
205© Springer Nature Singapore Pte Ltd. 2017
P. Chandra et al. (eds.), Next Generation Point-of-care Biomedical Sensors 
Technologies for Cancer Diagnosis, DOI 10.1007/978-981-10-4726-8_9

P. Jolly  • S. Ustuner • S.K. Arya • P. Estrela (*)
Department of Electronic and Electrical Engineering, University of Bath, Bath BA2 7AY, UK
e-mail: pawan.jolly@hotmail.com, P.Estrela@bath.ac.uk 

M.R. Batistuti • M. Mulato 
Department of Physics, Faculty of Philosophy, Sciences and Letters, University of São Paulo, 
Ribeirão Preto, SP 14040-901, Brazil

9Nucleic Acid-Based Aptasensors 
for Cancer Diagnostics: An Insight into 
Immobilisation Strategies

Pawan Jolly, Marina R. Batistuti, Serife Ustuner, 
Marcelo Mulato, Sunil K. Arya, and Pedro Estrela

9.1	 �Introduction

Whilst antibodies remain the most popular and trusted choice for molecular recog-
nition, they may still pose challenges for biosensing applications due to their high 
cost, low reproducibility and large size. One long championed alternative to anti-
bodies are nucleic acid aptamers. Nucleic acid aptamers are single-stranded DNA or 
RNA sequences that can bind to a target with high affinity and specificity. Nucleic 
acid aptamers, due to their varied advantages, have been gaining significant impor-
tance in both diagnostic and theranostic applications. Among various diseases, early 
diagnosis of cancer is one of the biggest concerns for patients and healthcare profes-
sionals worldwide. For the case of cancer, it is crucial to be able to deliver treatment 
whilst monitoring therapy response in real time. This is required in order to prevent 
over- or under-dosing the patients whilst treatment occurs. One of the most com-
monly used techniques for cancer diagnosis is to detect biomarkers (cancer-related 
proteins, small molecules and cancer cells) found in body fluids specific for a par-
ticular cancer type. In this chapter, we present a discussion on the use of aptamer-
based biosensors (termed as “aptasensors”) for cancer diagnosis. The development 
of aptamer-based biosensor devices is an interdisciplinary field and relies on very 
distinct aspects such as characterisation of bio-recognition probes with their respec-
tive analytes, immobilisation onto electrode surfaces, development of anti-fouling 
surface chemistries, sensor design and fabrication and microfluidics. Special atten-
tion is given to different types of surface chemistry used for the development of 
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simple, sensitive and cost-effective aptasensors. Utilisation of aptamers is an 
encouraging tool for the development of point-of-care (PoC) biosensors for the 
detection of different types of cancer. In the view of unparalleled merits of aptam-
ers, recent achievements and future perspectives of the applications of aptamers are 
also discussed.

9.1.1	 �Nucleic Acid Aptamers

Nucleic acid aptamers are short single-stranded DNA or RNA oligonucleotides, 
which have gained massive attention as bioreceptors in biosensing applications 
(aptasensors) or medical therapy (Hianik and Wang 2009; Iliuk et al. 2011). Their 
specificity is similar or higher than that of antibodies, with dissociation constants 
(Kd) in the range of nanomolar (nM) to picomolar (pM) levels. An important advan-
tage of their use in the development of biosensor devices is their high affinity and 
specificity to proteins and other molecules with low molecular weight, for example, 
toxins (Castillo et al. 2012; Wang et al. 2011). When compared with their biological 
counterparts, aptamers have several advantages; for instance, aptamers are more 
stable than antibodies, making them suitable for applications in special conditions 
such as high temperature or extreme pH.

Furthermore, aptasensors can be regenerated without loss of integrity and selectiv-
ity (Mairal et  al. 2008; Tombelli et  al. 2005). One very interesting property of an 
aptamer is the conformational change that it undergoes once bound to its target, a 
property which has been widely utilised within biosensing applications (Jolly et al. 
2015a; Radi et al. 2006). The aptamers reported to date are known to form loops, 
stems, hairpins, triplexes or quadruplex structures. For instance, the DNA aptamer 
specific to prostate-specific antigen (PSA), a protein biomarker for prostate cancer, 
forms a stable single-loop configuration. On the other hand, the DNA aptamer specific 
to alpha-methylacyl-CoA racemase (AMACR), another protein biomarker for pros-
tate cancer, forms multiple-loop structures (Savory et al. 2010; Yang et al. 2014). The 
formation of loops is due to the specific interactions between nucleotides, adenine and 
thymine or guanine and cytosine present in DNA aptamer chains. Quadruplexes are 
nucleic acid sequences that are rich in guanine and are able to form a four-stranded 
structure. The DNA aptamer specific to thrombin forms a quadruplex structure, which 
is further stabilised by the presence of a cation, especially potassium, which sits in a 
central channel between each pair of tetrads (Macaya et al. 1993).

Aptamers can be easily chemically modified with various functional groups, 
such as thiol, amine or azide as well as biotin groups. This modification allows the 
immobilisation of aptamers to various solid supports. For example, modification of 
aptamers with thiols allows their association on the gold surface using Au–S inter-
actions (Jolly et al. 2015a) or modification with azido groups via click chemistry 
(Hayat et al. 2013). In another case, one end of DNA or RNA aptamers can be modi-
fied with biotin and binding of these biomolecules through solid support is realised 
via avidin, streptavidin or neutravidin bridges (Cavic and Thompson 2002; Centi 
et al. 2007; Liss et al. 2002; Ostatná et al. 2008).
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Aptamers were introduced in 1990 by two independent research groups: Tuerk 
et al. used the term SELEX (generalised scheme of systematic evolution of ligands 
by exponential enrichment) for selecting RNA ligands against T4 DNA polymerase; 
and Ellington et al. coined the term in vitro selection (Ellington and Szostak 1990; 
Robertson and Joyce 1990; Tuerk and Gold 1990). In contrast to antibodies that are 
obtained by molecular biology techniques, aptamers are prepared by a synthetic 
method using an in vitro selection procedure. Once an aptamer sequence is identi-
fied, it can be synthesised with high purity, reproducibility and relatively low cost. 
Although aptamers have a greater advantage over antibodies, they still possess a 
number of limitations, for example, degradation by nucleases (DNAse and RNAse) 
or protein fouling in serum due to DNA-binding proteins (Keum and Bermudez 
2009; Sylvia et al. 1975).

