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Nanotechnology is the art of manipulating materials on atomic or molecular scales especially to build nanoscale structures and
devices. The field is expanding quickly, and a lot of work is ongoing in the design, characterization, synthesis, and application
of materials, structures, devices, and systems by controlling shape and size at nanometer scale. In the last few years, much
work has been focused on the use of nanostructures toward problems of biology and medicine. In this paper, we focus on the
application of various nanostructures and nanodevices in clinical diagnostics and detection of important biological molecules. The
discussion starts by introducing some basic techniques of micro-/nanoscale fabrication that have enabled reproducible production
of nanostructures. The prospects, benefits, and limitations of using these novel techniques in the fields of biodetection and medical
diagnostics are then discussed. Finally, the challenges of mass production and acceptance of nanotechnology by the medical
community are considered.

1. Introduction

By definition, a nanostructure is an object that has at
least one dimension equal to or smaller than 100 nanome-
ters. There is a wide variety of nanostructures, such as
nanoparticles, nanopores, nanorods, nanowires, nanorib-
bons, nanotubes, and nanoscaffolds. The most promising
features of these structures are their size-dependent prop-
erties. For example, metallic nanoparticles exhibit tunable
radiation and absorption wavelength depending on their
aspect ratio [1] and coating [2]. These unique properties
are attributed to the phenomenon called localized surface
plasmon resonance (LPSR). Each particle can effectively
produce photoluminescence equivalent to a million dye
molecules. Additionally, they are photostable and do not
suffer from photobleaching [3]. Owing to their superior
optical properties, they can produce better signal over
ordinary dye molecules. After coating with probe molecules,
the optical properties of nanostructures allow the detection
of specific target molecules.

Some nanostructured surfaces are known to be suitable
for enhanced cell adhesion and proliferation [4, 5]. This
is believed to stem from mimicking the actual nano-
features of the living systems [6]. Carbon nanotubes exhibit
exceptionally high current carrying capacity [7, 8]. They
can be used to interconnect devices at very low dimensions
where ordinary metals suffer from high contact resistance
and electromigration. Electromigration limits the use of the
most widely used interconnect metal, copper, at nano-scale.
Nanowires are reported to be useful in different sensing
techniques including electrical, electrochemical, optical, and
mass-based approaches [9–12]. Usually nanowires show high
resistance due to the surface scattering of carriers, but their
resistance is strongly dependent on the species attached on
the surface. If the immobilized species can selectively bind to
a target, then it can detect an ultralow concentration of target
species [13–15].

Early detection is very crucial for some diseases like
cancer to provide better treatment. Early detection increases
the probability of curing diseases and significantly improves



2 Journal of Nanomaterials

Negative photoresist:
exposed photoresist
insoluble

Light

Mask
Photoresist

Film

Substrate

Positive photoresist:
exposed photoresist
soluble

Etched film

patterns

Figure 1: Photolithography using negative or positive photoresist.

the rate of mortality. Historically, it has been difficult to
detect early or precancerous states due to unavailability of
ultra-sensitive devices capable of detecting a multivariate
disease like cancer. But now, such devices may be realizable
using a large number of nanostructures on a single assay
system [16, 17].

There are two different approaches for fabricating nanos-
tructures irrespective of the field of applications: top down
and bottom up.

In top-down approach, a bulk material is laterally
patterned by a series of subtractive and additive steps. The
basic fabrication steps in a top-down approach are (i) lithog-
raphy, (ii) oxidation, (iii) etching, (iv) ion implantation, (v)
diffusion, and (vi) deposition.

(i) Lithography: lithography is the process of transferring
a pattern from a mask on to a substrate. Optical lithography,
generally called photolithography, has been the workhorse
of semiconductor industry. Newer techniques, called next-
generation lithography (e.g., e-beam/ion-beam lithography,
X-ray lithography, nanoimprint lithography, scanning probe
lithography, interference lithography, nanotemplating, etc.)
are more of experimental nature but are expected to
replace photolithography. Photolithography requires a mask
that contains the template features on it. A photosensitive
material (photoresist) is spun cast on the substrates which
undergoes changes in chemical composition when exposed
optically to a specific wavelength of light through the mask.
The exposed wafer is then developed in a solution (developer
solution such as MF-319) to create the pattern. A typical
photolithography process is shown in Figure 1 (adapted from
[18]).

(ii) Oxidation: it is the formation of silicon diox-
ide (SiO2) on a silicon substrate [18]. There are several
techniques for growing SiO2 on a silicon substrate; more
common are thermal oxidation, plasma anodization, and

wet anodization. Among these, thermal oxidation is used in
large-scale integration of electronic devices. A silicon wafer
is placed in a furnace and exposed to high temperature
either with or without water vapor. There are thus two
types of thermal oxides: oxides made via dry oxidation
and oxides made via wet oxidation. In dry oxidation, a
mixture of nitrogen and oxygen is pumped into the furnace
(which is already at or above 1000◦C). At high temperature,
silicon reacts with oxygen and a SiO2 layer is grown. In wet
oxidation, water vapor instead of oxygen is pumped into the
chamber along with nitrogen. The growth rates of oxide in
both cases depend on the temperature, pressure, orientation
of the wafer, dopant species in the wafer, moisture content
inside the chamber, presence of chlorine, and so forth.
Thermally grown oxides are used as tunneling oxide, gate
oxide in metal oxide field effect transistors (MOSFETs),
dielectric material in capacitors, masking material against
ion implantation and diffusion, passivation layer on the
substrate, device isolating material, and so forth [18].

(iii) Etching: etching is a subtractive method that selec-
tively removes material from the substrate. A mask pattern
is first created on the layer to be etched. Then the etchant
is introduced into the system. This can be done in dry or
wet conditions, depending on the requirements. Wet etching
offers a high etching rate, but it is mostly isotropic, which
is sometimes not desired. On the other hand, dry etching
is highly directional in nature but less selective compared
to wet etching. Dry etching is preferred over wet etching
where a high aspect ratio needs to be achieved. Almost every
lithography step is followed by an etching step to create
patterns.

