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Abstract Nanostructures appear to be promising for a
number of applications in molecular diagnostics, mainly
due to the increased surface-to-volume ratio they can offer,
the very low limit of detection achievable, and the possi-
bility to fabricate point-of-care diagnostic devices. In this
paper, we review examples of the use of nanostructures as
diagnostic tools that bring in marked improvements over
prevalent classical assays. The focus is laid on the various
sensing paradigms that possess the potential or have
demonstrated the capability to replace or augment current
analytical strategies. We start with a brief introduction of
the various types of nanostructures and their physical
properties that determine the transduction principle. This is
followed by a concise collection of various functionaliza-
tion protocols used to immobilize biomolecules on the
nanostructure surface. The sensing paradigms are discussed
in two contexts: the nanostructure acting as a label for
detection, or the nanostructure acting as a support upon
which the molecular recognition events take place. In order
to be successful in the field of molecular diagnostics, it is
important that the nanoanalytical tools be evaluated in the
appropriate biological environment. The final section of the
review compiles such examples, where the nanostructure-
based diagnostic tools have been tested on realistic samples
such as serum, demonstrating their analytical power even
in the presence of complex matrix effects. The ability of
nanodiagnostic tools to detect ultralow concentrations of
one or more analytes coupled with portability and the use
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of low sample volumes is expected to have a broad impact
in the field of molecular diagnostics.
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Introduction

The domain of Life Sciences is undergoing a dramatic
transformation, wherein molecular biology and biotech-
nology are aiming at the understanding of biological
processes as a whole. This has led to the emergence of a
number of fields such as genomics, proteomics, meta-
bolomics, and transcriptomics [1, 2]. The availability of a
massive data set from the human genome project [3] has
motivated the thorough investigation of the molecular
basis for various diseases. Towards this purpose, it is
important to analyze nucleotide polymorphisms or study
genotypes across the entire human genome [4]. Continuous
improvements in nucleic acid assays are essential in order
to achieve this goal. Furthermore, it has also been inferred
that it is not only the genomic sequence that determines the
biological processes in an individual [1]. The same part of
the genomic sequence can code for different proteins
depending on how the pre-mRNA is spliced. Added to this,
post-transcriptional modifications bring in a further range
of variability. Thus, the use of proteins as biomarkers for
diseases or disease states is becoming increasingly impor-
tant [5, 6]. While the availability of a single biomarker
for the screening of a specific disease is not yet well
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established [7, 8], the potential for the diagnosis based on a
multitude of biomarkers presents an exciting possibility
[9-11]. Another related application involves the direct
detection and identification of emerging pathogenic threats
such as viruses and bacteria [12—-14]. These require the
development of ultrasensitive detection platforms with
minimal fast negatives. The success of in vitro molecular
diagnostics will thus rely in the future on novel biosensing
platforms that can bring in significant improvements in
detection limits, sensitivity, and parallelism [15].

In order to appreciate the need for such novel platforms,
it is worth having a closer look at assays that are currently
well established. Current nucleic acid assays have been
mainly based on the polymerase chain reaction (PCR) [16].
PCR is a target amplification technique and represents the
ultimate in terms of sensitivity, but has certain drawbacks
including complexity, cost, and lack of portability. It is also
challenging to implement multiplexed detection in order
to detect multiple targets with a single assay [4]. Despite
these aspects, PCR has been widely successful in the
analysis of ultralow concentrations of DNA. While such a
target amplification strategy is available for the analysis of
nucleic acids, there is no such comparable technique for the
amplification of proteins. As a consequence, the analytical
tools must be highly sensitive in order to detect ultralow
concentrations of proteins [17].

The use of nanostructures as diagnostic tools aims to
address these concerns namely improving sensitivity,
attaining the lowest possible detection limits, and bringing
in multiplexing capabilities for parallel recognition
[18, 19]. Due to their small sizes, nanostructures can detect
very few molecules in solution offering very low limits of
detection (LOD). On the other hand, supports decorated
with nanostructures provide for a much larger surface,
thereby improving sensitivity. Furthermore, conventional
labels (such as fluorescent dyes) can be immobilized on
nanostructures to significantly enhance the detection signal
allowing for better sensitivity [20, 21]. Another important
aspect while using nanostructures for detection is the
absence of the necessity for labeling in most situations
[22-25]. Lastly, the miniaturized nature of these sensors
allows for integration in a small chip showing promise for
point-of-care medical diagnostics—tests that can be carried
out directly at the bedside of a patient [17, 21, 26, 27].

The review is organized as follows. We start with a
description of various types of nanostructures and indicate
the advantages and disadvantages over traditional materials
that are used in their place for biosensing. We discuss the
physical properties of the nanostructures that form the basis
for the appropriate transduction principle. In order to
deploy the nanostructure as a diagnostic tool, it is neces-
sary to functionalize their surfaces with biomolecules.
A concise description of standard biofunctionalization
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techniques that are specific to nanostructures is presented
next. Following this, various detection paradigms are dis-
cussed. Most of the nanostructure-based diagnostic tools
also rely on traditional biosensing principles such as
receptor—ligand, antibody—antigen, or nucleic acid inter-
actions. In some cases, the detection format introduces new
molecular recognition paradigms that are unique for
nanostructures. Since the techniques are rather generic,
they are applicable in both nucleic acid assays and
immunoassays. A distinction between the two is made only
in the final section where we discuss examples from the
literature that implement these sensing paradigms and
demonstrate clearly the advantages over standard tech-
niques. In the case of immunoassays, we discuss examples
carried out on realistic biological samples, comparing their
capabilities to the gold standard for protein analysis,
namely ELISA (enzyme-linked immunosorbent assay)
[28]. When discussing nucleic acid assays, we focus on
techniques that appear to be competitive to PCR. Further-
more, the use of nanostructures for improving techniques
such as polymorphism detection and sequencing is
presented. This section also includes a discussion of mul-
tiplexing strategies utilizing nanostructures. The review
concludes with a summary and implications and hurdles for
the use of nanostructures for in vitro diagnostics.