A generalised SELEX method is presented in Fig. 9.1. The SELEX approach 
starts with a random library containing 1013–1016 ssDNA or RNA sequences (Iliuk 
et al. 2011; Song et al. 2008). The library is incubated with a target to initiate the 
first cycle of selection. This is typically followed by iterative cycles of absorption, 
recovery of bound DNA/RNA and amplification. Isolation of the bound DNA/RNA 
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Fig. 9.1  Generalised scheme of systematic evolution of ligands by exponential enrichment 
(SELEX)
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is the most critical step to ensure purity and selectivity. For example, the aptamer-
target complex can be separated by filtration through nitrocellulose or by affinity 
chromatography from the unbound DNA/RNA sequences. The bound aptamers are 
then eluted and amplified by RT-PCR (for RNA libraries) or PCR (for DNA librar-
ies) to generate new pools for the next selection cycle. An ideal aptamer selection 
procedure requires around 10–15 cycles.

9.1.2	 �Aptamer Assay Configuration

The first application of aptamers for biosensing was reported in 1996 where an opti-
cal aptasensor based on fluorescence-labelled aptamers was developed, for the 
detection of immunoglobulin G (IgG) (Davis et al. 1996). Since then, several apta-
sensors have been developed using different transduction techniques. Replacing the 
antibodies in a classical ELISA configuration has enabled the development of 
sophisticated assays, which are more robust, reproducible and economical. The high 
specificity of aptamers and the possibility of developing aptamers against different 
binding sites of target analyte offer high variability of assay configuration (Fig. 9.2) 
(Hianik and Wang 2009; Song et al. 2008). Like an antibody-based assay, aptamer-
based assays can have different configurations to design the biorecognition events. 

analyte

aptamer

antibody

a
b

c

d

Fig. 9.2  Examples of different assays based on aptamers. (a) Capture of the analyte by immobil-
ised aptamers. (b) Sandwich-type assay with aptamers using two aptamers specific to two different 
sites of the analyte. (c) Capture of the analyte by the immobilised aptamers whilst a secondary 
antibody is used to detect in a modified ELISA format. (d) Capture of analyte by an immobilised 
antibody whilst aptamer is used as a secondary probe in a modified ELISA format
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Various assay configurations for aptamers have been reported. Nonetheless, the 
assay can be generalised into two categories: single-site binding and dual-site bind-
ing. The first simple, single-site binding assay consists of the attachment of aptam-
ers onto a support and the interactions of aptamer/target can be directly monitored 
(Fig. 9.2a).

Although the single-site binding format is simple, fast and cheap, it may still 
impose problems with sensitivity and/or selectivity. Whereas, sandwich assay or 
dual-site binding assays consist of capturing the target by specific aptamer method 
followed by interactions with another aptamer or antibody (Fig. 9.2b–d). Again, a 
dual-site binding assay may enable detection of the target with high sensitivity and 
selectivity. However, such an assay involves several incubation steps, making it time 
consuming and expensive (Song et al. 2008).

9.2	 �Immobilisation Techniques

In order to fabricate a successful biosensor, surface engineering of the sensor trans-
ducer plays a key role. Surface chemistry has been demonstrated as a tool to engi-
neer biosensor surfaces and is one of the most crucial aspects of biosensor 
construction. A proper control of the immobilisation step is essential in order to 
have good sensitivity, selectivity and stability of the biosensor (Campuzano et al. 
2006). Broadly, immobilisation techniques could be divided into physical adsorp-
tion, covalent binding, affinity and entrapment. These techniques pose advantages 
and disadvantages, some of which are listed in Table 9.1.

A presentation on aptamer immobilisation strategy is presented based on the type 
of surface immobilisation coupled with the type of electrode surface. Briefly, we 
report the different types of aptasensors for the detection of cancer, based on physi-
cal adsorption, self-assembled monolayers (SAM) and polymer-based approach. 
Furthermore, with the advancements in the field of nanotechnology, exciting and 
powerful tools for the development of aptasensors have been developed. And there-
fore, this chapter further describes the different types of nanoparticles used for the 
fabrication of sensitive aptasensors for cancer diagnosis.

9.2.1	 �Physical Adsorption of Aptamers

Physical adsorption is a type of direct immobilisation technique of aptamers on a 
substrate via weak, liable bonds. The interactions involved are non-covalent such 
as van der Waals, hydrogen bonding, electrostatic and hydrophobic interactions. 
Although adsorption is one of the simplest and cost-effective methods to immo-
bilise aptamers onto a surface of interest, it may result in a random orientation 
of the aptamer on the surface. Random orientation may lead to reduced activity 
along with reduced surface density. Furthermore, the interaction of aptamers via 
weak bonds could be easily broken, resulting in the loss of aptamers, limiting the 
immobilisation strategy. Nevertheless, Su et al. in 2007 reported the adsorption of 
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low-molecular-weight ATP-binding DNA aptamers onto a microcrystalline cellu-
lose membrane (Su et al. 2007). In 2015, Li et al. developed an optical aptasensor 
for the detection of multiple cancer in vitro and in vivo (Li et al. 2015). The study 
reports an aptasensor that binds specifically to the cell surface mucin 1 (MUC1) 
marker, which is overexpressed in a number of malignant tumours including pros-
tate cancer and breast cancer (Gaidzik et  al. 2013; Kimoto et  al. 2013; Li et  al. 
2015). In 2013, Choi et al. developed a chemiluminescent-based aptasensor for the 
detection of PSA by immobilising DNA aptamers conjugated with fluorescent dye 
on magnetic Fe3O4 graphene oxide nanoparticles via π–π stacking. The aptamer 