(iv) Ion Implantation: ion implantation is a process in
which energetic, charged atoms (or molecules) are directly
introduced into the substrate. It is the process of introducing
impurities in a controlled fashion. The distribution of the
impurity atoms depend on the type of particles, their energy,
and the orientation of the wafer with respect to the ion beam.

(v) Diffusion: diffusion is the spontaneous movement
of particles toward a lower concentration region due to the
concentration gradient. It is used to introduce dopants in
crystal. It is a high temperature process.

(vi) Deposition: this process is used for putting uniform
layers of materials onto substrates. It can be chemical vapor
deposition (CVD) or physical vapor deposition (PVD), as
depicted in Figure 2 [18]. In CVD the reactant species are
introduced into the chamber. These react with each other
and deposit a layer of one product material. The rest of the
byproducts are usually gaseous and are pumped out of the
chamber. CVD offers uniform, robust, and high throughput
deposition of materials. It can be used to deposit a wide
variety of materials, including Si3N4, SiO2, Al, and W. PVD is
a physical process where a target material may be vaporized
using heat or an electron beam. The evaporated atoms or
molecules are deposited on the surface of the substrate.
No chemical reaction occurs in this process. Since there
is no other material inside the chamber, PVD offers purer
deposited films than CVD, but the throughput is lower for a
PVD system [18].



Journal of Nanomaterials 3

Substrate

CVD

Substrate

PVD

Figure 2: Chemical vapor deposition (CVD) and physical vapor
deposition (PVD), adapted from [18].

The top-down approach can be used to fabricate a wide
variety of devices with high reliability and high integrity;
thus, this approach is common in the semiconductor device
industry. Many of the novel nanostructures, like nanowires
and nanopores, may be fabricated with top-down approaches
[19–23]. Stern et al. reported nanowires fabricated by the
top-down approach that were used to detect biological
samples without any labeling [21]. Nanopores can be used to
detect and measure biophysical properties of DNA, proteins
and many other molecules passing through the nanopores
[22, 24, 25].

The major advantages of the top-down approach are
that a large number of features can be transferred onto a
substrate from a mask by a single exposure and that single
mask can be used many times. Successive masks can be
aligned with high precision using alignment marks placed on
the substrate. Owing to the parallel nature of the top-down
approach, high density devices can be produced at mass-
scale. In last few decades, advances in top-down fabrication
has led to a monotonic decrease of device dimensions,
thereby increasing the density of devices on a single chip.
The immediate consequence has been significant reduction
in cost per device.

However, at very small scales (less than 100 nm), the
top-down approach has inherent limitations [26]. Optical
lithography, which has been the key enabler of low cost mass
production of micro-/nanodevices, is no longer suitable to
fabricate structures below 100 nm. When the wavelength gets
too small, conventional lenses cannot be used to focus light
due to the high optical absorption [26]. New equipment
would be required to focus the light, adding to production
cost.

In bottom-up fabrication, the building blocks (e.g., the
atoms or molecules) are brought in close proximity to form
the desired structures. The assembling of the elementary
blocks is usually manipulated by physical aggregation,
chemical reaction, and use of templates [27]. Controlled
chemical reactions are used to manipulate those blocks to
self-assemble and make nanostructures such as nanotubes,
nanoribbons, and quantum dots [28, 29]. There are two
methods to achieve self-assembly: templating and nontem-
plating. Templating involves the interaction of biomacro-
molecules under the influence of a specific sequence, pat-
tern, structure, external force, or spatial constraint. For

instance, cylindrical amphiphilic polymeric micelles may be
used as templates to fabricate semiconducting nanotubes
of cadmium sulphide. Semiconducting cadmium sulphide
may be used to detect a DNA sequence via field effect
transistor (FET) action [30]. In contrast, nontemplating is
the formation of larger structures by individual atoms or
molecules without external influence [31, 32]. For example,
nontemplating can be used to form a variety of structures
and shapes, including twins, tetramers, rods, triangles, and
3D arrays [32]. Self-assembly is a cost-effective and efficient
technique that can be used to produce nanostructures and
features below 100 nm [33].

The bottom-up approach accommodates a wide range
of possibilities in the design and fabrication of molecular
devices. The unique advantage of the bottom-up approach
is the potential to assemble nanostructures where the top-
down approach fails. Even with sophisticated photolithog-
raphy, it is not easy to fabricate nanostructures at a size
of a few nanometers. Self-assembly is an ideal approach in
this case [34]. Nonetheless, one of the major challenges of
this approach is to ensure predefined structures with precise
shapes and sizes. Hierarchical design, which makes the top-
down approach suitable for producing high density devices,
is not yet feasible with the bottom-up approach.

2. Medical Applications of Nanostructures

Nanodiagnostics is defined as the use of nanotechnology for
clinical diagnostic purposes [35, 36]. Recently, a wide variety
of nanostructures has been tested in different diagnos-
tics applications. Nanostructure-based diagnostics have the
promise to offer higher sensitivity and specificity, allowing
earlier detection of diseases [36]. The increased demand
for sensitivity requires the occurrence of a diagnostically
significant interaction between analyte molecules and signal-
generating parts, thus enabling detection of a very low
amount of analyte. Due to their increased sensitivity and
selectivity, different nanostructure-based assays have opened
new directions in diagnostics of pathogens and diseases in the
last few years [36]. The novel and unique characteristics of
nanostructure-based diagnostics have the potential to create
point-of-care applications. The applications of different
nanostructures in the field of diagnostic and detection are
reviewed below.

2.1. Nanostructured Surfaces. Nanoscale topography is
achieved on a substrate by using a number of techniques.
Nanostructured or more precisely nanotextured surfaces
show interesting properties. For example, nanotextured
surfaces have been shown to enhance adsorption of cells
and increase cell proliferation [37, 38]; nanopillars on
a polyethylene glycol (PEG) surface patterned by UV-
mediated capillary lithography have been shown to enhance
the adsorption of proteins [39]. The nanopatterned surface
in the latter case also enhanced the cell adhesion (heart
fibroblasts of natal rat). The enhanced adhesion was
explained in terms of the increased surface area, and
the resulting increase in interactions between the cells
and the functional group on the surface [39]. Antibody
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Figure 3: Fluorescence images of (a) biotinylated DNA deposited on to a streptavidin-coated glass surface; (b) intensity plot across the
bottom row of (a); (c) pattern of biotinylated DNA square on top of another; (d) G-protein dots on a positively charged glass surface,
reprinted with permission from [42]. Copyright 2002 American Chemical Society.

functionalized nanostructured surfaces have also been
used to detect specific proteins or cells [40]. The increased
adhesion has been shown to impart more sensitivity in
the detection. Additionally, these structures are simple to
fabricate and to reproduce. The structures are robust enough
to remain stable upon exposure to solvents like water and
ethanol [39].

