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ABSTRACT

In the true spirit of interdisciplinary expansion of scientific
knowledge, results from the applicability of nanotechnology in
the fields of physical sciences and chemistry have now matured
enough to extend into biology and medicine. The advances in
nanotechnology in the past decade have offered novel opportu-
nities for sensing clinically relevant markers, molecular dsease
imaging and tools for therapeutic intervention, which have a
potential to transform the field of medicine. We describe the
currently available components of the nano-toolbox, which are
likely to be incorporated in clinical practice in the forseeable
future. These include nanowires, cantilevers and nanopores for
sensing, naoparticles and quantum dots for molecular imaging
and nanoparticles for therapy. We also discuss the issue of toxi-
city of these nanomaterials and other limitations in the applica-
tion of nanotechnology to medicine.

Natl Med J India 2006;19:27–32

INTRODUCTION
In the fields of physics and the material sciences, the term
‘nanotechnology’ has been used for a number of years now, and is
typically used to denote the development and use of devices that
have a size of only a few nanometers. Such structures have long
been used in industrial engineering such as the aerospace indus-
try. At the elemental level of biology, where the concept has
arrived relatively recently, nanotechnology refers to the interac-
tions of cellular and molecular components and engineered mater-
ials (clusters of atoms, molecules and molecular fragments). Such
nanoscale objects can be useful by themselves or as part of larger
devices containing multiple nanoscale objects.

Nanotechnology encompasses all areas of research where the
characteristic dimensions are within the range of 1–100 nano-
meters (nm or10–9m), which is the scale of dimension for most
components of biomolecular complexes such as microfilaments,
the diameter of most globular proteins and width of a DNA double
helix (Fig. 1). With the ability for controlled fabrication in the
nanometer range, unique phenomena such as quantum confine-
ment, where the physical properties become dependent on size,
can be observed and exploited. Thus, for example, ‘quantum dots’

emit light of different colours by simply varying the diameter of the
semiconductor nanocrystal they are made of. The science of
manipulating molecules and fabricating features down to the
nanometer range has been of interest for physical scientists by
utilizing the ‘top–down approach’ (where a bulk material is
precisely etched with lithography) or the ‘bottom–up approach’
(using self-assembly of molecules into well-defined nanoscale
objects). Moreover, the integration of manufactured nanomaterials
with existing libraries of biological molecules such as oligonucleo-
tides, antibodies, enzymes and molecular motors, has enabled the
creation of hybrid nanodevices. Biological and medical research
communities are currently in the process of applying the science
and engineering principles of nanomaterials developed by physi-
cal scientists in the past few decades into devices for both
biological research at the bench and medical devices for applica-
tion at the bedside. Therefore, in the past few years, there has been
a great interest in applying nanotechnology to the field of medi-
cine, more specifically for enhancing the tools for drug delivery,
imaging and sensing in medicine. This review is intended to
provide a description of the toolbox of nanotechnology as appli-
cable to medical problems, and discuss some of the areas of
medicine which are already benefiting from such advances, or
where nanotechnology has a potential of being employed gain-
fully. In the end, we will also steal a look at the future to predict
the possible development of nanodevices that may sound futuristic
now but could very well become a reality in our lifetime.

SENSING
Important advances have been made in the biosensor area, mainly
aimed at fabricating novel detection technology with the advan-
tages of low sample consumption, high throughput analysis,
automated processing and label-free sensing of disease markers
with increased sensitivity.