Table 9.1  General characterisation of immobilisation techniques

Immobilisation 
strategy

Type of 
interaction Advantages Disadvantages References

Physical Non-covalent 
interactions 
such as van der 
Waals, 
hydrophobic, 
electrostatic 
interactions

It is the simplest 
method which is 
rapid, simple and of 
low cost

It may result in 
random 
orientation of 
probe followed by 
instability of layer 
in different 
conditions like 
change in ionic 
strength of buffer, 
pH or other 
reagents

Du et al. 
(2012), 
Gulbakan 
et al. (2010)

Covalent, e.g. 
self-assembled 
monolayer 
(SAM)

Involves 
chemical bond 
between the 
probe and the 
electrode 
surface

It ensures good 
stability (bond can be 
broken under extreme 
conditions), results 
into well-ordered 
layer, high degree of 
control and thickness 
of electrode surface, 
high sensitivity and 
orientation

It may need prior 
modification of 
probes and linker 
molecules. It can 
be a slow, 
irreversible 
process and 
expensive

Li et al. 
(2012), Zhu 
et al. (2012)

Affinity Specific 
interactions 
such as those 
between biotin 
and avidin or 
streptavidin

Appreciable 
orientation, ensures 
high functionalization 
through specificity 
and well controlled

It employs the use 
of biocompatible 
linkers and ends 
up being 
expensive

Ma et al. 
(2013), 
Zhang et al. 
(2013)

Entrapment or 
encapsulation

Involves 
trapping of 
probes within a 
polymer like 
pyrrole, 
chitosan, 
dopamine and 
acrylamide

Results in high 
entrapment of probes, 
high thermal stability, 
stability against 
nucleases, no 
covalent modification 
needed, well-
controlled polymer 
growth

Could result in 
leaching of probes 
and reduced 
binding efficiency

Prabhakar 
et al. (2007), 
Jolly et al. 
(2016b)
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labelled with a dye (Cy3) was immobilised on the surface of oxidised mesoporous 
carbon nanospheres via π–π stacking for an optical detection technique using fluo-
rescence (Choi and Lee 2013).

To address the drawback of the random orientation of aptamers, Tzouvadaki 
et  al. in 2016 reported the development of ultrasensitive memristive aptasensor 
based on a physical adsorption method for electrochemical detection of PSA. The 
immobilisation strategy was a combination of physical adsorption and affinity 
method where the silicon nanowires were first activated with hydroxyl groups by 
exposing the nanowires to piranha solution. First, a physically absorbed layer of 
biotin was prepared on the silicon nanowire. Later, the nanowire was incubated with 
streptavidin where it specifically binds to biotin on the surface. Finally, biotinylated 
aptamers were used to occupy the free spaces of streptavidin leading to the con-
trolled orientation of DNA aptamers. The combined effect of memristor and immo-
bilisation strategy led to detection down to attomolar levels (Tzouvadaki et  al. 
2016). On the other hand, Liu et  al. reported a PSA aptasensor based on gold 
nanoparticles encapsulated by graphitized mesoporous carbon and bovine serum 
albumin (BSA) was used as a blocking molecule to reduce non-specific binding. 
Physical adsorption of nanoparticles on glassy carbon electrodes followed by 
affinity-based DNA aptamer immobilisation was used for the fabrication process. 
Differential pulse voltammetry (DPV) was used as a measurement technique with a 
limit of detection (LOD) of 7.58 pM (Liu et al. 2012).

Feng et  al. in 2011 demonstrated a reusable graphene-based electrochemical 
aptasensor for the detection of nucleon on the cell surfaces of cancer cells using 
electrochemical impedance spectroscopy (EIS). The study reports the use of 
3,4,9,10-perylene tetracarboxylic acid (PTCA), a water-soluble perylene derivative 
that can strongly bind on the graphene surfaces via hydrophobic and π–π interac-
tions. Thereafter, amine terminated AS1411 aptamer was conjugated with free car-
boxylate groups of PTCA via ethyl(dimethylaminopropyl) carbodiimide (EDC) and 
N-hydroxysuccinimide (NHS) chemistry. The aptasensor developed successfully 
differentiated cancer cells from non-cancerous cells (Feng et al. 2011).

9.2.2	 �Aptamers and Self-Assembled Monolayers

There are many techniques reported for aptamer immobilisation depending on the 
electrode surface and application. Specifically for gold electrode surfaces, self-
assembled monolayer (SAM) is one of the most commonly reported techniques 
because it results in highly controlled density and thickness of the transducer sur-
face (Hong et al. 1999). The key aspect to take into consideration for the immobili-
sation of oligonucleotide-based probes on gold surfaces is to have an optimum 
density (Keighley et al. 2008). Thiols, sulphides and disulphides have demonstrated 
very high affinity towards gold by forming a covalent bond between the sulphur and 
gold atoms, making alkane thiol-based SAMs very popular (Bain et al. 1989; Bain 
and Whitesides 1989; Love et al. 2005). For instance Su et al. reported a lab-on-
paper electrochemical cyto-device to demonstrate detection of cancer cells together 
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with multi-glycan profiling on living cancer cells. In such an approach thiolated 
DNA aptamers specific to K562 cancer cells were directly immobilized on a three-
dimensional macroporous Au-paper electrode (Su et al. 2015). More recently, Rahi 
et al. have reported a relatively simple aptasensor for the detection of prostate can-
cer based on electrodeposited gold nanospheres using an arginine template to 
achieve a 50 pg/mL detection limit using differential pulse voltammetry technique. 
Again a thiolated anti-PSA DNA aptamer was used to bind to the gold surface fol-
lowed by incubation with 6-mercapto hexanol (MCH) to cover the free gold spaces 
and to obtain a well-aligned monolayer (Rahi et al. 2016).