Dip pen nanolithography (DPN) is a scanning probe
lithography technique that can directly write patterns of
molecules like modified oligonucleotides and mercapto-
propyltrimethoxysilane (MPTMS) on silicon dioxide chips
[41]. Fluorophore-labeled complementary and noncomple-
mentary DNA molecules have been used to verify the
specificity of the patterned molecules. The same array could
be reused after rinsing with deionized (DI) water to assemble
the modified complimentary DNA.

Andreas et al. reported a straightforward method to
create patterns by direct writing of DNA and proteins on
a glass surface by scanning ion conductance microscopy
(SICM). Reportedly, their method possessed delivery control

down to the single molecule level [42]. Fluorophore-labeled
DNA and G protein were patterned on a glass surface, and
images were taken as shown in Figure 3. These methods can
be used to fabricate DNA and protein arrays [41, 42]. Anti-
bodies and complementary DNA tagged with fluorophore
or nanoparticles could be detected by these arrays. Though
this nanopatterning technique is still at its nascent level, it
shows the potential to possibly miniaturize certain medical
diagnostic assays as this novel technique can utilize very small
sample volumes to detect target molecules.

Recently, nanoarrays of monoclonal antibodies have been
created by DPN to capture HIV p24 proteins from human
plasma samples. AFM was used to determine the presence
of p24 after capture. By adding anti-p24-modified gold
nanoparticles which would selectively bind to the p24 spot, a
detection limit of 0.025 pg/mL was achieved. This detection
level is much better than the 5 pg/mL limit of conventional
enzyme-linked immunosorbent assay (ELISA) [43].

A capacitor is an electrical device that is formed when
an insulating material is sandwiched between two electrode



Journal of Nanomaterials 5

plates. When the gap between two plates is a few nanometers,
it can be called a nanocapacitor. The capacitance can be
determined from the plate area, the distance between plates,
and the dielectric properties of the insulating medium. The
working principle of a nanocapacitor-based biodetection
device is simple: if some target molecule selectively could
be attached onto a dielectric material, it would change
the dielectric constant of the material appreciably, and the
change in capacitance would be significant. This change
could be measured electrically, allowing detection of the
target molecules. The main advantage of this method is
that it does not require any prior labeling of the sample.
The only requirement is that there should be a minimum
concentration of target molecules present in the sample
sufficient to create appreciable change in capacitance. Kang
et al. developed transparent nanocapacitors that were used
to monitor dielectric and optical dynamic behavior of
biomolecules. They used planar nanogap capacitors with
50 nm gaps, fabricated using silicon nanolithography [44].
The nanogap was created by in-plane sacrificial oxide etch-
ing. The single stranded DNA (ssDNA) was immobilized on
the electrode surface. When the target DNA hybridized with
the probe DNA, the dielectric property changed, resulting
in a change in capacitance. The permittivity changed upon
hybridization, which implied that the capacitance changed
accordingly [44]. Permittivity was significantly increased
in the case of hybridization, allowing detection of com-
plimentary DNA. A large two-dimensional array of such
nanocapacitors can be used for label-free measurement of
nucleic acid targets with high sensitivity.

2.2. Nanoparticles. Nanoparticles are ultrafine particles with
at least one of the diameters (major or minor axis) less
than 100 nm [45]. There is a wide variety of nanoparticles
depending on their shapes, materials, and sizes. The most
common shapes of nanoparticles are sphere, rod, prism,
dot, star, and so forth. Nanoparticles can be synthesized
from metals or polymers [46, 47]. Among metallic nanopar-
ticles, gold nanoparticles (GNPs) are used extensively for
many applications and especially in bioassays [46]. There
are several techniques to produce GNPs. Most commonly,
GNPs are synthesized by chemical reduction of a precursor
compound of gold in the presence of a capping agent (such
as AuClO4) [48]. This capping agent is able to bind to the
GNP surface, blocking its growth beyond the nanometer
range and stabilizing the colloid in a particular solvent. This
method is commonly used to produce spherical GNPs [48].
Temperature, reducing agent, capping agent, and reaction
time are the experimental parameters to control the shape
and size of the GNPs [49].

Quantum dots (QDs) and GNPs can be used to develop
immunoassays to detect pathogens and DNA sequence
[50]. Used as fluorophores, these nanoparticles can produce
six orders of magnitude stronger emission intensity than
conventional dyes. Properties like high photostability, single-
wavelength excitation and size-tunable emission make QDs
and GNPs very suitable for imaging purposes [51]. GNPs
have also been widely used in optical detection systems
due to their very high absorption coefficients [52]. The

optical properties of GNPs and QDs (such as absorption
coefficient, refractive index, color, etc.) can be explained
from a phenomenon called surface plasmon resonance
(SPR). The emission bands of NPs and QDs strongly depend
on their shapes rather than sizes and are not perturbed by
refractive index of the surrounding medium [52].

GNPs can be detected by optical absorption, Raman
scattering, fluorescence, magnetic/atomic force microscopy,
and electrical resistance measurements. The availability of
these various detection methods makes GNPs useful markers
[53]. GNPs with attached DNA and Raman-active dyes have
been shown to assemble on a sensor surface to detect the
presence of complementary DNA target. Surfaces patterned
with multiple DNA strands have the potential to detect
different DNA sequences simultaneously [36].

Zhang et al. demonstrated a quantum dot-fluorescence-
resonance-energy- transfer (QD-FRET) based nanosensor.
In the presence of target DNA, the reporter probe and the
capture probes were sandwiched as shown in Figure 4 [54].
The assembly was then attached to the QD with the help
of a capture probe. When this complex was excited with a
laser source, it emitted two characteristic wavelengths: one
for the QD and one for the reporter molecule. In the absence
of the target molecule, there was emission only from QD.
However, if the target was present, then emissions from QD
and reporter molecules both were detected [54].