It is worth mentioning here that there is a plethora of
possibilities that promises improvements while using
nanostructures for applications in molecular diagnostics.
Not all of them have really demonstrated an advantage
against classical assays. We will focus here mainly on
examples that have the scope for in vitro molecular diag-
nostics with or without the possibility to implement in
a point-of-care format. Furthermore, single molecule
approaches that require micro- to nanomolar concentra-
tions of the analyte are not typically viewed as high-
sensitivity methods in the context of medical diagnostics
[17] and hence will not be discussed here. Exceptions are
sequencing techniques that bring in additional information
that is not obtainable by standard assays.

Nanostructures

Nanostructures refer to materials whose sizes measure
<100 nm in at least one dimension. Accordingly, they can
be classified as zero- (0D), one- (1D), and two-(2D)
dimensional systems. A diagnostic assay usually involves
at least one receptor onto which the analyte binds and a
label whose physical property (such as fluorescence) is
used to detect the binding event. In heterogeneous formats,
a support might be used to immobilize the receptor.
Nanostructures are deployed either as a label or as a sup-
port, depending on their physical and chemical properties.
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To be used as labels, they need to be stable in relevant
buffers or biological fluids, detectable in a required envi-
ronment, and possess functional groups that can be used for
conjugation with biomolecules. Towards this purpose, the
surface is functionalized with ligands that ensure a stable
aqueous dispersion of the nanoparticles. In this section, we
provide an overview of the major nanostructures (see
Fig. 1) that are used in diagnostic assays. It also includes a
discussion of the physical properties of the respective
nanostructures, which determine their role either as a label
or as a support. The various transduction principles specific
to the nanostructures are summarized in Table 1.

0D Nanostructures

In OD nanostructures (see Fig. 1—0D) the size is <100 nm
in all the three dimensions. Examples of such systems
include nanoparticles and nanospheres. Depending on their
electrical properties, they can be classified as metallic,
semiconducting, insulating, or magnetic nanoparticles.
Metallic nanoparticles (e.g., gold and silver) have been
widely used in numerous bioassays [29-31]. Due to their
unique physical properties they can be detected either by
optical or by electrical methods and hence serve as good
labels. They exhibit a bright color due to the presence of a
plasmon absorption band (also called local surface plasmon
resonance—LSPR) and hence can be probed using simple
methods such as colorimetry or absorption spectroscopy
[20, 32, 33]. In addition, they produce a characteristic
Raman signal [34] and hence surface-enhanced Raman

Fig. 1 An overview of various 0D

spectroscopy (SERS) can be used to probe the nanoparti-
cles [35-37]. The color or the Raman spectrum of the
nanoparticles changes as a function of their size and the
presence or absence of biomolecules in their vicinity. Since
they are nanoscale particles they scatter light and resonant
light scattering (RLS) is used to identify their presence
[38, 39]. Metal nanoparticles possess redox properties and
hence are sensitive to various electrochemical methods
[29, 40] such as stripping voltammetry [41]. They have
been used as nanoscaffolds to increase the sensitivity of
electrochemical assays [40-44]. They are stabilized in
solutions using thiol-based surfactants. In addition to being
used as labels, metal NPs serve as supports to carry
receptors.

Semiconducting nanoparticles or quantum dots (QDs)
refer to fluorescent nanocrystals made mainly from com-
pounds of group II and group VI elements of the periodic
table. They serve as labels in bioassays due to their
excellent fluorescence properties [33, 45-47]. Typically,
quantum dots are composed of a core semiconductor (for
example CdSe) and a shell semiconductor with a larger
spectral band gap (e.g., ZnS). In order to disperse them in
solutions, QDs are silanized or covered with polymers.
They are an ideal substitute for classical dyes or fluoro-
phores since they exhibit very narrow, symmetric, bright
and size-dependent emission and broad absorption spectra
[48]. They are more resistant to photobleaching compared
to many other fluorophores. However, there are some
limitations such as toxicity, inability to have perfect control
over their size, agglomeration, surface oxidation, and
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Table 1 Sensor-transduction principles specific to various nanostructures

Nanostructure Optical Electrical Electrochemical
Fluorescence ~ Colorimetry ~ SPR, Raman,  Resistance,  Field- Stripping Amperometry,
absorption LSPR SERS impedance effect voltammetry potentiometry
0D  Metallic NPs 2 * 2 2 L 4 L 4 *
Quantum Dots * *
Silica NSs*
Magnetic NPs*
ID  Carbon nanotubes @ * 2 * *
Silicon nanowires L 4 L 4
Nanopores L 4 L 4
Waveguides L 2
2D  Metal films 2 *
Nanostructured * 2 L 4 *
surfaces
Graphene L 2 L 2

NP Nanoparticles, NS nanospheres, (L)SPR (local) surface plasmon resonance, SERS surface-enhanced Raman spectroscopy

* Silica nanospheres and magnetic nanoparticles are mainly used as supports for immobilizing labels; they are usually not detected directly

non-specific binding [26]. Quantum dots are used as very
efficient donors of energy to dye acceptors in fluorescence
resonance energy transfer (FRET)-based assays [49-51].
Analogous to metal NPs, QDs can also be detected through
electrochemical methods such as stripping voltammetry
[52, 53].

Silica nanospheres are insulating OD structures and they
do not have measurable electrical or optical properties [54].
Hence, they are mainly used as a support for carrying
optical labels in order to amplify the detection signal.
Usually they consist of a silica matrix doped with many
organic or inorganic dye molecules [25, 55, 56]. Typical
examples of inorganic dyes include lanthanide-based
[25, 57] and ruthenium-based [55, 58] chelates. Inorganic
dye-loaded silica particles have favorable optical properties
similar to QDs, such as good photostability, sharp emission
peaks, and long fluorescence lifetimes. Due to their
hydrophilic surface, they can be directly dispersed in
aqueous solutions.

Magnetic nanoparticles are 0D nanostructures made of
a magnetic material such as iron or an alloy of nickel and
iron [25, 45, 56, 59]. They are deployed as support to carry
receptors. The advantage of using magnetic nanoparticles
is that the receptor-analyte complex can be manipulated
using a simple external magnet. In this manner, the binding
takes place in solution, while the detection takes place
after immobilizing the analyte-receptor complex on a
substrate [59]. This overcomes limitations to sensitivity
brought by other factors such as diffusion, convection
etc. [60].
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1D Nanostructures

1D nanostructures (see Fig. 1—1D) include materials
whose size is <100 nm in two dimensions. They can be
considered as nanoparticles elongated in one dimension.
Typical 1D nanostructures include carbon nanotubes,
nanowires, nanopores, and waveguides.