Sulphur in the proximity of gold undergoes the following reaction:

	 RSH Au RS Au H e+ Û - + ++ - 	

The sulphur–gold reaction is spontaneous with 80–90% coverage within the 
first few minutes, but a well-organised layer is formed in no less than 12–16 h 
(Schreiber 2000). The formation of well-organised SAMs depends not only on fac-
tors such as presence of contaminants and surface quality (roughness and purity), 
but also on the length of alkanethiols (Finklea 1996). The higher kinetics for longer 
alkyl thiols could be attributed to amplified van der Waals interactions (Darling 
et al. 2002). In 2005, Love et al. determined the maximum density of alkane thiol 
on gold surfaces to be 4.64 × 1014 molecules/cm2 with a gap of 4.99 Å between two 
adjacent molecules. The time-dependent well-organised SAM formation under-
goes two main steps where there is spontaneous assembly within the first few min-
utes. In the early stages, alkane thiols lie flat on the gold electrode surface through 
physisorption, called the ‘lying-down’ phase (Camillone et al. 1994). Thereafter 
follows a chemisorption process where a crystalline or a semi-crystalline structure 
is formed due to van der Waals forces resulting in lateral movement until a tilt 
angle of about 30° between the hydrocarbon chains is achieved (Love et al. 2005). 
It is worth mentioning that the ability of the thiols to move laterally along the gold 
surface results in the formation of well-ordered layering and healing the defects 
(Ulman 1996).

In such a process, the terminal groups of the alkanethiol affect the SAM proper-
ties that define its interaction with biological molecules. Chun et  al. reported an 
electrochemical aptasensor for the detection of HER2, which is a breast cancer bio-
marker. The group fabricated the aptasensor by using first a SAM layer of 
3-mercaptopropanoic acid (MPA). Thereafter, the carboxylate group of MPA was 
used to covalently attach amine-terminated anti-HER2 DNA aptamer using EDC/
NHS activation step (Chun et al. 2013). Another anti-HER2 aptasensor based on 
gold micro capacitor electrodes was reported to develop a label-free capacitive apta-
sensor for breast cancer biomarker (Qureshi et al. 2015). A similar surface chemis-
try was also reported to develop an aptasensor for the detection of human liver 
hepatocellular carcinoma cells using electrochemical methods (Kashefi-Kheyrabadi 
et al. 2014). In recent years, various nanomechanical systems have been developed 
(Eom et al. 2011). For instance, by monitoring the changing frequencies or deflec-
tion of microcantilevers, cantilever-based biosensors can be fabricated (Boisen et al. 
2011). Such an approach was utilized to develop label-free microcantilever array 
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sensor in static mode to detect lung cancer cells with a detection limit down to 
300 cells/mL. Thiol chemistry was utilized to form a SAM on eight identical micro-
cantilever gold surfaces, by using thiolated DNA aptamer specific to lung cancer 
cells, followed by backfilling with MCH (Chen et al. 2016).

Furthermore, the tailoring of the SAM layers has led to the establishment of 
mixed SAMs. Exploring different SAM layers, Jolly et al. demonstrated an optimised 
SAM of co-immobilised thiol-terminated sulfo-betaine and 11-mercaptoundecanoic 
acid (MUA) that can be used to create enhanced anti-fouling properties. Thereafter, 
carboxylate groups of MUA were used to bind an amine-terminated anti-PSA 
DNA aptamer using EDC/NHS activation step (Jolly et  al. 2015b). In 2010 Wu 
et al. reported a ternary SAM on screen-printed gold electrodes as a potential anti-
fouling SAM for amperometric detection of oligonucleotides. Ternary SAM here 
comprised of an optimised ratio of thiolated oligonucleotide probe and 1,6-hexan-
edithiol (HDT) and further passivated with 1-mercapto-6-hexanol (MCH). Based 
on similar surface chemistry with screen-printed electrodes, Miodek et al. demon-
strated the development of an electrochemical aptasensor for the detection of throm-
bin (Miodek et al. 2015). Thrombin is a protein biomarker that plays an important 
role in cardiovascular diseases and inflammatory process and can indicate many 
pathological conditions, including cancer (Yeh et al. 2014). Furthermore, by tuning 
the composition of mixed SAMs, the amount of functional groups can be moni-
tored for the efficient efficacy of biosensors. In fact, it is worth mentioning that 
by carefully selecting the spacer molecules, desired hydrophobicity or hydrophi-
licity as well as significant chemical reactivity could be achieved. Such a strategy 
could impede non-specific binding and therein improve the electrochemical signals 
(Herne and Tarlov 1997).