For separation-free DNA hybridization detection, molec-
ular beacons are the most widely used biomolecules. A
background noise comparison between the QD-FRET-
based nanosensor and the molecular beacon is presented
in Figure 5. From Figure 5(a) it can be seen that the
background fluorescent signal kept increasing with the
increase of probe concentration, whereas the QD-FRET-
based nanosensor showed almost zero noise irrespective of
the probe concentration. Comparison of detection sensitiv-
ity, defined as the ratio of the fluorescent burst after and
before introducing the targets is shown in Figure 5(b). At
every level of target concentration, the nanosensor showed
higher responsivity. The nanosensor showed almost 100-fold
higher responsivity than the molecular beacon at a target
concentration of 0.96 nM. Also, this QD-based sensor had
the sensitivity as low as 4.8 fM, which is 10,000 times lower
than that achieved by the molecular beacons [54]. The QD-
based sensing technique shows promise in the detection
of oligonucleotides, proteins and polypeptides. The main
advantages of the platform are that it produces results in
real time and at the single molecule level; therefore, it can
be used to study molecular interactions with high temporal
and spatial resolution [54].

An electrical resistance measurement system can also
be used to detect the hybridization between the probe and
target molecules. In one report, capture strands of DNA
were attached in between electrode gap first, then the GNP-
modified probing strands were dispensed on the surface [50].
A mixture of silver nitrate and hydroquinone was used to
enhance the conductivity of the gap. When the target strands
were present in the sample solution, they hybridized to the
capture strands and GNP probes onto the surface, and the
resistance kept reducing as the time went by [50]. It was
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Figure 5: Performance of QD-based nanosensor. (a) Fluorescent burst counts versus probe concentration plot for QD-based nanosensors
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reported that this method could detect 50 nM to 500 fM
of DNA by adjusting silver enhancement time [50]. This
method showed 10 times more sensitivity and 106 times
more specificity over current genomic detection systems
[50].

Recently, Herr et al. reported that a novel two nanoparti-
cles assay can be used to extract and detect acute leukemia
cells rapidly [55]. They used aptamer modified magnetic
and fluorescent nanoparticles simultaneously. First, mag-
netic nanoparticles extracted the target cells from the
sample solution, and subsequently fluorescent nanoparticles
enhanced the sensitivity of the detection. The magnetic
extraction efficiency for the target cells was well above that
for control cells, as shown in Figure 6. To improve the
sensitivity even further, fluorescent nanoparticles were used
with the magnetic nanoparticles. To compare the fluorescent
enhancement capabilities of dye-doped nanoparticles over
aptamer conjugated fluorescent dye, individual dye (Rubpy)
probes were linked with the aptamer in order to be immobi-
lized on target cells. Equal amounts of magnetic and Rubpy
nanoparticles were incubated with target cells and then
washed three times by magnetic extraction. The sensitivity of
dye-doped nanoparticles was at least 100 times higher than
that for the aptamer conjugated fluorescent dye, as shown
in Figure 7. The simultaneous use of two different aptamer-
conjugated nanoparticles on the same target enhanced the
selectivity significantly. Only magnetic extraction separated
a good number of target cells from control cells, but due to
nonspecific binding, some control cells were also retained in
the extracted solution, as shown in Figure 8. Simultaneous
incorporation of the fluorescent nanoparticles along with the
magnetic extraction enhanced the selectivity even further,
which is much desired for practical applications. Very high
sensitivity is always required to analyze a real sample due to
the low ratio of target cells to other cells.

Recently, Lee et al. have also reported multimodal
probing of tumor cells using iron oxide nanoparticles
with thermally crosslinked polymer shells [56]. They syn-
thesized triblock polymer (poly(3-(trimethoxysilyl) propyl

methacrylate-r-PEG methyl ether methacrylate)), denoted
as poly(TMSMA-r-PEGMA), for coating the iron oxide
nanoparticles. Figure 9 shows the coating and crosslinking of
the polymer on the surface of nanoparticles. The thermally
crosslinked superparamagnetic iron oxide nanoparticles
were denoted as TCL-SPION. The N-hydrosuccinimide-
activated carboxylic acid group provided active sites for
the further conjugation of fluorescent dyes (such as near-
infrared dyes) for optical imaging and cancer-specific ligands
[57]. Si(OCH3)3 group provided the bonding to iron oxide
and the crosslinking of the polymer shells and PEG for
biocompatibility [56].

Magnetic resonance imaging (MRI) showed the tumor
as a hyperintense area in T2-weighted images, as shown in
Figure 10(a) with a red arrow and a dashed circle before
the injection of the Cy5.5 TCL-SPION. At 3.5 hours after
the injection, MRI showed a decrease in signal, implying
the accumulation of the SPION within tumor region.
This decrease in signal was sufficient for a radiologist to
detect the tumor with high confidence. In vivo fluorescence
images of the same mouse at similar time points were also
taken, as shown in Figure 10(b). The pseudo-color-adjusted
optical images showed a relatively intense fluorescence signal
exclusively in the tumor area (red arrow in Figure 10(b)) at
3.5 h postinjection time. This result perfectly agreed with the
MR imaging results. The in vivo T2 MR and near-infrared
(NIR) fluorescent imaging of tumor-bearing mice after the
intravenous injection of the Cy5.5 conjugated multimodal
probes revealed that the probes were accumulated at the
tumor site due to enhanced permeation and retention effect.
This dual imaging technique ensured the detection of tumors
with good confidence.

In order to investigate further, ex vivo NIR fluores-
cent images of several organs and tumors were taken.
They indicated that the highest fluorescence intensity was
observed in the tumor region. When the free Cy5.5 dye
without nanoparticles was intravenously injected into a
tumor-bearing mouse as a control experiment, only a faint
fluorescence signal was observed in the tumor [56].