Nanowires can be fabricated by a number of alternative mech-
anisms; the most common technique involves vapour–liquid–
solid growth of a nanowire catalysed by a metal cluster such as a
gold droplet, where the catalyst is a nanocluster or nanodroplet
that defines the diameter of the nanowires, typically around 10 nm,
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FIG 1. Nano-objects in relation to length scale of familiar items
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and serves as the site that directs preferentially the addition of
reactant to the end of a growing nanowire. A nanowire can extend
up to tens of micrometers (Fig. 2a), and can be functionalized with
a probe molecule (such as antibodies or oligonucleotides) for
detecting a clinically relevant biological ligand (Fig. 2b). Simi-
larly, nanotubes, which consist of graphite sheet/s rolled up into
a tubular form (Fig. 2c) with diameters ranging from 0.5 to 3.0 nm
or 1.5 to 100 nm and length of 20–1000 nm or 1–50 µm for single-
walled nanotubes and multiwalled nanotubes,1 respectively, can
be functionalized as useful biosensors. For these sensors, the
chemical event of target molecule binding to the probe anchored
on the nanowire/nanotube surface changes the conductivity of the
nanotube or nanowire, which can be electronically detected.
Lieber’s group at Harvard have developed silicon nanowire-based
biosensors capable of detecting protein2 and oligonucleotides;3

moreover, they have shown multiplex detection of protein cancer
markers in the femtomolar range using antibody-functionalized
nanowires.4 Our group has recently demonstrated the possibility
of using both nanowires and nanotubes for detection of a common
cancer biomarker, prostate-specific antigen (PSA), at the clini-
cally relevant range.5 This allows for the potential to fabricate an
array of nanowires and/or nanotubes functionalized with all the
common molecular probes used as a general diagnostic chip and
would require only a finger-prick droplet of blood.

Cantilevers, typically made of silicon nitrite coated with gold
on one surface, are mechanical beams anchored at one end and
free-standing at the other, similar to a diving board at a swimming
pool. Micro/nano-cantilevers have been demonstrated by us,6–8

and9,10 as label-free biosensors for biomolecules by functionalizing
probe molecules selectively on one surface (gold side) of the
cantilever as shown in Fig. 3. The cantilever bends in response to
the change in surface stress upon binding of target molecules from
a body fluid such as serum. The bending can be detected both
optically and electrically, which can be scaled up to an array for-
mat with as many as hundreds of cells for simultaneous detection
of multiple biomarkers requiring minimal clinical samples.

Nanopores have been applied as an ultra-rapid sequencing
method. An electric field is used to drive charged DNA molecules
through a nanopore of an alpha-haemolysin protein channel em-
bedded in a lipid bilayer11,12 separating two conductive compart-
ments. The current and time profile is recorded, which can be used
to identify each base with the potential of sequencing more than
1000 bases per second per pore.13 As the technology advances,
multiple pores can be manufactured in a single device capable of
detecting single nucleotide polymorphisms to realize the possibil-
ity of individualized medicine through pharmacogenomics. Simi-
larly designed, longer, nanochannels, where the inner lumen of
the nanochannels is functionalized with the capture ligands, could
be potentially useful in sensing clinically relevant protein markers.

MOLECULAR IMAGING
Since each molecule or a group of molecules is too small to be
imaged directly using non-invasive techniques, contrast agents
that are site-specific can act as beacons to mark the site of interest.
An ideal targeted contrast agent should have a long circulating
half-life of the order of hours, specific binding to the molecule of
interest, low non-specific background signal, high signal-to-noise
ratio, low toxicity profile, and should be detectable with currently
available imaging techniques while also being adaptable for
therapeutic delivery.14

Historically, liposomes have been the synthetic nanoscale
particles that are already gainfully introduced in the clinical
domain, and newer entrants such as synthetic inorganic nano-
particles are now likely to follow suit. A schematic diagram of a
typical nanoparticle is depicted in Fig. 4. Briefly, liposomes are
such 50–700 nm vesicles, with lipid bilayer membranes made up
of phospholipids and cholesterol surrounding an aqueous interior
that can carry drugs (such as doxorubicin) to increase the efficacy
and safety of the drug, as well as act as imaging agents themselves.
Liposomes conjugated with antifibrinogen for targeting thrombi
and fibrous portions of the atheroma, and anti-ICAM-1 for target-
ing areas of early atheroma have been shown to be effective

FIG 2. Schematic diagram of (a) nanowire synthesis, (b)
nanowire/nanotube biosensor with electrical contacts, source
(S) and drain (D), for detection and (c) single-walled nanotube