9.2.2.1	 �Silane-Based SAM and Aptamers
Deviating from metallic electrode surfaces for the development of aptasensors, non-
metallic surfaces have also gained a lot of interest for the development of point-of-
care devices. Different surface chemistries, mostly based on silane layers, have been 
demonstrated for the conjugation of bioreceptors. Sagiv (1980) demonstrated for 
the first time a chemisorbed monolayer using siloxane chemistry on a silicon sur-
face. Since then, many reports have been published on bioconjugation techniques 
using different types of silane (Bañuls et al. 2013; Haensch et al. 2010). For instance, 
Sharma et al. demonstrated the development of electrochemical aptasensor by cova-
lent attachment of amine-terminated DNA aptamers on 3-(2-aminoethylamino) pro-
pyl trimethoxysilane on indium tin oxide (ITO) surfaces via a glutaraldehyde linker. 
The developed aptasensor was used to detect lung cancer cells in the concentration 
of 103–107 cells/mL with a detection limit of 103 cells/mL within 60 s (Sharma 
et al. 2012). More recently, Pasquardini et al. developed an innovative single-photon 
avalanche diode (SPAD) system for the detection of vascular endothelial growth 
factor (VEGF), which is a circulating protein biomarker for cancer detection. The 
system employs the immobilisation of thiol-terminated anti-VEGF DNA aptamer 
via covalent bond on the SAM of 3-mercaptopropyltrimethoxysilane on silicon 
dioxide wafers. A secondary detector antibody labelled with horseradish peroxidase 
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(HRP) was used to complete the sandwich assay with a demonstrated stability of the 
SAM up to 42 days (Pasquardini et  al. 2015). A simple microfluidic assay was 
reported by Jolly et  al. for an aptamer-based ELISA for both quantification and 
glycoprofiling of PSA for prostate cancer diagnosis. The group utilised an amine-
terminated anti-PSA DNA aptamer immobilised in a microfluidic channel on a 
SAM of 3-glycidyloxypropyl) trimethoxysilane on glass surfaces. A secondary anti-
body or a lectin is used to quantify, by chemiluminescence, both the amount of PSA 
and its glycosylation levels (Jolly et al. 2016a).

9.2.3	 �Nanomaterials and Aptasensors

In the past decades, there has been a considerable interest in nanomaterials for their 
application in medicine and biology. Nanomaterials have been used as a physical 
approach to improving the pharmacokinetic and pharmacodynamic properties of 
different drug molecules, increasing their therapeutic benefit and, at the same time, 
minimizing side effects. Since then, the applications of these structures increased 
and nowadays have become one of the biggest research fields. Nanoparticles are 
particulate dispersions or solid particles with a size range from 1 to 100 nm. They 
are the fundamental components to fabricate nanostructures and were well described 
as smaller than the world of everyday objects described by Newton’s laws of motion, 
but bigger than an atom or a simple molecule that is governed by quantum mechan-
ics (Horikoshi and Serpone 2013).

The major goal in designing nanoparticles is their controlled size and surface 
properties for specific applications. Once control parameters are achieved, nanopar-
ticles can be introduced into medicine and biology in different ways, for example as 
drug delivery, fluorescent biological labels, probing DNA structure, detection of 
pathogens and proteins, tissue engineering, imaging contrast and, one of the newest 
applications, aptasensors. Due to all these possibilities, nanomaterial has been 
applied on biosensor development. The different structures and properties already 
improve the sensitivity lowering the LOD down to femtomolar levels and opening 
new possibilities for biosensing applications (Li et al. 2010). Using these nanoma-
terials, different signal transducers are employed for detection.

Given that a biosensor’s signal is generally proportional to the surface coverage, 
most methods of increasing the sensitivity of label-free biosensors revolve around 
surface modification to increase probe loading. An obvious method is simply multi-
plex detection with an array of sensors, but this often has the disadvantage of 
increasing the required sample volume and electronic complexity. Alternatively 
forming meso- and microporous surfaces with methods such as electrodeposition 
can provide increased surface area whilst still maintaining low sample volumes. 
One of the simplest ways to now increase surface area is to anchor nanoparticles to 
the surface. These nanoparticles may be formed from metals, oxides, semiconduc-
tors and conducting polymers, but it is the use of gold nanoparticles (AuNPs) which 
has attracted most attention for biosensing applications, in particular for biosensors 
based on optical and electrochemical transduction.
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Nanomaterials are classified into different approaches, as based on the dimension or 
type of material that is produced (Hett 2004): in the first case, one-dimensional system 
such as thin film or monolayer, two-dimensional nanoparticles as carbon nanotubes 
(CNTs) single- or multi-walled carbon and three-dimensional nanoparticles as den-
drimers and quantum dots (QDs). However, classifying them as a function of the mate-
rial will be a better approach for discussing their application on biosensors.

Intentionally produced nanomaterials are divided into metallic (iron oxide, gold, 
silver), carbon structures (fullerene, carbon nanotubes), ceramic (silica, alumina), 
semiconductor (QDs), organic (protein based, DNA based, liposomes, polymers, 
dendrimers) and hybrid (magneto liposomes) (Estelrich et al. 2014). From all the 
possibilities, this topic will focus on nanomaterials that are commonly applied to 
aptasensors.

9.2.3.1	 �Carbon-Based Materials
These nanomaterials commonly take the form of hollow spheres or tubes with many 
potential applications, including improved films, surface coatings and applications 
in electronics (Wang et al. 2016). The biosensing applications are very wide, includ-
ing aptasensors. For instance, Zhang et al. (2014) reported an electrochemical apta-
sensor for thrombin. Thrombin plays an important role in cardiovascular diseases 
and inflammatory process and can indicate many pathological conditions, including 
cancer (Yeh et al. 2014). In this study a glassy carbon electrode modified with a 
graphene and porphyrin nanocomposite was used to immobilise thrombin aptamer 
via aptamer/graphene π–π stacking interactions and aptamer/porphyrin π–π stack-
ing simultaneously. The result displays a linear response with a LOD of 0.2 nM. This 
aptasensor benefits from the synergetic effects of graphene, a nanomaterial with 
high conductivity and high surface area, its ability to interact with porphyrin and the 
aptamer specificity (Zhang et al. 2014).

Recently, Nawaz et  al. functionalized carbon nanotubes (CNTs) resulting in 
CNTs bearing benzoic acid and subsequently fabricated films on carbon. This 
assembly method offers an efficient protocol by using water as a solvent and one 
simple step for fabrication using a very small amount of CNTs. These modified 
electrodes were used to develop a DNA aptamer-based biosensor to detect mucin 1 
(MUC1), a prevalent gene associated with breast cancer with a LOD of 0.02 U/mL 
(Nawaz et al. 2016).