Carbon nanotubes (CNTs) are rolled up sheets of carbon
that can be either metallic or semiconducting. CNTs are
produced in a number of synthesis methods and can be
procured commercially in powder form [61]. Their average
diameter is around 1 nm (single-walled CNTs) and hence
they possess a very high surface-to-volume ratio. Due to
this, their electrical properties (e.g., resistance) are very
sensitive to chemical and biological species in their sur-
roundings. Based on this property, CNTs are widely used
as supports functioning as label-free electrical detectors in
heterogeneous assays [21, 24]. Furthermore, CNTs have
favorable optical properties such as a characteristic Raman
signal and are used as labels [62]. Moreover, they act as a
support to carry a payload of labels [63] similar to the case
of silica nanospheres.

Silicon nanowires (SINWs) require high temperatures to
be synthesized and are usually prepared on silicon wafers
[64, 65]. They are mainly used as supports. Due to their
semiconducting properties, they are useful for label-free
electrical detection in a manner similar to that of CNTs.

Nanopores are 1D nanostructures where a hole of
diameter <100 nm is extended in one dimension and find
application in DNA sequencing. Typical examples are
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protein channels (e.g., a-hemolysin [66] or another kind of
porin [67]) incorporated into lipid bilayers/synthetic
membranes or holes in solid-state membranes (e.g., silicon
nitride, silicon oxide, or graphene) [68-70]. Solid-state
nanopores are quite robust and can be fabricated with a
high level of precision using ion-beam [68] or electron-
beam [71] techniques.

Waveguides are 1D nanostructures made of silica, which
are used as a support to monitor biomolecular recognition
events on their surface. They are prepared in such a way
that the properties of the light passing through the wave-
guide are sensitive to biochemical events happening on the
surface [72]. The use of waveguides in diagnostic assays is
still in its infancy [15].

2D Nanostructures

2D nanostructures (see Fig. 1—2D) refer to structures
where only one dimension has a size <100 nm. All 2D
nanostructures discussed here serve as supports to immo-
bilize receptors. They are usually sheets of a certain
material, which have special properties different from that
of the corresponding bulk material.

Metal films with a thickness <100 nm absorb light at
specific wavelengths due to the presence of surface plas-
mons [73]. The absorption wavelength is a function of the
dielectric constant around the surface of the metallic layer.
This aspect has been utilized in the fabrication of label-free
surface plasmon resonance (SPR) biosensors [73].

Nanostructured surfaces refer to electrodes where the
surface is decorated with nanotubes, nanoparticles, or
nanopyramids [21, 74-76]. Nanocomposites can also be
prepared on such surfaces by mixing electroactive materi-
als with nanostructures [21, 77-82]. Such surfaces have
varied surface chemistry depending on the kind of nano-
structure present in the composite.

Graphene is an ideal 2D surface comprising just one
layer of carbon atoms [83]. Hence, diagnostic assays based
on graphene are expected to deliver very high sensitivity
[83].

Rationale behind the use of nanostructures
in diagnostic assays

The first and foremost feature that nanostructures offer is
their size (a few to 1,000 ;\), which is in the range of the
size of various biomolecules such as nucleic acids, small
proteins, and viruses. The small size brings a tremendous
increase in the surface-to-volume ratio that is essential for
maximizing sensitivity. A major advantage of using
nanostructures in a label-free paradigm is that the amount
of receptors immobilized on the detector surface can be as
low as a single molecule [65, 84, 85]. As a result, just a few

analyte molecules are sufficient to cause a measurable
signal providing for very low limits of detection (LOD).
The lower the LOD, the earlier a biomarker characteristic
of a disease state can be identified [15].

Secondly nanostructures exhibit specialized physical
and chemical properties that are generally not available in
the bulk. For example, the binding of analytes to receptors
immobilized on carbon nanotubes brings in significant
changes in the resistance of the CNT that is used as a
sensor signal [86, 87]. Such a phenomenon does not occur
in bulk metals. Furthermore, surface plasmons in thin metal
films (2D) and nanoparticles (0D) [73] are characteristic
properties at the nanoscale that are otherwise not available
in bulk microscale materials. These unusual properties
arise due to the fact that the electrons are confined in one to
three dimensions. Another related aspect is the improve-
ment in robustness of a certain physical property such as
fluorescence of quantum dots due to their OD nanostructure
[45, 47]. While nanostructures exhibit favorable properties
in a standalone manner, they also help augment transduc-
tion characteristics of bulk materials. A typical example is
the improvement in electrochemical detection achievable
by nanostructuring of the electrode surface [79-82, 88] due
to increase in surface area.

A key aspect for the success of nanostructures is the
tunable fabrication of the materials or the ability to tailor
the chemical and physical properties. For example, the
emission wavelength of QDs can be tuned by just varying
their size [45, 47]. Through various chemical and bio-
functionalization protocols (as outlined in the next section),
the surface of the nanostructures is optimized for the
detection of desired analytes. It is important to note that
selectivity towards a certain analyte is determined mainly
by biochemistry and this requires an appropriate coupling
of the receptor to the nanostructure surface with minimal
loss in biomolecule activity.

Although optical methods have been quite successful in
achieving very low LODs, electrical methods have the
exclusive advantage that they are portable, and hence more
promising for applications in the point-of-care. Further-
more, such one-step methods are likely to be less prone to
matrix effects due to the fewer number of analytical steps
needed and hence show good promise for on-chip point-
of-care applications. Other advantages of nanostructures
include the ability to miniaturize the diagnostic tool and
the increase in speed, reducing reagent, and sample con-
sumption [65, 85].