2.3. Nanopores. A nanopore is a nanoscale channel or hole
in a freestanding membrane. Solid-state nanopores were
originally inspired from reports of biological transmembrane
proteins being used as nanopores and nanoscale detectors.
For example, the alpha-hemolysin (αHL) channel was used
to detect small molecules of single stranded nucleic acids in
the seminal paper by Kasianowicz et al. [58]. More recently,
Clarke et al. have shown that a modified αHL nanopore (as
shown in Figure 11) can be used to distinguish individual
DNA mononucleotides [59]. As a mononucleotide base
passes through the pore, the ionic current is modulated
in a more or less base-specific manner. Pulse depth is a
measure of how strongly the base interacts with the pore
and depth of pulse distribution is used to discriminate
among different bases. Although a given DNA base (e.g.,
dAMP) does not yield a uniform pulse depth, the pulse
distribution is largely distinguishable between the four DNA
bases, as shown in Figure 12(b). There is some degree of
overlap between consecutive distributions that can introduce
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control signal after 5 min incubation followed by three magnetic washes with magnetic and fluorescent nanoparticles, reprinted with
permission from [55], Copyright 2006 American Chemical Society.

detection errors. A mutant αHL and a covalently attached
adapter protein (am6amPDP1βCD), however, can enhance
the base discrimination, thereby reducing errors (see the
current pulses and histograms in Figure 12) [59].

Figure 13 shows that each of four DNA mononu-
cleotides had characteristic pore current distribution. The
four distributions were centered around four distinct current
levels; that is, signals from each base were separable. This
method was capable of discriminating between the four DNA

nucleotides (dAMP, dTMP, dCMP, and dGMP) with over
99% confidence under optimal operating condition [59].

Such reports show the potential of nanopores toward
the ultimate goal of direct sequencing of single molecules
of DNA. A reliable, low-cost DNA sequencing can have a
profound effect on genome research. DNA sequence infor-
mation can provide useful information about an individual’s
genetic makeup that might put someone at increased risk for
certain diseases like cancer. Apart from medical applications,
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between polymer layers after heat treatment; and (c) amino and Cy5.5 TCL-SPION with different size and zeta potential, reprinted with
permission from [56]. Copyright 2007, American Chemical Society.

there are many other application areas, such as agriculture,
security, defense, and evolutionary biology, where genomic
information is useful [33].

Solid-state nanopores (also called artificial nanopores)
are made using many types of membrane materials (silicon,
SiO2, and Si3N4) and by opening the orifice using a num-

ber of different approaches. A recent review on solid-
state nanopores used for nucleic acid detection succinctly
describes various approaches [25]. The paper delineates both
the advances and the many remaining hurdles. Although
focused on nucleic acid analysis, this paper lays out advance-
ments that have been achieved through last 15 years and
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Figure 10: (a) T2-weighted MR images (TR/TE of 4200 ms/102 ms) taken after 0 and 3.5 h of injection of 14.7 mg Fe/kg in PBS of Cy5.5
TCL-SPION at the level of tumor (320 mm3). The allograft tumor region is dashed with red circle. (b) Fluorescence images of the same
mouse under same condition. An exposure time of 1 s and a Cy5.5 filter channel were used. The scale on the right indicates the relative
fluorescence intensity, reprinted with permission from [56]. Copyright 2007, American Chemical Society.
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Figure 11: (a) Structure of the WT (M113R/N139Q)6 (M113R/N139Q/L135C)1 mutant (cartoon view) showing the covalent attachment of
cyclodextrin at position 135 (space filling model), the glutamines at residue 139, and the vertical distance between the secondary hydroxyls
and the disulphide bond of the cyclodextrin. (b) β barrel structure showing the location of arginines (at position 113) and the cysteines
in the mutants. Single letter standard amino acid code was used to describe the mutants, reprinted by permission from Nature Publishing
Group: Nature Nanotechnology [59], copyright 2009.

clearly defines challenges that have impeded applications
of nanopore sensors in general. Most important challenges
include needs for high spatial resolution, algorithms for
complex analysis and severe lack of chemical engineering
approaches for nanopores towards selective and sensitive
detection. A recent book has also appeared that describes the
whole range of nanopore fabrication approaches as well as
targets of detection [24].

One such fabrication approach used polydimethylsilox-
ane (PDMS), a common polymer used to create microfluidic
channels and microscale devices (Figure 14) [60]. The

nanoscale device was created by sealing a PDMS mold con-
taining two reservoirs connected by a pore with a glass cover
slip. It was then filled with an ionic solution. The potential
across the pore was measured at constant applied current by
using a four-point technique. When DNA molecules were
passed through the pore, they partially blocked the flow
of ions, giving a downward spike in the current profile,
as shown in Figure 15. Each downward peak corresponded
to a single DNA molecule passing through the pore.
No current dip was observed in the absence of DNA. By
tweaking the pore sizes to slightly larger dimensions, it is
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Figure 12: Comparison of recording from single channel of permanent and transient adapters. (a) The WT-(M113R/N139Q)7 αHL pore
illustrating transient adapter binding (40 mM am7βCD) and nucleotide detection. Nucleotide binding events histogram for residual current.
(b) Corresponding data for the WT-(M113R/N139Q)6 (M113R/N139Q/L135C)1 mutant with a covalently bonded am6amPDP1βCD,
allowing continuous nucleotide detection and enhanced nucleotide discrimination. The traces were recorded under the parameter set up
of 800 mM KCl, 25 mM Tris HCl, pH 7.5, at +160 mV in the presence of 10 μM dGMP, 10 μM dTMP, 10 μM dAMP, and 10 μM dCMP,
reprinted by permission from Nature Publishing Group: Nature Nanotechnology [59], copyright 2009.
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Figure 13: Distribution of nucleotide event with the permanent adapter. (a) Single-channel recording from the WT-
(M113R/N139Q)6(M113R/N139Q/L135C)1-am6amPDP1βCD pore showing dGMP, dTMP, dAMP, and dCMP discrimination with a
Gaussian fits. (b) Corresponding residual current histogram of nucleotide binding events, including Gaussian fits. Data acquired under the
condition of 400 mM KCl, 25 mM Tris HCl, pH 7.5, at +180 mV in the presence of 10 μM dGMP, 10 μM dTMP, 10 μM dAMP, and 10 μM
dCMP, reprinted by permission from Nature Publishing Group: Nature Nanotechnology [59], copyright 2009.

also possible to detect viruses or proteins [61, 62]. Covalently
attaching probe molecules to the pore wall have allowed such
devices to detect specific target species [61].