Dendrimers are three-dimensional nano-sized polymers synthesized as spherical 
structures and the number of terminal groups increases exponentially as a function 
of the number of layers. Polyamidoamine dendrimers (PAMAM) are some of the 
most used and commercialised structures (Baker 2009). For instance Zhang et al. 
used gold electrode modified with PAMAM dendrimer to immobilise thrombin 
aptamer for the development of an EIS-based aptasensor (Zhang et al. 2009).

9.2.3.2	 �Metal Nanoparticles
Metal nanoparticles include noble metals, heavy metals, iron and metal oxides, such 
as titanium dioxide, that have unique physicochemical properties depending on 
their size and material, an easy and simple functionalisation, conductance and a 
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high surface-to-volume ratio (Borghei et  al. 2016). These properties provide an 
enhanced application for the commonly used biosensing techniques, particularly 
optical techniques.

Gold nanoparticles (AuNPs) should be highlighted as they are the most exten-
sively studied nanomaterial and led to the development of numerous methods for 
molecular diagnostics, imaging, drug delivery and therapeutics because of their 
unique properties (Doria et al. 2012). For biosensing, AuNPs present excellent bio-
compatibility that allows using them for interfacing biological events. They can 
attach to biological probes, as described before, such as antibodies, enzyme, lectins, 
nucleic acids and glycans. AuNPs are already used as imaging and therapeutic 
agents (Borghei et al. 2016). In addition, because of their versatility in biological 
and medical applications, AuNPs have been investigated as signal enhancement 
probes for biosensors. Furthermore, AuNP conductivity permits direct electron 
transfer between many electroactive species and electrodes, which enables to use 
them for signal amplification, enhancing the analytical performance compared to 
other biosensor designs. Another important property is the high surface area. The 
diameter of AuNPs varies between 1 and 100 nm, offering a structure that increases 
the amount of biomolecules anchored on the surface, maintaining their bioactivity 
and increasing the sensitivity (Cao et al. 2011; Javier et al. 2008).

The application of AuNPs in medicine started almost two decades ago. In 2008, 
Javier et al. reported a platform for molecular specific using aptamer-based gold 
nanoparticles as contrast agents. They demonstrated an approach for prostate-
specific membrane antigen (PSMA) detection obtaining reflectance images of cell 
lines treated with the anti-PSMA aptamer-gold conjugates (Javier et al. 2008). More 
recently, Borghei et al. reported a simple but highly sensitive colorimetric method 
based on aptamer/cell interaction for the detection of cancer cells. Cancer cells were 
able to uptake specific aptamers having affinity with receptors that are over-
expressed in cancer cells. Such a process resulted in the removal of the aptamers 
from the solution, and leaving no free aptamers that can hybridise with complemen-
tary ssDNA/AuNP probes, leaving the solution red. Whereas in a negative control, 
with the absence of target cells or presence of normal cells, ssDNA/AuNP probes 
were able to hybridise with free aptamers and produced a purple solution. A linear 
response for MCF-7 cells was obtained with a LOD of 10 cells. This strategy can be 
extended to detect other receptors from different cancer cells (Borghei et al. 2016).

Quantum dots (QD) and magnetic beads (MB) are other nanoparticles very fre-
quently reported for specific bio-application for molecular diagnostics and cancer 
applications. A QD is a semiconductor nanostructure that confines the motion of 
conduction in three spatial directions. QD has a discrete quantized energy spectrum; 
changing the size of QDs changes their optical properties and this property is the 
highlight of QDs. Due to these reasons, most of the transducers involved with QDs 
are optical. An example of QD application for biosensing is conjugate MUC1 
aptamers with QDs to recognise MUC1 peptide. The strand includes additional 
bases capable of hybridisation with the complementary ssDNA sequence that car-
ries the label. QD irradiation and FRET were observed for these MUC1-targeted 
probes down to 1 pM/μL (Singh et al. 2016).
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MBs comprise a ferromagnetic elemental, alloy, oxide or composite structure. 
According to their material, they are divided into paramagnetic, antiferromagnetic 
and ferromagnetic (Xiao et  al. 2016). As with QDs, optical biosensing is often 
developed for these nanomaterials due to their properties. Mostly, affinity-based 
method like avidin/biotin or streptavidin/biotin is used for the immobilisation of 
aptamers on magnetic beads. For instance, in 2006, Herr et al. developed an aptamer-
conjugated MB for selective collection and detection of leukaemia cells. The study 
reports the conjugation of two types of aptamer-modified nanoparticles: aptamer-
modified MB for target cell extraction, while aptamer-modified fluorescent nanopar-
ticles for the detection using fluorescent imaging. By doing so, leukaemia cells were 
extracted from complex samples including whole-blood samples (Herr et al. 2006). 
In 2014, Hu et al. proposed a simple optical aptasensor for cancer biomarker AGR2 
detection using UV–vis spectrometry. In this case, the aptasensor is sandwich-typed 
AuNPs/DNA/MBs where the aptamers/MBs target proteins and DNA probes on the 
AuNPs compete with proteins to hybridise with catchers. As a result, the increasing 
number of target proteins reduces the possibility of the sandwich structure forma-
tion with a picomolar range of detection limit (Hu et al. 2015). The sum of different 
properties allows an extraordinary performance of the aptasensor.

Researchers have also demonstrated the use of bivalent metal ions (M2+) for bio-
sensing applications. Immobilisation of aptamers to the electrode surface can also 
be performed via histidine-tag/M2+/Nα,Nα-bis(carboxymethyl)-l-lysine hydrate 
(ANTA) chemistry. During this process, bivalent metal ions such as Cu2+ bound to 
ANTA anchored on the surface by a tetravalent chelation, leaving two available 
coordination sites for linking of histidine-modified aptamers. ANTA/Cu2+ form a 
stable complex and the binding of Cu2+ to the ANTA-modified self-assembled 
monolayer was studied by Stora et  al., showing a dissociation constant of 5 nM 
obtained with impedimetric measurements (Stora et al. 1997). Because of the high 
affinity to the histidine sequence, the complex of ANTA with Cu2+ but also with 
other metal cations such as Ni2+, Zn2+ and Co2+ is widely used in protein purification 
methods and is known as ‘immobilised metal-ion affinity chromatography’ (IMAC) 
(Kronina et al. 1999; Ueda et al. 2003). The binding of histidine-modified mole-
cules can be reversible; however, it needs a presence of highly concentrated 
(~0.2 μM) imidazole solution (Haddour et al. 2005).