FIG 3. Schematic diagram of cantilever biosensor: (a) no deflec-
tion in absence of target molecule, (b) deflection in presence of
target molecule
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ultrasound image enhancers.15 Similarly, liposomes containing
paramagnetic particles functionalized with antibody against en-
dothelial alphaVbeta3 for assisting magnetic resonance (MR)
imaging can be used to assess the angiogenic vasculature of a
tumour microenvironment.16 Other nanoparticles such as emul-
sions,17,18 dendrimers19,20 or various polymers21,22 can be used as
carriers such as paramagnetic metals or fluorescent molecules to
enable detection with current, commonly used imaging equip-
ment. Stem cells carrying superparamagnetic iron oxides coated
with dendrimers through endocytosis are prepared in vitro and can
be used for in vivo tracking to study infusion or transplantation for
the repair and revascularization of the target tissues.23 Harisinghani
and Weissleder in 2004 described a technique that could begin to
make the staging of cancer both more accurate and less invasive.24

They explored the possibility of semi-automated non-invasive
nodal cancer staging using a nanoparticle-enhanced lymphotropic
magnetic resonance imaging (LMRI) technique in patients with
histologically proven malignancies from different primaries. Dif-
ferent patterns for LMRI could be seen for normal and malignant
nodes. They designed a computer program that could recognize
metastases producing a 3-D reconstruction of the lymph nodes
which could possibly be used by oncologists and surgeons to
provide optimal treatment. More recently, labelled dendritic cells
injected into lymph nodes in patients with melanoma for monitor-
ing cellular therapy using MRI cell tracking has been shown to be
clinically safe.25 A recent study aimed to assess the diagnostic
precision of MRI with ferumoxtran-10 (an ultra-small superpara-

magnetic iron oxide nanoparticle used as a contrast agent) for the
diagnosis of lymph node metastases, compared with that of
unenhanced MRI. This meta-analysis of 19 prospective studies
involving a total of 631 patients compared MRI with and without
ferumoxtran-10, and concluded that ferumoxtran-10-enhanced
MRI is sensitive and specific in the detection of lymph node
metastases for various tumours, and offers higher diagnostic
precision than unenhanced MRI.26 Other than nanoparticles, car-
bon nanotubes packed with gadolinium, a toxic contrast agent,
termed gadonanotubes, have been demonstrated to be at least 40
times more effective than any gadolinium-based contrast agents
used currently.27

Quantum dots (QDs) are inorganic nanostructures composed
of the same semiconducting materials used for developing faster
computer chips two decades ago.28–30 Recently, some groups have
demonstrated the biological applications of QDs,31,32 which have
advantages over the traditional organic fluorophores due to their
narrow, symmetric emission spectra, while requiring only a single
excitation wavelength to simultaneously resolve multiple photo-
stable colours. QDs made for biological applications can be
distinguished into three component layers, where the core is
composed of semiconducting material such as cadmium selenide
(CdSe) or cadmium sulphide (CdS) surrounded by a shell com-
posed of zinc sulphide to protect the reactive core from pollutants.
The core shells are in turn coated with a layer of organic ligands
to further protect the cores and, more importantly, provide a
hydrophilic outer surface for solubility in most biological buffers

FIG 4. Schematic diagram of multiple functionalities that can be incorporated in a nanoparticle. The shell of the nanoparticle can be
made of lipid bilayers or polymers for shielding the core, which in turn can be liquid for carrying payloads or solid in case of contrast
agents and quantum dots. The payload can consist of different drugs including cytotoxic, vasodilator, anti-inflammatory, permeability
enhancer agents, etc.
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and a substrate for cross-linking via reactive functional groups
such as antibodies and oligonucleotides for derivatization to
provide a ‘functionalized’ surface. By varying the diameters of the
core layer, QDs can have different emission wavelengths resulting
in the formation of unique fluorescent dyes for labelling. For
example, QDs with 3 nm cores emit a green colour, while QDs
with 6 nm cores emit a red colour. The unique properties of QDs
have enabled multiplexed imaging of cellular targets for studying
cancer biology,33 multiphoton fluorescence studies for deep tissue
imaging in live mice34 and near-infrared imaging for sentinel
lymph node (SLN) mapping at 1 cm tissue depth.35