In spite of these favorable aspects, there are a number of
challenges, which are still to be overcome [84]. It is worth
mentioning that a relatively high proportion of reported
analytical bioassays describe only the basis of the method
but lack the corresponding application to the analysis of
real samples [26]. The suitability of these assays in the
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presence of sample matrices has not been established,
because there are still several limiting factors, such as non-
specific adsorption or binding, size variation, aggregation
and lack of stability, and solubility [26]. Furthermore, the
extension of these technologies to the parallelity of the 2D
microarray format is usually complicated. One challenge is
the optical or electrical addressing of the individual reac-
tion sites with sub-micrometer spacing. Another major
challenge is the capability to target and confine chemical
functionalization to the sensor site itself [15]. For example,
sensors that probe only a small area but require function-
alization of a larger one (say due to the use of traditional
spotting techniques or functionalization of silicon (Si)
nanowires on a silicon wafer) do not really improve the
LOD as binding occurs everywhere and not preferentially
at the sensor site [84].

Biofunctionalization of nanostructures

The first step towards the detection of a biomolecule is the
preparation of a support with an appropriate receptor or the
availability of an appropriate nanobioconjugate. Towards
this purpose, biomolecules need to be immobilized on the
surface of a desired nanostructure [89]. The biomolecules
include nucleotides, antibodies, and other ligands (such
as aptamers, synthetic receptors) acting as receptors or
enzymes that work as reporters. Here we present the
common bioconjugate techniques that are deployed to
achieve this immobilization, whereby the biomolecule is
either attached covalently or non-covalently. In homoge-
neous formats, a covalent strategy is widely used. On the
other hand, in heterogeneous formats, both covalent and
non-covalent strategies have been successfully demon-
strated. A collection of the various functionalization
strategies is presented in Fig. 1.

One of the generic protocols used for biofunctionaliza-
tion in a heterogeneous format is spotting of biomolecules
[90]. This is performed using array spotters analogous to
the fabrication of microarrays or other lithographic meth-
ods such as dip-pen lithography [90, 91]. The coupling
is mostly non-covalent. However, by allowing for tem-
perature and humidity control and appropriate solution
processing capabilities, covalent attachment can also be
achieved [90]. Other strategies are specific to the nano-
material that needs to be coupled with the biomolecule
[92]. Metallic surfaces such as gold are decorated in a
facile manner with thiol-modified biomolecules [93]. The
thiol groups of the biomolecule react with the metal surface
resulting in covalent bonds to the surface of the metal
nanoparticle or metal film. Silica surfaces (such as silicon
nanowires or silica nanospheres) contain silanol groups
[94, 95]. Here, heterobifunctional linkers are deployed,
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which contain silane groups on one end and a carboxyl or
epoxide group on the other. The silane groups link to the
nanoparticle surface while the carboxyl or epoxide groups
are used to attach biomolecules using standard coupling
chemistries [92, 95]. Similar procedures have been repor-
ted for the functionalization of magnetic nanoparticles
[96]. Quantum dots are usually functionalized with ligands
in order to stabilize them in aqueous solutions or organic
solvents. Biomolecules are coupled using a ligand-
exchange procedure [97]. On the other hand, quantum dot-
biomolecule conjugates are readily available for a number
of primary or secondary receptors from companies such as
Invitrogen [98].

Carbon surfaces are easily oxidized by gentle oxygen
plasma or heating in weak acids [99, 100]. This renders the
surface with carboxyl, epoxide, or hydroxyl groups, which
are then directly used to attach amine-functionalized
biomolecules using carbodiimide or other coupling chem-
istries. The chemistry of carbon is quite rich and this has
been utilized in a range of methods to functionalize carbon
nanotubes [100]. The most successful of these strategies
appears to be electrochemical functionalization, which
provides the attachment of biomolecules onto carbon sur-
faces in a very versatile manner in a covalent or non-
covalent fashion [78, 86, 87, 101]. Other possibilities
include thermally activated chemistry or photochemistry
[100]. Protocols based on heterobifunctional linkers are
also utilized to couple biomolecules on to the nanotube
surface [99].

Detection paradigms

The availability of a broad range of nanostructures has also
triggered an avalanche of detection modalities that have
been successful for the detection of biomolecules. Here we
focus mainly on those strategies that show promise for an
improvement in LOD or are easily amenable to on-chip
analytical systems that can be used for point-of-care
diagnostics. The whole range of detection strategies can be
broadly classified under labeled or label-free detection.
While in the former case the analyte needs to be labeled
during or before the detection cycle, the label-free methods
do not require the analyte to be labeled (see Fig. 2).

Labeled detection

The simplest way to detect an analyte is to attach a label to
it and capture it using a receptor. Figure 3a shows a
schematic of this strategy in comparison to nanostructure-
based protocols (Fig. 3b—d). In the former case, organic
dyes are typically used as labels with fluorescence serving
as the sensor signal. An example is real-time PCR [16, 27].
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Nanostructure-based
detection paradigms

e

Labeled Label-free
sandwich direct mediator-
assay detection based

Fig. 2 Mind-map of the various nanostructure-based biomolecule
detection paradigms

In nanostructure-based protocols, quantum dots, carbon
nanotubes, or metal nanoparticles serve as labels (Fig. 3b, c).
The coupling of the nanostructure to the analyte is carried
out using the functionalization schemes outlined before.
Various read-out methods are deployed as shown in
Table 1 depending on the type of nanostructure. In this
strategy (Fig. 3b, c), a characteristic physical property of
the nanostructure is utilized. For example, quantum dots
have improved fluorescent properties with respect to
organic fluorophores bringing in an improvement in the
sensor signal [33, 46, 48]. On the other hand, metal
nanoparticles can be detected using simple techniques such
as colorimetry, absorption spectrometry, or electrochem-
istry [20, 29, 38, 102]. Carbon nanotubes serve mainly as
Raman labels [36, 37].

Another aspect of nanostructures is their capability of
providing a large surface, which is judiciously utilized to
increase the number of label molecules attached per analyte

:#i‘
hS
X < S
./,/'r y r/,.f' ; /_r‘{
(A) ®) (©) (D)

* - reporter [ label

0 - analyte

- receptor

Fig. 3 Schematics of labeled biomolecule detection. NP and CNT
refer to OD and 1D nanostructure respectively. a A classical approach
involving a label (such as an organic dye) directly attached to the
analyte. Nanostructure-based approaches: b a carbon nanotube (CNT)
or ¢ a nanoparticle acting as a label; d a nanoparticle loaded with dye
molecules acting as a label

(see Fig. 3d). Typical examples include dye-loaded silica
nanospheres [25, 55]. The improvement in sensor signal is
apparent here when one considers that for every analyte
molecule there is a multitude of labels, which produces a
form of intrinsic signal amplification.