Specific target detection is also possible by measuring
the change in size of a chemically functionalized colloid
upon binding target molecules [60]. Saleh and Sohn reported
an antibody-antigen-binding detection system based on a
PDMS nanopore [22]. They functionalized the surface of
colloidal particles with biocompatible material. When the
particle passed through the pore, it left a signature of
current blockade depending on its size. A particle with
larger diameter took more time to pass and created higher
dips in the current profile [22]. Antibody was specifically
bound to the colloid surface, increasing its diameter. The

increased size of the particle resulted in higher resistance in
the current flow. Size-dependent discrimination was based
on the translocation time and the current dip. Therefore, this
device had the potential to detect an antigen corresponding
to the antibody attached to the colloid surface by comparing
the difference in the current profile [22]. This technique
was used to detect presence of Streptococcus group A. The
sensitivity of detection was compared to that of a standard
latex agglutination assay, and it was found that the former
method was an order of magnitude more sensitive than the
agglutination assay. It was also four times faster [22].

Nanopore-based detection systems require small sample
volumes and can count and distinguish among a variety of
different biological molecules in a complex mixture using
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Figure 14: Top and side views of the nanopore device consisting of two 5 μm deep reservoirs connected by a lateral pore of 3 μm length and
200 nm diameter, reprinted with permission from [60], Copyright 2003 American Chemical Society.
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trace) and buffer with λ-phage DNA molecules (upper trace) upon
application of 0.4 V across the pore. Every dip in current profile
represents a DNA molecule passing through the pore. The pulse
widths are typically 2–10 ms in duration and are well resolved, as
shown in the insets. The variations in peak height are attributed
to the different conformation of each molecule, reprinted with
permission from [60], Copyright 2003 American Chemical Society.

simple electronic measurements. The cost-effectiveness, sim-
plicity, speed, and versatility of nanopore assays is poised to
expedite the development of molecular diagnostics [23].

2.4. Carbon Nanotubes. A carbon nanotube (CNT) is an
allotrope of graphite. Carbon atoms are hexagonally con-
nected in a CNT lattice. CNTs can be visualized as single
or multiple graphite sheets rolled to form a cylindrical
structure. Depending on the number of sheets, there are
two types of CNTs: single wall carbon nanotubes (SWCNTs)
and multiwall carbon nanotubes (MWCNTs). These are
also classified as armchair, zigzag, and chiral based on the
orientation of atoms on the sheet with respect to the axes.
Depending on how carbon atoms are oriented on the CNT

surface, their electronic, chemical, and mechanical properties
can change. Armchair CNTs are preferred to be used as
electrodes in biosensors [63].

Li et al. developed a DNA microarray system which con-
tained sensing pads constructed from assembled MWCNTs
that were built into a matrix within a silicon nitride template,
as shown in Figure 16 [64]. The open ends of nanotubes
acted as nanoelectrodes. By combining such a nanoelectrode
platform with Ru(bpy)32+-mediated guanine oxidation,
target oligonucleotides at few attomoles could be detected
with this method. The sensitivity could be further improved
by increasing the number of nanotubes in one cluster. It
was reported that the system was capable of providing
fast, cheap, and simple molecular diagnostic solutions for
medical and field uses [64]. In a recent study, Wang et al.
showed that CNTs coated with alkaline phosphatase (ALP)
enzymes as labels amplified the signal-to-noise ratio [65].
The CNTs were modified with oligonucleotides that were
complementary to half of the target DNA sequence.

Magnetic microparticles modified with oligonucleotides
complementary to the other half of the target DNA sequence
were used. As shown in Figure 17, while there was target DNA
present in the sample, a sandwich of magnetic nanoparticles-
target-CNT was formed which was magnetically separated
from the assay [65]. R-naphthyl phosphate was added to
the extract in order to detect the ALP-modified CNTs. The
presence of ALP in the mixture changed the R-naphthyl
phosphate into R-naphthol, which was detected by the CNT-
modified electrodes using a method called chronopotentio-
metric stripping. Reportedly, this method could detect very
low concentrations of DNA (54 attomoles) [65].

2.5. Nanowires. A nanowire is a rodlike structure with diam-
eter on the order of a few nanometers and an unconstrained
length. Self-limiting oxidation has been used to fabricate
silicon nanowires [66, 67]. To create an array, a silicon-on-
insulator (SOI) wafer was patterned and etched as shown
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Figure 16: SEM micrographs of (a) 3×3 Ni electrode array, (b) array of MWCNT bundles on an electrode pad, (c) and (d) array of MWCNTs
on Ni spots patterned by UV-lithography and e-beam lithography, respectively, (e) and (f) the surface of polished MWCNT array electrodes
grown on 2 μm and 200 nm spots, respectively. 45◦ perspective view was used for (a–d) and (e-f) were top views. The scale bars for (a), (b),
(c), (d), (e), and (f) are 200, 50, 2, 5, 2, and 2 μm, respectively, reprinted with permission from [64], Copyright 2003 American Chemical
Society.

in Figure 18 [15]. The fin structures were further oxidized
and stripped of the oxide layer to realize the nanowires. A
metallization step was followed to establish contact to the
nanowires. Isolation of electrodes from each other and from
the substrate was provided by using an oxide and buried
oxide layer, respectively. An encapsulation was used to isolate
all electrical contacts from the aqueous solution [15].

Gao et al. reported a method of DNA detection using
silicon nanowires. Peptide nucleic acid (PNA) probes were
immobilized onto the nanowire surfaces by silane chemistry,
as shown in Figure 19 [15]. The PNA probes were allowed to
hybridize with target DNA. Hybridization, in turn, induced
a change in the resistance of the nanowires. The use of
PNA over DNA gave twofold advantages: bonding strength

of PNA-DNA is higher than that of a DNA-DNA pair due
to the absence of negatively charged phosphate groups in
PNA, and resistance change due to nonspecific binding of
DNA was less in the case of PNA probes [68, 69]. The
calibration curve was plotted as shown in Figure 20 [15]. The
relationship between relative change in resistance and the
logarithm of DNA concentration was approximately linear
over a range of 1 nM to 0.1 fM. The relative error associated
with the detection method described was less than 25% [70].
Hahm and Lieber also reported similar sensitivity of silicon
nanowire sensor to detect DNA, albeit with high background
noise [71].