THERAPY
In addition to the potential improvements in the imaging field,
nanotechnology offers the advantages of targeted drug delivery
and controllable release of a therapeutic compound. Targeted drug
delivery and controlled release allows for better management of
drug pharmacokinetics, pharmacodynamics and lowered non-
target toxicity and immunogenicity. Many of the nanoparticles
used for enhancing molecular imaging (such as dendrimers,
liposomes and emulsions) can also be employed for drug delivery.
An ideal drug carrier system needs to demonstrate optimal drug
uptake and release properties, long shelf-life and low toxicity.

The important advantages of nanoparticles used as drug carri-
ers include their high in vivo stability, high carrier capacity,
feasibility of incorporation in their structure of both hydrophilic
and hydrophobic substances, and possible use of variable routes
of administration (such as oral, topical application and inhala-
tion). Nanoparticles can also be designed to allow sustained drug
release from the matrix. The latter property of nanoparticles
enables improved drug bioavailability and reduced dosing fre-
quency, especially for drugs to be administered for chronic infec-
tions. Nearly a third of the world population is infected with
Mycobacterium tuberculosis, resulting in more than 8 million
new cases and 2 million deaths annually. Although potentially
curative treatments have been available for almost half a century,
tuberculosis (TB) remains a major clinical burden in many devel-
oping countries including India and is the leading cause of
preventable deaths. An increasing number of publications have
reported nanoparticle-based drug delivery systems to have consid-
erable potential for the treatment of TB.36–38 Such drug delivery
systems may resolve the problem of non-adherence by patients to
prescribed therapy, which is probably the most significant ob-
stacle in the control of TB epidemics.

Gene therapy, involving targeted delivery of therapeutic DNA
sequences into diseased tissue, has been an obvious area of intense
investigation into nanotechnological avenues for therapy. In addi-
tion to the problems with efficient intracellular delivery of DNA
and its rapid escape from the degradative environment of endo-
somes, lack of optimal translocation of DNA from the cytoplasm
to the nucleus remains one of the major obstacles in gene therapy.
While nanosystems for the intracellular delivery of DNA are
available, their entry across the nuclear membrane remains the
rate-limiting barrier to efficient gene transfection. This is because
all passive and active transport into and out of the nucleus is
regulated via the nuclear pore complexes in the nuclear mem-
brane. These pore-like molecular sieves allow molecules smaller
than 40–50 kDa to diffuse freely across, but larger molecular
structures, such as large proteins, can achieve nuclear entry only
by virtue of their nuclear localizing signal (NLS) peptide se-
quences. For efficient gene transfection, the highly negatively
charged DNA is neutralized using either cationic ions (e.g. Ca2+ or

Mg2+) or cationic polymers (e.g. poly-L-lysine), which results in
collapse of the DNA molecules into small, ‘counter-ion con-
densed’ DNA particles.39 Even this condensed DNA the size of a
single plasmid molecule, however, forms a sphere of about 25 nm,
larger than the pore size of the nuclear pore complex to allow
passive transport. Thus, the size of the therapeutic DNA molecule
can be one of the limiting factors. The nanoparticles for DNA
delivery are typically formulated using poly DL-lactide co-glycolide
(PLGA) or polylactide (PLA) polymers with an encapsulated
therapeutic agent or gene of interest.40 Using this system, Panyam
et al. have demonstrated the rapid escape of PLGA-based nano-
particles from endosomes to the cytosol following their cellular
uptake, a desirable characteristic for gene delivery systems.41

However, a significant fraction of the nanoparticles remains in the
recycling endosomes and undergoes exocytosis.42 This process of
exocytosis could be another limiting factor in nanoparticle-medi-
ated gene delivery. The knowledge of the molecular mechanisms
involved in the delivery of these nanosystems at the cellular level
will help us to overcome the barriers to effective drug and gene
delivery. Such understanding will require multidisciplinary col-
laborations among researchers from the fields of polymer chemis-
try, physics, biochemistry and engineering.