Label-free detection

Label-free methods can be classified broadly under three
categories namely sandwich, direct, and mediator-based
assays (see Fig. 2). Below we describe the various strate-
gies and the advantages arising due to the use of
nanostructures in these paradigms.

Sandwich assays

Sandwich assays are very efficient since they avoid direct
labeling of the analyte but allow for a similar detection
strategy and comparable or better sensitivity. Nanostruc-
tures have been utilized in a number of sandwich assays.
The general architecture of a sandwich assay (such as in
ELISA) as shown in Fig. 4a comprises of an immobilized
primary receptor that binds the analyte. Subsequently, a
secondary receptor binds to the free portion of the bound
analyte. The secondary receptor carries a reporter or a
label, which is used for the detection of the analyte using
optical or electrochemical methods. In ELISA, the recep-
tors are antibodies, while the reporter is an enzyme [28].
In nucleic acid assays, the receptors are probe sequences
and the reporter is mostly a fluorophore [27]. The sandwich
assays utilizing nanostructures are also based on this basic
principle (see Fig. 4b—f).

Nanostructures attached to secondary receptors As in
the case of labeled detection, the availability of a large
surface has been utilized to increase the loading of the
secondary receptor with a high density of reporters (see
Fig. 4b). Since every analyte molecule corresponds to a
large number of reporter molecules on the secondary
receptor, a great enhancement in the sensor signal is
achieved. A typical example of this strategy is presented by
dye-loaded silica nanospheres [103, 104]. Another example
is the use of a nanotube as the support for enzyme mole-
cules such as alkaline phosphatase, which leads to a
tremendous increase in the signal upon formation of the
sandwich [63]. The advantage of this strategy is that
diagnostic analyzers already available in analytical labs can
be utilized, with improved sensitivity or a lower LOD.

It is not always necessary to use immobilized reporters
on the nanostructure. The nanoparticles (attached to the
secondary receptor) themselves can serve as reporters. The
detection of the nanoparticle label is carried out in many
ways with or without amplification. Direct detection of the
nanoparticles without amplification is carried out through
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Fig. 4 Schematics of major
label-free sandwich assays.

a A classical approach—
enzyme-linked immunosorbent
assay (ELISA) showing the
analyte sandwiched between an
immobilized primary receptor
and a labeled secondary
receptor. Nanostructure-based
approaches: b CNTs or NPs 4

loaded with reporters (enzymes
or dye molecules) act as labels;
¢ the NPs attached to secondary
receptors act as labels
themselves. After electroless
deposition of silver, they are
detected by colorimetry (Ag) *
or by measuring the resistance
(R) between two electrodes; = \
d increasing the density of AN
primary receptors by :

e (©)
L]

immobilizing them on
nanoparticles or nanostructured
surfaces; e Biobarcode assay:
every analyte molecule is S T
translated into numerous (
(n) oligonucleotides; (-
f Nanobarcode assay: every
analyte molecule is translated
into a metal nanowire carrying a
specific code. In both barcode
assays, a unique code is
deployed (Code A or Code B)

[
(o}
o
(1+]
w

for the corresponding analyte CC ( (
(A or B) s 2 I || |
. A
1(B n 7 x\rdf'\f\
NS 7
)
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(F) Nanobarcodes
(E) Biobarcodes \J
o-analyte \ﬂ} T -receptors

resonant light scattering or electrochemical methods (see
Table 1) [20]. In order to amplify the presence of nano-
particles, a simple chemical strategy has been widely
successful. This involves the electroless deposition of sil-
ver onto the immobilized nanoparticles [105] (see Fig. 4c).
To perform this, the chip is left in a solution containing a
silver salt and an appropriate reducing agent. After a few
minutes, silver deposits onto the metal nanoparticles.
A simple document scanner is used to read out the amount
of silver deposited, which is proportional to the analyte
concentration. Alternatively, the chip is provided with
electrode gaps and the formation of silver is detected
electrically, which gives a detection limit of 500 fM [106].

Nanostructures attached to primary receptors. To
facilitate detection in a sandwich assay, the sandwich along
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with the label needs to be immobilized on an appropriate
substrate. Typically, the primary receptors are fixed on a
glass substrate. In order to increase sensitivity further,
the glass substrate itself is nanostructured (see Fig. 4d).
Through this dual amplification strategy [18, 19, 63,
107, 108], a high label loading and a high density of pri-
mary receptors on the support are simultaneously achieved.
The nanostructuring of the substrate is achieved before or
after formation of the sandwich. In the former case, mag-
netic nanoparticles decorated with primary receptors are
used to capture the analyte [18, 19, 107, 108]. Then the
secondary receptors coupled to labeled nanostructures are
allowed to bind to the free portion of the analyte. Finally,
after the sandwich is formed the magnetic nanoparticles
holding the sandwich are immobilized by applying a
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magnetic field. The unbound molecules are washed away
using a rigorous washing step. Alternatively, the surface is
initially nanostructured by coating it with nanoparticles or
nanotubes. This allows for a huge surface and a large
amount of primary receptors can be immobilized [82, 109].
The advantage of using magnetic nanoparticles is that the
analytes are captured in solution and it is more efficient
than a completely heterogeneous format, wherein the
analyte has to locate the receptor and bind to it.

Barcodes. The use of barcodes is unique to the area of
nanostructure-based diagnostics. There are two kinds of
barcodes namely biobarcodes and nanobarcodes. Biobar-
codes refer to biomolecules, mainly DNA, that have a
specific sequence that forms the code [18, 19]. Nanobar-
codes refer to nanostructures that constitute a code due to
their composition [45, 108, 110, 111]. In the former case,
the analyte is effectively amplified while in the latter the
target is translated into a nanostructure on a one-to-one
basis (see Fig. 4e, f). We will discuss these two cases
separately below.