Signal strength must be enhanced to make these sili-
con nanowire sensors as practical devices. Nanowire-based
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detection methods can be used for multiplexed bioanalysis
[72–74]. Semiconductor nanowire-based FETs can be used
to provide ultrasensitive label-free detection of biomolecular
interactions [75]. Electrical conductance is the parameter
to be monitored to detect binding events occurring on the
nanowire surface.

A PNA-modified nanowire was used as FET to selectively
detect specific DNA molecules [71]. The high sensitivity
was attributed to the small diameter of the nanowires. The
binding of the target molecules on the surface of nanowires
caused accumulation or depletion of charges, which led to
a change in the channel conductance. This technique also
has been used to detect proteins, ions, and viruses with high
sensitivity [75–77].

The same group developed silicon nanowire FETs with
control nanowires in the same assay that gave a way to
eliminate false-positive results [78]. Reportedly, a femto-
molar concentration of protein markers was repeatedly
detected with the device. The nanowire array provided
highly selective and sensitive multiplexed detection of
prostate-specific antigen (PSA), PSA-a1-antichymotrypsin,
carcinoembryonic antigen, and mucin-1, all biomarkers
for cancer [78]. Using an undiluted serum sample, they
achieved a detection limit of 0.9 pg/mL. Telomerase activity
was also monitored by using nucleic acid functionalized
real-time nanowire assays. The capability of multiplexed
real-time monitoring of protein biomarker and telomerase
activity with high sensitivity and selectivity is very important
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clinically to diagnose cancer early and then to monitor
disease progression [78].

Barcoded metallic nanowires, synthesized by template
electrodeposition of multiple metal segments, were reported
to have the potential to be used as suspension array to detect
protein and nucleic acid simultaneously [73, 74]. Multi-
plexed detection of biothreat simulants, including protein,
spore, and viral targets were reported with high sensitivities
using metallic nanowires array [79]. The detection limit of
this assay could be scaled by reducing the total number of
barcoded nanowires. Sha et al. reported that their barcoded
nanowires system was capable of performing 30 different

assays simultaneously to determine the genotypes of single-
nucleotide polymorphisms (SNPs) [80].

Very recently, Chua et al. developed a silicon nanowire
array-based assay that was capable of providing ultrasensi-
tive, label-free electrical detection of a cardiac biomarker in
real time. This assay proved itself to be effective to detect
ultralow concentrations of a target protein in a biological
analyte solution, even in the presence of a high total protein
concentration. The high specificity, selectivity, and swift
response time from this method serves the need of medical
diagnostic systems for point-of-care applications to provide
early and accurate indication of cardiac cellular necrosis [81].

Nanowire-based detection systems provide a flexible
multiplexing scheme to detect biomolecules simultaneously.
They offer ultrasensitive electrical detection without any
labeling, which is the prime requirement to develop a
portable, low-power microchip-based device that can process
multiplexed data from many individual sensors. The use of
such devices would not be limited to clinical environments;
they could be used outside the clinical environment where
availability of medical facilities is limited.

2.6. Nanosheets. A nanosheet is a single- or multilayer two-
dimensional array of atoms or molecules. Graphene is a flat
monolayer of carbon atoms arranged in a two-dimensional
honeycomb crystal structure [82]. It is a basic building block
for graphitic materials of all other dimensionalities. High
thermal conductivity (∼5000 W/m K) [83], high specific
surface area, high electron mobility (250,000 cm2/Vs) [84],
easily achievable biocompatibility, and exceptional thermal
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stability make it a material of choice for fabricating electro-
chemical immunosensors [82, 85–88].

Wang et al. reported that graphene oxide nanosheets
(GO-nS) could be used to probe in vivo cellular interactions
[89]. These nanosheets could be used as DNA cargo and sens-
ing platforms. The unique interaction between GO-nS and
DNA molecules was exploited to produce an aptamer/GO-
nS complex, which was used as a real-time biosensing
platform in living cells. In the experiments, they used a
fluorescently tagged ATP-binding aptamer (FAM-aptamer)
to elucidate the use of GO-nS as (i) a sensing platform with
high fluorescence quenching efficiency for realizing real-
time in vivo target monitoring, (ii) DNA transporter into
living cells, and (iii) efficient protection of oligonucleotides
from enzymatic cleavage [89]. ATP was targeted because it
is of medical interest. ATP is a central molecule involved in
cellular metabolism and bioenergetics. Figure 21 shows the
schematic illustration of the experiment. FAM-Aptamer was
loaded onto GO-nS. The FAM florescence was quenched by
the GO-nS in the GO-nS bound state. In the presence of ATP,
ATP-aptamer complexes formed and released from the GO-
nS. The released ATP-aptamer complexes were detectable by
the FAM fluorescence [89].

In order to investigate the sensing performance of the
aptamer/GO-nS complex, in vitro ATP detection was carried
out first. Initially, fluorescent quenching was observed due
to the fluorescent resonance energy transfer (FRET) between
FAM and GO-nS. When ATP was present in the solution,
it bound to the aptamer, thus releasing the FAM from the
GO-nS surface. The released FAM showed the fluorescence
activity. Figure 22 shows the fluorescence intensity upon
the presence of different amounts of ATP in the solution.
It indicates that aptamer-FAM/GO-nS complex had high
sensitivity and a wide detection range, from 10 μM to
2.5 mM, for in vitro ATP sensing [89]. The specificity
of this complex was also good. Only ATP showed an
obvious fluorescence recovery up to 85.7%, whereas none of
cytidine triphosphate (CTP), guanosine triphosphate (GTP),
or thymidine triphosphate (TTP) showed any substantial
fluorescence recovery. The good selectivity and sensitivity of
the aptamer/GO-nS nanocomplex predicted its potential use
for intracellular ATP monitoring in living cells [89].

For in vivo analysis, mice epithelial cells (JB6 Cl 41-5a)
were chosen. It was seen that only the aptamer-FAM/GO-
nS had a significantly higher uptake rate than random
DNA/GO-nS or GO-nS alone or aptamer-FAM alone. The
GO-nS not only helped to transport the DNA into the cell
but also protected it from the enzymatic cleavage.