Another medical field that will see substantial inroads being
made in its therapeutics is cardiovascular diseases. A large
number of people die of atherosclerosis and its complications such
as stroke, myocardial infarction and arrhythmias each year glo-
bally. Biomedical engineers have developed microscale instru-
ments to open occluded arteries, to palliate the failure of the
cardiac pump and to restore normal cardiac rhythm. Yet, the
available tools are bulky, infection-prone, oligotasking and sub-
ject to obsolescence. These limitations have inspired many nano-
technologists to seek new tools that are 103–105 smaller than
current cardiac devices. Drug-eluting stents are the newest such
developments where the microscale meets the nanoscale for
therapeutics. The advent of balloon angioplasty and later stainless
steel stents ushered in a new era in the treatment of atherosclerotic
coronary disease. Coronary stents used worldwide have eclipsed
coronary bypass surgery as the preferred treatment for many
people with coronary artery disease. The success of percutaneous
interventions for atherosclerosis, however, has been limited by
restenosis. Moving beyond the use of stents as mere structural
scaffolds, and using them to deliver drugs directly to the coronary
arteries is the next phase in the management of atherosclerosis.
The recent development of antiproliferative, drug-eluting coro-
nary stents is a breakthrough in preventing restenosis.43 The nano-
polymers used for drug-eluting stents satisfy the need to adhere to
stainless steel, be biologically inert, withstand sterilization, ac-
commodate high pressures (10–18 atmospheres) and be resistant
to shear and stretching forces during delivery. Sirolimus and
paclitaxel are two of the commonly used chemotherapeutic drugs
for this purpose.44

TOXICITY
Caution should be exercised when considering the applicability of
nanomaterials. Particle size and surface area are important char-
acteristics when considering the toxicity of a material. As the size
of the particle decreases, the surface area increases exponentially,
which allows for more potentially reactive groups to interact with
the environment on the surface.45 It has been well established that
fine particles in the air can increase morbidity and mortality from
pulmonary and cardiovascular causes, with both long term and
short term effects.46 For instance, exposure of human keratinocytes
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to carbon nanotubes was associated with oxidative stress and
apoptosis.47 More recently, the same group of researchers has
carried out toxicity studies on nanotubes using mouse models, and
their data suggest that workers exposed at the current permissible
exposure level may be at risk of developing pulmonary fibrosis.48

However, not all nanotubes are composed of the same functional
groups. Unconjugated single-walled nanotubes inhibit cell prolif-
eration and may induce apoptosis in human cells,49 whereas
functionalized nanotubes internalized by HL60 cultured cells
appear to be non-toxic after up to 48 hours incubation.50 However,
with fluoresceinated protein, a streptavidin–biotin nanotube com-
plex exhibits dose-dependent cytotoxicity. Understanding the
toxicity of QDs in biological applications also has the same
complexity as nanotubes due to the variety of published protocols
for synthesis, solubilization and functionalization. Studies have
shown cytotoxic effects when an exposed CdSe core releases Cd2+

ions, leading to liver toxicity. The less protected the core/shell
material is, the faster is the appearance of signs of interference
with cell viability or function51 due to the release of metal ions. In
summary, for labelling cell cultures and in vitro studies, nano-
materials with appropriate coating will have minimal toxicity, if
any. On the other hand, when injecting nanomaterials into humans
as contrast agents, therapeutic carriers or sensors, one has to
consider the rate of clearance. Iron oxide nanoparticles, for ex-
ample, have been used as contrast agents and can be ingested by
living cells52 and the biodegradation of the particles results in free
iron that can be incorporated into haemoglobin; the body is free of
residues of iron oxide nanoparticles after months. QDs encapsu-
lated with the best protective shells will slowly break down in the
body and eventually expose the core and release toxic ions. The
toxicity of nanomaterials is yet to be defined and it will be an
important issue when introducing the technology at the bedside.