The principle behind biobarcode recognition is outlined
in Fig. 4e. Here the secondary receptor is attached to a
nanoparticle, which contains a large number of specific
nucleotide sequences. Every different secondary receptor is
attached to a unique nucleotide sequence and in this
manner the binding of a certain analyte is encoded. Since
every nanoparticle is loaded with a large number of
nucleotides—around 228 for a 30-nm particle while using
64 mer oligonucleotide codes [112]—one analyte molecule
is amplified to around 228 oligonucleotide sequences. After
the binding event, the bound oligonucleotides are let free
and are subsequently detected in one of the many methods
outlined above. This is similar to performing a seven-step
PCR (to get 2”8 or 256 copies) in one go. By comparison, a
seven-step PCR requires, on average, 30 min, while the
one-step biobarcode amplification requires around 90 min
[18, 19]. However, the number of particles obtained can be
varied by tuning the nanoparticle size. While this might not
appear advantageous for the detection of DNA, it attains
LOD in the attomolar range for the detection of proteins
[19].

In nanobarcode immunoassays (see Fig. 4f), the nano-
structure attached to the secondary antibody acts as a code.
Examples are coded metallic nanowires [113] or micro-
beads carrying quantum dots in varying proportions [114].
Metallic nanobarcodes are prepared by electroplating
metals such as Au or Ag into templates (such as alumina
pores) and releasing the resulting striped nanorods. Unlike
biobarcodes, the nanobarcodes do not amplify the amount
of analyte. Every analyte molecule translates to one
nanostructure corresponding to a specific code. The power
of this assay is apparent mainly in multiplexing applica-
tions as discussed in “Multiplexing”.

Direct assays

Direct assays are the simplest methods in terms of detec-
tion complexity and processing steps. In these assays,
a small amount of biological fluid is spotted on a nano-
structure sensor surface that is functionalized with an
appropriate receptor. The selective binding of the desired
analyte on to the immobilized receptor causes a very sen-
sitive change, which is efficiently detected through optical
or electrical means (see Fig. 5). Due to their portability,
electrical assays show the highest promise for entry into the
field of point-of-care diagnostics. In comparison to sand-
wich assays, which require multiple steps requiring at least
two binding events and one reporter event, a direct detec-
tion cycle requires only one step, yielding results much
faster.

Direct label-free detection of biomolecules on a nano-
structure is possible due to characteristic properties of
nanostructures that are not possible in the bulk. Towards
optical detection, surface plasmons in 2D nanofilms and in
0D nanoparticles [73, 115, 116] have been widely deployed
as the sensor signal (see Fig. 5a, b). The binding of the
analyte to immobilized receptors leads to a change in
dielectric properties and results in a shift in the optical
intensity or reflection angle. This principle is widely used
in surface plasmon resonance (SPR) biosensors. Limits of
detection in nanomolar concentrations are typical for this
technique. This principle has also been commercialized,
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Fig. 5 Schematics of label-free direct assays (unique for nanostruc-
tures). In general, the receptors are immobilized on the
nanostructures. The binding of the analyte induces changes in some
physical property of the nanostructure that is sensitively measured.
a Local surface plasmon resonance (LSPR) on nanoparticles or
nanopyramids and b surface plasmon resonance (SPR) on metal films
detected by measuring the absorption spectrum or the angle of the
reflected light. ¢ Molecular beacons, where nanoparticles quench
the fluorescence of an acceptor dye. d Changes in resistance (R),
impedance (Z) or current (/) of 1D nanostructures (carbon nanotubes
or silicon nanowires) measured electrically
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and a number of companies are offering SPR instrumen-
tation [116, 117]. The major advantage of using SPR is the
possibility to perform kinetic studies at low concentration
ranges [73, 115, 116]. Another characteristic of metallic
nanoparticles is that they quench the fluorescence of
organic dyes and quantum dots. Thus they are used in
molecular beacons as a quencher [51] (see Fig. 5c).
Nanoparticles (as acceptors) and quantum dots (as donors)
have been used as a couple in FRET-based DNA detection
[50].

In direct assays utilizing electrical detection, 1D nano-
structures such as silicon nanowires and carbon nanotubes
are widely deployed. The principle used here is a change in
conductivity upon binding of the analyte to the functional-
ized receptor sites on the nanostructure surface (see Fig. 5d)
[65, 118, 119]. The disadvantage here is that every sample
requires a detailed procedure involving expensive serial
techniques such as electron beam lithography. Moreover,
the calibration of such sensors has been an issue since the
baseline varies in every sensor trial [84, 120]. To overcome
some of these disadvantages, a reference electrode is used as
a gate and the sensor signal is measured in an ion-selective
field-effect transistor configuration (ISFET). Carbon nano-
tube-based devices have been realized in such an ISFET
configuration without the use of any expensive serial pro-
cessing technique [84, 87, 101]. The sensors can be prepared
on a large scale and the receptors are attached exclusively
on the surface of the nanotubes. In this manner, LODs in the
attomolar range for DNA have been achieved. In order to be
applicable for realistic diagnostic devices, testing on real-
istic biological samples has yet to be demonstrated. Other
1D nanostructures such as ZnO nanowires also appear
promising for direct assays [121].

Mediator-based assays

Mediator-based assays utilizing nanostructures have
mainly been formulated in an electrochemical detection
format mostly for the detection of DNA [21, 40, 41, 44,
122]. A key contribution of the nanostructures in these
assays is the increase in surface area for immobilization of
receptors. The assay is based on the use of an electroactive
mediator that binds to duplex DNA and not to single-
stranded DNA [21]. The probe DNA is immobilized on the
nanostructured electrode. The binding of the analyte in the
presence of the mediator results in an electrochemical
current that varies as a function of the analyte concentra-
tion [40]. Due to the nanostructuring of the electrode
surface, the electron transfer kinetics are improved,
resulting in an improved sensor signal [52, 65, 84]. Typical
nanostructures used include nanotubes and nanoparticles
[21, 24, 40]. Due to the large combination of electrodes
that are prepared by mixing a broad range of materials,
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there is a huge amount of literature available for this
strategy. The reader is referred to other extensive works
available [24, 29, 40, 41, 95, 109, 122, 123]. These sensors,
however, show promise for point-of-care diagnostics, since
they are easily realized in the format of well-known
glucose strips [124].