Figure 23 shows a comparative picture of cellular
ATP probing done by aptamer-FAM/GO-nS (g–l) and
random DNA/GO-nS (a–f). As time elapsed, the amount
of fluorescent signal increased in the case of aptamer-
FAM/GO-nS, which showed that the ATP-aptamer duplex
was formed; hence, fluorescence was recovered. But for
random DNA/GO-nS, no significant increase of fluorescence
was observed, which confirmed the hypothesis that GO-nS
helped to deliver the aptamer inside the cell and released the
aptamer for target detection [89].

Aptamer-FAM

ATP

GO-nS

+

Figure 21: Schematic representation of in situ molecular probing
inside living cells using aptamer/GO-nS nanocomplex, reprinted
with permission from [89]. Copyright 2010, American Chemical
Society.
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Figure 22: Fluorescence emission spectra of ATP aptamer-FAM
quenched (100 nM) with 3 μg/mL GO-nS (black bottom line) and
fluorescence recovery by addition of ATP with a concentration
range from 10 μM to 2.5 mM (from bottom to top). Inset: linear
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the presence of ATP, respectively, reprinted with permission from
[89]. Copyright 2010, American Chemical Society.

3. Major Challenges with
the Use of Nanostructures

Over the last decade or so, many synthesized nanostructures
with at least one dimension in the 1–100 nm range have
been created and used to exhibit fascinating physicochemical
properties [90, 91]. In addition to their small sizes, these
nanostructures have large surface-to-volume ratios and very
high reactivities compared to their bulk counterparts. Their
very small size allows them to cross many boundaries with
ease (e.g., across cell membranes). They can efficiently bind
to biological molecules and species such as DNA, RNA,
PNA, proteins, and viruses. Owing to the novel properties
of nanoscale structures, they have been examined for their
potential to be incorporated into various devices, such as
sensors, immunoassays, transistors, drug and gene delivery
carriers, virus inhibitors, and DNA and protein immobilizers
[16, 21, 22, 41, 44, 53, 59, 65, 81, 92–94].
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Figure 23: Real-time monitoring of JB6 cells cultured with random DNA-FAM/GO-nS (a–f) and aptamer-FAM/GO-nS (g–l) for 8 h at
37◦C. Images were captured every 2 h using a wide-field microscopy every 2 h. Colored bar indicates the fluorescent intensity, reprinted with
permission from [89]. Copyright 2010, American Chemical Society.

Although nanodevices have indeed demonstrated great
potential, enthusiasm is tempered by the fact that repro-
ducing devices with such dimensions is still a challenge.
In addition, short- and long-term toxicological effects of
nanoparticles and nanostructures in biological systems are
largely unknown. Nanostructures have been reported to
produce pulmonary inflammation [95]. They can also reach

other organs by passing through the lung epithelium and
can reach interstitial tissues [95, 96]. These effects have been
shown to be more prevalent in species such as dogs and
primates than in rodents [97].

Studies have shown carbon nanotubes to be cytotoxic.
They can induce granulomas in the lungs of laboratory
animals [98]. In vitro studies have demonstrated that
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single-wall nanotubes can generate reactive oxygen species in
human keratinocytes and human bronchial epithelial cells,
indicating that oxidative stress is one of the predominant
mechanisms of their acute toxicity [99, 100]. Oxidative
stress was identified as the participating mechanism of Ag
nanoparticles toxicity in an in vitro study with BRL-3A liver
cells, supporting the previous notion [101]. Nanoparticles
made of metals and metallic oxides such as copper, cobalt,
titanium, and silicon oxide have also been shown to have
inflammatory and toxic effects on cells [98].

Another in vitro study showed that metal nanoparticles
disrupted proliferation, damaged cell membranes, and ini-
tiated apoptosis in C18-4 and germ-line stem cells [102].
After intraperitoneal administration, fullerenes have been
shown to distribute throughout the embryo and yolk sac of
mice 18 hours after injection, and they crossed the placental
barrier [103]. Rhodamine-labeled silica-coated magnetic
nanoparticles passed the blood-testis barrier and aggregated
in the seminiferous epithelium where spermatogenesis takes
place. After penetration into seminiferous epithelium, the
nanoparticles got incorporated into the developing germ
cells and eventually became part of mature sperms [104].

Asharani et al. showed that multiwalled CNTs damaged
DNA in mouse embryonic stem (ES) cells [105]. In another
study it was shown that multiwalled CNTs could accumulate
and induce apoptosis in mouse ES cells and activated the
tumor suppressor protein p53 within two hours of exposure
[106]. The above studies indicate that nanostructures could
potentially impact human health by producing oxidative
stress, altering DNA, or producing phenotypic damage to the
cells.

A necessary step, therefore, is accurately determining
nanostructures’ properties of interest and understanding
their interactions with relevant biological systems. Detailed
characterization of such a wide variety of novel structures
and their modified versions is required to assess the toxicity
or any other threat they may possess. Various synthesis
techniques of nanostructures produce a wide variety of
structures with different physical characteristics such as size,
morphology, surface chemistry, and biological coatings. In
a biological context, we need to understand the impacts of
these variations in order to improve the existing methods in
terms of quality, control, and safety issues. Further studies are
required to develop more precise fabrication techniques and
to determine the appropriate modifications that will resolve
the safety issues.

4. Conclusion

In this review article, we have discussed fabrication tech-
niques of different nanostructures. We have also discussed
the applications of these structures in the fields of med-
ical diagnostics. The promise of increased sensitivity and
speed with reduced cost and labor makes nanostructure-
based assays an appealing alternative to current diagnostic
techniques. The potential uses of nanostructures in medical
diagnostics are numerous, although some important chal-
lenges to implementation exist. Aside from the technical
difficulties of nanostructure fabrication, there are serious

concerns about nanostructure toxicity and that toxicity
may vary depending on the physical characteristics of each
new particle type. Further research is required to evaluate
and solve these issues. If the issues can be overcome,
the high sensitivity, specificity, reduced cost, portability,
and reusability of nanostructures will make nanostructures
important medical diagnostics tools.
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