

S.K. Bhullar, H.P. Singh, G. Kaur and H.S. Buttar
[147] T. Tsuji, H. Tamai, K. Igaki, E. Kyo,
K. Kosuga, T. Hata, T. Nakamura, S. Fujita,
S. Takeda, S. Motoharaand H. Uehata //
International Journal of Cardiovascular
Interventions 5 (2003) 13.
[148] A. Kastrati, J. Mehilli, J. Pache, C. Kaiser,
M. Valgimigli, H. Kelbak, M. Menichelli,
M. Sabate, M. J. Suttorp, D. Baumgart,
M. Seyfarth, M. E. Pfisterer and A. Schomig
// New England Journal of Medicine 356
(2007) 1030.
[149] P. Junge Bluth // Lancet 378 (2011) 1997.
[150] C.L. Stevenson // Adv. Drug Deliv. Rev.
(2012), http://dx.doi.org/10. 1016/
j.addr.2012.02.005).
[151] Aaron Tan, Mohammad S. Alavijeh and
Alexander M. Seifalian // Trends in
Biotechnology 30 (2012) 1.
[152] Byeongtaek Oh and Chi H. Lee // Mol
Pharm 2 (2013) 4432.
[153] M. Kaltenbrunner, T. Sekitani, J. Reeder,
T. Yokota, K. Kuribara, T. Tokuhara,
A 8b
QS[F GSXglTY
QeUb=;b
QjQ T
S. Bauer-Gogonea // Nature 499 (2013) 458.
[154] T. Sekitani, U. Zschieschang, H. Klauk and
T. Someya // Nat. Mater 9 (2010) 1015.
[155] J. Viventi, D.-H. Kim, L. Vigeland, E.S.
Frechette, J.A. Blanco, Y.-S. Kim, A.E.
Avrin, V.R. Tiruvadi, S.-W. Hwang and A.C.
Vanleer // Nat. Neurosci. 14 (2011) 1599.
[156] S.-W. Hwang, H. Tao, D.-H. Kim, H. Cheng,
J.-K. Song,; Rill, E.; Brenckle, M. A.;
Panilaitis, B.; Won, S. M.; Kim, Y.-S.; et al.
A Physically Transient Form of Silicon
9USd
b Y
ScGSY
U SU(& ( ))- , &r
1644.
[157] D.-H. Kim, J. Viventi, J. J. Amsden, J. Xiao,
L.; Vigeland, Y.-S. Kim, J. A. Blanco,
B. Panilaitis, E. S. Frechette and D.
Contrerasv // Nat. Mater 9 (2010) 511.
[158] D. Peer, J.M. Karp, S. Hong, O.C.
Farokhzad, R. Margalit and R. Langer //
Nat. Nanotechnol. 2 (2007) 751.
[159] S. E. Lohse and C.J. Murphy // J. Am.
Chem. Soc. 134 (2012) 15607.
[160] S. Mura, J. Nicolas and P. Couvreur // Nat.
Mater 12 (2013) 991.
[161] J. Vivero-Escoto, R. C. Huxford-Phillips and
W. Lin // Chem. Soc. Rev 41 (2012) 2673.
[162] X. Huang, I.H. El-Sayed, W. Qian and M.A.
El-Sayed // J. Am. Chem. Soc. 128 (2006)
2115.
[163] Aaron Tan, Mohammad S. Alavijeh and
Alexander M. Seifalian // Trends in
Biotechnology 30 (2012) 406.