Towards in vitro molecular diagnostics

Based on the principles outlined above, we present in this
section several examples where the nanosensing paradigms
have been successfully implemented, highlighting methods
that have delivered sensitivities competitive to PCR and
ELISA.

Immunoassays

Nanostructure-based immunoassays have been mainly
designed for tumor or cancer markers, the most common of
them being prostate specific antigen (PSA) [125]. Other
commonly investigated proteins include immunoglobulins
and other antigens implied in pathogenic diseases. Unlike
nucleic acid assays, an immunoassay must be sensitive in
the concentration range of interest, rather than providing
the ability to detect as low a concentration as possible. On
the other hand, the ability to detect concentrations lower
than the currently achievable limit (in the pg/ml range
when using ELISA [28]) can open up new vistas for ther-
apy and diagnostics [17]. In the case of PSA, the relevant
threshold for cancer diagnostics is 4 ng/ml [125]. A num-
ber of nanostructure-based immunoassays have shown
LODs well below this limit [26].

The simplest immunoassays involving nanoparticles are
similar to that of classical immunoprecipitation or immu-
nocoagulation [126]. Here, the primary and secondary
antibodies are coupled to nanoparticles and are subse-
quently used in a sandwich assay [127]. The formation of
the sandwich leads to coagulation. Due to the special
optical properties of nanoparticles, simple absorption
spectroscopy is used to visualize the coagulate with LODs
in the ng/ml range for IgG. Many sandwich assays based on
nanoparticles for tumor markers such as PSA, a-fetoprotein
(AFP) and carcinoembryonic antigen (CEA) have demon-
strated LODs in the pg/ml range in serum [26, 37, 128,
129]. The ultimate detection limit has been achieved by
biobarcode assays that have demonstrated ag/ml LOD for
PSA [19]. This is comparable to the best established sen-
sitivities of Immuno-PCR [130] and single-molecule
ELISA [131]. This has motivated the commercialization of
the biobarcode sensor platform, which has acquired FDA
(Food and Drug Administration) approval and is in the
clinical testing phase [17].
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Direct detection systems based on conductivity changes
in Si nanowires and carbon nanotubes offer LODs in the
ng/ml level [22, 65, 132]. Moreover, they have mainly been
experimented with test solutions and rarely with serum
samples. Surface plasmon resonance-based immunosensors
usually offer higher LODs [116, 117]. Mediator-based
electrochemical assays incorporating nanotubes and nano-
particles have been successful in achieving much lower
detection limits in the fg/ml range [122] and have even
been tested on realistic serum samples [25, 125]. An
alternative to detect proteins is to use aptamers in place of
primary antibodies. Aptamers are short nucleic acid
sequences that are designed or engineered to bind specific
targets. Direct detection techniques might prove advanta-
geous here since the use of a sandwich strategy with
aptamers is not straightforward. Aptamer-immobilized
CNTs have demonstrated LODs for IgE in the pg/ml range
[133].

Nucleic acid assays

The standard assay for the detection of nucleic acids is
based on PCR [16], which has been extremely successful in
nucleic acid diagnostics due to its incredible power in
amplifying a specific target sequence. The sensitivity is so
high that commercial kits are available that can efficiently
amplify and detect as few as 5—10 copies per pl [134]. In
order for nanostructure-based assays to be competitive and
viable, it is necessary to demonstrate sensitivity and ver-
satility in relation to PCR. Among the various paradigms
mentioned above, biobarcodes have demonstrated this
capability. Using this simple technology, detection of DNA
in zeptomolar range (corresponding to 10 molecules in
30 pl) has been successfully shown [18]. The simplicity of
this assay has been utilized to probe genomic DNA at
femtomolar levels in an array format [38, 135].

Although PCR and biobarcodes achieve very high sen-
sitivity, they require a bulky optical reader to analyze the
binding events. Hence, they are not directly amenable to
on-chip detection for point-of-care diagnostics. For this
purpose, direct label-free detection using 1D-nanostruc-
ture-based sensors appear promising [84]. In these systems,
it is only necessary to drop the test solution on the sensor
surface and the analyte binding is sensitively recorded by
the probe DNA-functionalized nanostructures. Deploying
carbon nanotubes, a detection limit in the attomolar range
(corresponding to 1,800 molecules in 30 pl) has been
reported in buffer solutions [101]. It was possible to
achieve this sensitivity even in a heterogeneous solution
mixture, where the target DNA comprised only 2% of
the total DNA concentration. With silicon nanowires
[118, 119] and with mediator-based electrochemical assays
[122] femtomolar LODs have been reported.

The use of nanostructures brings in other advantages,
which go beyond just achieving a low LOD. We will
discuss two important applications here, namely single-
nucleotide polymorphism (SNP) and DNA sequencing.

SNP—With the availability of the human genome
sequence [136, 137], a major focus is devoted to studying
the genetic variability such as SNPs and other mutations.
They are expected to serve as markers in pharmacoge-
nomics and disease diagnosis [4, 138]. The detection of
SNPs through the measurement of melting curves is a key
procedure in a number of genotyping assays [139]. Even in
the initial experiments it was observed that the use of
nanoparticles resulted in much sharper melting curves in
comparison to standard fluorophores [102]. The sharper
transition in the melting curves provides for a higher sig-
nal-to-noise ratio, paving the way for the detection of base-
pair mismatches at very low concentrations of the analyte
molecules. Additionally, a broad range of kinetic studies
can be efficiently carried out utilizing nanoparticles as
labels [140]. QDs either as a label [141] or as a quencher
in a molecular beacon [142] have also been successfully
utilized to probe SNPs. With QD labels, mutations in the
human oncogene p53 could be detected at nanomolar
concentrations [141].