INTEGRATED ‘SDA’ NANOSYSTEMS
An ideal, clinically usable dream-machine nanosystem will be
one that can ‘sense, decide and act’ (SDA) to effect therapeutic
response. The ‘sensor’ component will gather data to diagnose the
medical problem, the ‘determinant’ component composed of a
logic unit will integrate the signals from each individual sensor to
decide on the action, and the ‘action’ unit can bring about the
therapeutic modalities.

The current state of nanobiotechnology is mostly building
‘sensor’ (such as nanowires, nanotubes, cantilevers and nanopores)
and ‘action’ components (such as various organic, inorganic and
hybrid nanoparticles for drug delivery). The work towards devel-
opment of an integrated nanosytem, where the therapeutic action
depends on the information gathered from the sensors and pro-
cessed by a deterministic element will probably take another
decade at least. But the field of nanomedicine already holds the
promise of delivering substantial benefits to patients in the rela-
tively much nearer future.

CURRENT LIMITATIONS IN APPLICATION OF
NANOTECHNOLOGY TO MEDICINE
Although nanotechnology has a great potential for improving the
sensitivity of detection in molecular imaging and biomarker pro-
filing, decreasing the time required for test results, enhancing
efficacy of therapy and realizing the dream of personalized medi-
cine, there are still challenges that need to be addressed. As men-
tioned earlier, one of the direct results in scaling down from bulk
material to nanoscale structures is increase in surface area which
can be both beneficial and problematic depending on surface

treatments. For example, nanoparticles such as QDs capped with
hydrophobic polymers tend to form aggregates to limit contact
with a surrounding aqueous medium, which abrogates the novelty
and advantages of nanoparticles. Since a plethora of proteins exist
in the biological environment, non-specific binding to the surface
of a nanoparticle also presents a challenge that limits the potential
for site-specific delivery of therapeutic and contrast agents. As
discussed above, the issue of toxicity using nanomaterials is of
great importance; the material of interest may not exhibit toxicity
in the bulk form, but may acquire toxic potential when scaled
down in size, an effect which warrants more research.53 As with
any novel, emerging technology, nanotechnology faces the same
as yet undefined safety issues of the material. The current manu-
facturing techniques are mostly in-house protocols, which lack
standardization across different laboratories and manufacturing
facilities. Patent offices the world over are still refining the filing
processes for nanotechnological devices. And, most importantly,
the rigorous and time-consuming process of clinical trials inherent
in the validation of nanotechnology will be a cornerstone prior to
its application to clinical medicine.

Many of the above limitations are being addressed systemati-
cally. Examples of such efforts include the establishment of nano-
material characterization laboratories and increased funding em-
phasis in many countries to promote enhanced interdisciplinary
interactions and development of model systems to assess the
toxicity of novel nanomaterials.

CONCLUDING REMARKS
There is a general sense that nanotechnology is empowering
biologists with tools to gain new insights into biochemical phe-
nomena with better control and faster turnaround time; however,
there are still fundamental questions about these materials that
must be answered if nanotechnology is to ultimately have a consi-
derable impact when translating the knowledge at the bedside for
patients. The field of nanotechnology is still in its infancy where
novel techniques of manufacturing are being introduced, which
leads to the problem of lack of standardized manufacturing pro-
cesses and will hinder rigorous evaluation of data across different
laboratories. As the field matures, guidelines will evolve allowing
for comparison of data across laboratories; more importantly,
these will allow collaborations to coalesce to improve upon
nanomaterial development and study of the environmental and
health impact of nanomaterials. The interdisciplinary nature of
nanomedicine has brought together creative minds from physical
sciences, engineering, biology and medicine together, to not only
contribute to the understanding of both the physical and biological
worlds, but also to translate the findings into improvements in
patient management.
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