Such strategy based on His-tag/M2+/ANTA chemistry has already been described 
in the case of immunosensors (Chebil et al. 2010) and aptasensors (Xu et al. 2013) 
and in both cases a wide linear response range was obtained. For example, the apta-
sensor based on ANTA/Cu2+ complex allowed to detect thrombin protein with a 
detection limit of 4.4 pM (Xu et al. 2013).

9.2.3.3	 �Assay Designs with Nanoparticles and Aptamers
The integration of nanoparticles with biosensors is also divided into immobilisation, 
amplification or both at the same time, as illustrated in Fig. 9.3. For example, AuNPs 
can be immobilised on different carbon-based matrices such as a carbon nanotube, 
graphene or graphene oxide, gold surfaces or other polymers (Sardar et al. 2009). 
This is an effective method to increase the amount of probes immobilised, 
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especially thiol molecules which present high affinity to bind AuNPs. Moreover, 
due to the availability of high surface area of nanoparticles, the amount of biomol-
ecules anchored is increased, consequently amplifying the signal.

Furthermore, metal NPs can be used to mediate reactions amplifying the signal. 
For example, capture probes can be first immobilised on a substrate. Thereafter, 
AuNPs modified with target probes are introduced for specific recognition, result-
ing in signal amplification. Using AuNPs as a well-established model, with the 
properties previously described and, additionally, due to their high absorption coef-
ficient as well as the ability to enhance electromagnetic fields and fluorescence, 
allows exploring these particles in many different ways for biosensing purposes, 
especially in the development of optical, electrochemical and piezoelectric biosen-
sors (Sardar et al. 2009). The different transducers can be applied to many biologi-
cal probes, including aptamers.

For instance, Chai et al. in 2011 reported the use of SAMs to deposit AuNPs 
on electrode surfaces. The study reports a simple strategy to immobilise 

nanoparticle aptamer antibody analyte

D
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A

Fig. 9.3  Examples of different assays based on the use of nanoparticles, where nanoparticles can 
be either used to modify the surface of electrode or used as a label for amplification
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streptavidin-coated AuNPs on the surface of gold by employing a SAM of 1,3-pro-
panedithiol. Thereafter, biotinylated DNA aptamer specific to PDGF-BB was 
immobilised using the conventional affinity interaction between streptavidin and 
biotin. Such a platform was used to capture the target PDGF-BB and finally a sec-
ondary label was used as a detector. The label comprised of AuNPs modified with 
N-(aminobutyl)-N-ethylisoluminol (ABEI) and DNA aptamers. The binding event 
of the sandwich assay was monitored by electrochemiluminescence method. The 
signal amplification by the AuNP was specific, simple and stable, with a detection 
limit as low as 2.7 × 10−14 M being achieved (Chai et al. 2011).

Other proteins, such as thrombin, have been extensively studied. Fang et al. pro-
posed an electrochemiluminescence (ECL) aptasensor where aptamers labelled 
with AuNPs were first immobilised onto ITO electrode surface and, after catching 
the thrombin, signal aptamers tagged with ECL labels were attached to the assem-
bled electrode surface. As a result, a sandwich-type assay was formed achieving 
10  nM as LOD (Fang et  al. 2008). Thrombin can also be detected using other 
approaches. Screen-printed electrodes (SPE) are economical electrochemical sub-
strates with advantageous properties, such as disposability and simplicity and can 
be used for the rapid in situ analysis. Yeh et al. developed a system with a carbon 
SPE capture thrombin and an amplifier for recognising thrombin which is the mul-
tiple molecules of anti-thrombin antibody-modifying AuNPs. The electrochemical 
response presented a LOD of 1.5 pM (Yeh et al. 2014).

The whole cell can be captured by the aptasensor with good selectivity once they 
usually have specific proteins on the surface. Mucin 1 is a tumour maker protein in 
human breast carcinoma MCF-7 cells. An assay used aptamers to bind tumour 
markers on the surface of cancer cells, in this case, MCF-7 cells. Nanoporous mate-
rials modified with mucin 1 aptamers attach on the cell improving the biosensor 
performance and exhibiting a detection limit of 38 cells/mL (Yan et al. 2013).

Optical transducers are also applied in cancer diagnosis using aptasensors. 
Colorimetric detection is a signal transducer based on absorbance curves with low 
cost, fastness and a point-of-care compatible testing technique for cancer cells. 
Wang et al. recently designed a specific detection for MCF-7 cells with mucin 1 
aptamer, the same samples previously described. But, in this case, the aptamer and 
PtAu nanoparticle with high catalytic activity were able to differentiate cancer cells 
from non-cancer cells and different cancer cell types with a LOD of 10 cells/mL in 
phosphate buffer solution and in the serum samples (Wang et al. 2015). Different 
nanoparticles can be used based on their properties. In some cases, nanoparticles 
can be combined. For example, Ye et al. published an interesting study with bimetal-
lic nanoparticle (Cu–AuNP) combined with an iodide-catalysed system. The 
nanoparticle was modified with aptamers to human leukaemia CCRF-CEM cells, 
thus indirectly inducing the colorimetric signal variation of the system. The LOD of 
5 cells in 100 μL shows a strategy that can be extended to other cancer cell assays 
(Ye et al. 2015).