Sequencing—Sequencing of DNA is an important step
in nucleic acid diagnostics as was apparent in the deci-
phering of the human genome [3]. From a diagnostic point
of view, sequencing a target nucleic acid can directly
decipher its composition thereby avoiding the need for
hybridization-based assays. A number of protocols have
been demonstrated for sequencing long oligonucleotides,
some of them being tedious and expensive [143]. It would
be ideal to have a nanoscale reader that identifies the
analyte DNA or RNA by just reading out its sequence
composition. Nanopore-based methods are aimed at
achieving this. This technique does not require amplifica-
tion of starting material or addition of modified nucleotide
phosphates or expensive reading instrumentation [66, 67,
144]. The sequencing is performed by measuring the ionic
current through the nanopore as the analyte molecules are
electrophoretically driven through it [66]. Depending on
the number of strands or composition of DNA present in
the pore, the level of current blockage is different [144].
Protein nanopores can be genetically modified in a con-
trollable manner (e.g., by increasing recognition sites) in
order to optimize the detection signal [145, 146]. Con-
trollable single-site modifications of solid-state nanopores
are, however, much more difficult. The oligonucleotides of
interest can also be modified before sequencing for slower
movement through the pore [67]. Well-resolved signals
representing the sequence including the possibility to
detect methylcytosine was demonstrated using a hemolysin
mutant nanopore [147].
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Multiplexing

Multiplexing refers to the capability to detect more than
one analyte at once in a heterogeneous sample. Nucleic
acid microarrays or protein microarrays have been widely
successful in multiplexed detection offering high detection
throughput [148, 149]. Multiplexing is usually achieved by
the use of a range of fluorophores, each capable of
detecting a specific target either in a labeled or in a label-
free format [27]. Replacing the organic fluorophores with
nanostructures extends the range of detection techniques
and brings down detection limits. A simple strategy is to
substitute the dyes with quantum dots of different colors
[150-152] or nanoparticles of different sizes [20]. Using
multicolor QDs, SNP mutations in the human oncogene
pS53 and of human hepatitis B and C viruses was reported
[141]. With Au nanoparticles of two different sizes,
simultaneous detection and kinetics of two DNA targets
could be observed in the nanomolar range [34, 153].
Multicolor silica nanospheres were deployed in order to
detect three species of bacteria (E. coli, S. Typhimurium
and S. aureus) simultaneously [104]. A related multiplex
strategy involves the use of electrochemical stripping vol-
tammetry to identify different quantum dots that are used
as labels in a sandwich configuration. Examples include the
detection of three different species of DNA sequences in
the nanomolar range [52] or the detection of three different
proteins namely f-microglobulin, BSA, and IgG in the
ng/ml level [53].

Biobarcodes and nanobarcodes represent an efficient
strategy for multiplexed analyte detection. Here, every
secondary receptor targeting a different analyte is coupled
to a unique code. Oligonucleotide biobarcodes were uti-
lized to demonstrate the simultaneous identification of
four synthetic DNA targets associated with hepatitis B
surface antigen, Variola virus, Ebola virus, and HIV at
sub-picomolar concentrations in buffer solutions [108].
Although multiplexing is also possible with nanobarcodes,
biobarcodes are more successful due to the fact that they
can perform multiplexing and amplification simultaneously
in just one step. Hence, metallic nanobarcodes usually
require an amplification step before use. Using multiplexed
PCR products of 20 genomic DNA samples, a metallic
nanobarcode-based assay showed simultaneous genotyping
of 15 SNPs demonstrating a capability to distinguish 30
sequences [110].

In heterogeneous formats, multiplexing is achieved by
controlling the positioning of the receptors at a desired
location. For example, in order to detect four analytes
simultaneously, it is required to position four receptors at
four different locations on the same chip. Two strategies
appear promising for achieving such a site-specific immo-
bilization: spotting and magnetic manipulation. Spotting is
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performed by traditional microarray spotters [27]. Multi-
plexed detection using two or three different spotted
antibodies on silicon nanowires could detect PSA at pg/ml
levels [22]. Magnetic manipulation involves the preparation
of solutions of magnetic nanoparticles, each of them func-
tionalized with a different receptor. Using an external
magnetic field, they are subsequently immobilized at a
desired location on a chip. Using this strategy, multiplex
detection of four different tumor markers AFP, CEA,
CA125, and CA15-3 could be demonstrated, albeit in the
pg/ml range [59]. The assay was evaluated with serum
specimens and compared favorably with results from
ELISA with minimal crosstalk between the four detectors.

Conclusions

To summarize, it is clear that nanostructure-based assays
are opening up numerous attractive possibilities for the
detection of biomarkers and are hence promising for
applications such as disease diagnosis, proteomics,
genomics, and pharmacological investigations. The results
presented here are just a selection from the whole range of
published results and is not intended to be a complete
collection. The review grouped the available results into
specific detection paradigms, in order to facilitate easy
association of a specific assay to a certain detection strat-
egy. Various biofunctionalization approaches specific
to the nanostructure of interest were also presented. The
success of the assays will heavily depend on how they
compare with conventional assays in terms of various
analytical parameters [26].

Despite these promises, there are a number of hurdles
still to be overcome. Some are specific to nanostructures
such as efficient dispersion of nanoparticles, optimal
chemical functionalization of nanostructure surfaces
simultaneously retaining the activity of biomolecules,
reproducible fabrication, and high toxicity of QDs etc.
[154]. Others involve additional complexities that arise
when making a transition to the real world. Most of the
assays based on nanostructures have been demonstrated in
homogeneous media, without consideration of matrix
effects. However, the ultimate sensitivity of these tech-
niques will be determined by their selectivity in complex
media. Furthermore, in most cases, some kind of sample
handling and human interfaces will be essential. These
system aspects will bring in a number of challenges that
need to be optimized before the nanoassays are ready for
field applications. Microfluidic platforms can help in
bridging these gaps to some extent [85]. As new diagnostic
tools based on these nanostructures continue to be devel-
oped, it will be important to drive the established strategies
to reach the clinical stage [17]. The transition of these tools
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from the laboratory to the clinic is still in its infancy. The
potential for such assays to become part of routine medical
testing will also depend on technological, financial, and
policy factors. Once these challenges are addressed and the
efficient methodologies established, it is hoped that nano-
scale diagnostic tools will help us to elucidate unidentified
pathways associated with diseases [4] or diagnose diseases
in one click with minimal amount of physiological sample.
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