Similar strategies have been developed for other optical transducers. Surface-
enhanced Raman scattering (SERS) was applied to detect vascular endothelial 
growth factor (VEGF). A different strategy involves silver nanoparticle-ornamented 
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gold nanoparticle pyramids (Ag–AuNPs) using an aptamer-based sensor that was 
ultrasensitive with a LOD of 22.6 aM. Limits lower than this have already been 
achieved with optical techniques (Zhao et al. 2015). Vance and Sandros presented 
an application of surface plasmon resonance imaging (SPRi) system to detect 7 zM 
(or 5 fg/mL) of C-reactive protein (CRP), in this case, combining aptamer-modified 
quantum dots (QDs) and microwave-assisted surface functionalisation (Vance and 
Sandros 2014).

Deviating from conventional nanoparticles, graphene oxide (GO) has also been 
used to develop aptasensors based on a fluorescence technique. By using the inher-
ent capability of the ring in DNA guanine residues to absorb on the surface of gra-
phene oxide by π–π interactions, He et  al. demonstrated the development of an 
aptasensor that characterises epithelial malignancy by targeting MUC1. In such an 
approach, an anti-MUC1 labelled with a fluorescent dye (Cy5) was adsorbed on the 
GO resulting in close proximity of the dye to the surface. Consequently, a quench-
ing effect is observed via energy transfer from dyes to GO. However in the presence 
of the target, the aptamer changes conformation resulting into increased distance 
between the dye and the GO, inducing the fluorescence restoration. The aptasensor 
was successfully tested in both buffer and blood serum with a detection limit of 
28 nM (He et al. 2012). A similar strategy of using GO and the quenching effect was 
used for the detection of hepatocellular carcinoma, where the aptasensor was able to 
detect human liver cancer cell lines SMMC-7721 with a detection limit of 200 cells 
in 200 μL buffer (Xie et al. 2014).

9.2.4	 �Polymer-Based Aptasensors

The cost has always been a crucial factor in the development of novel biosensor 
devices for medical purposes. In order to reduce the cost of biosensor fabrication, 
the adoption of noble metals and their cleanroom processing are required to be kept 
at a minimum (Kiilerich-Pedersen et al. 2011). These factors have led to a shift from 
the use of gold and platinum to degradable polymer materials. As a result, the appli-
cation of polymers is experiencing an increasing importance over traditional sys-
tems, especially within the area of immobilisation of aptamers for the detection of 
damages within target DNA (Liao et al. 2008; Radi 2011). Moreover, the develop-
ment of novel polymeric materials led to a new trend within the area of biosensors 
for cancer diagnostics. The necessity for introducing the adoption of polymers 
aroused with the requirement of individualised and tailored methods of treatment 
for a more heterogeneous disease such as cancer (Luk and Zhang 2014). Polymer-
based biosensors offer the ability of theranostic applications (emergence of therapy 
and diagnostics imaging into a single package), with their additional advantage of 
possessing excellent biocompatibility (Luk and Zhang 2014). These polymer-based 
nanomaterials demonstrate desirable biodegradability and structural versatility. 
Except at high concentrations, biopolymers are typically non-toxic and naturally 
degrade into safe materials (Clawson et al. 2011; Hu et al. 2010).
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It is worth mentioning that depending on the type of polymer, different immobili-
sation strategies for aptamers have been reported. For example, a reagent-less elec-
trochemical transduction-based aptasensor for the detection of PSA was developed: 
the study demonstrated the elimination of any redox labels by adopting a quinone-
containing conducting polymer (Souada et  al. 2015) on glassy carbon electrode 
surface. Short amine-terminated DNA aptamers have been first immobilised on the 
quinone-based conducting copolymer via EDC/NHS chemistry. When subjected to 
PSA, a strong current decrease (‘signal-off’) was generated due to heavier mole-
cules of PSA compared to aptamer strands on the probe surface. This was next 
switched to a current drop (‘signal-on’) by the hybridisation of probe aptamer with 
its complementary strand DNA which breaks PSA–aptamer interactions. As a result, 
the developed switch signal system was able to detect PSA in ng/mL range and also 
evaluated the PSA–aptamer dissociation constant (Kd), of ca. 2.6 nM. This dual-
check system provided a full assurance of a perfectly specific recognition event 
(Souada et al. 2015).

There are many conducting polymers like polypyrrole (PPy), polythiophene and 
polyaniline that have been used for biosensor construction. Among them, PPy is 
one of the most extensively used conducting polymers in the design of bioanalyti-
cal sensors apart from polythiophene and polyaniline (Peng et  al. 2009; 
Ramanavičius et al. 2006). This is due to its copious properties such as redox activ-
ity (Han et al. 2005), ion exchange and ion discrimination capacities (Johanson 
et al. 2005; Weidlich et al. 2005), strong absorptive properties (Azioune et al. 2005; 
Chehimi et al. 1999), catalytic activity (Khomenko et al. 2005) as well as biocom-
patibility (Wang et al. 2004). PPy as a polymer can be further characterised by its 
high electrical conductivity, hydrophilic character and high stability in water 
(Andrade 1985). In fact, its low oxidation potential enables a pyrrole polymer film 
to be grown from aqueous solutions which is compatible with most of the biologi-
cal elements (Asavapiriyanont et al. 1984). Researchers have also worked on the 
modification of pyrrole monomers in order to provide enhanced anti-fouling prop-
erties. For example, in 2002 Rodrigez et  al. synthesised pyrrole modified with 
biotin set apart by polyethylene glycol chain which prevented biosensor against 
non-specific interactions. More recently, Jolly et al. (2016c) reported the develop-
ment of an aptasensor for AMACR detection using a voltammetry detection tech-
nique. In the study, a simple and efficient electrochemical patterning of 
amine-bearing PEG derivatives on PPy films has been developed. Such a method 
paved way to simple pyrrole monomer modification and demonstrated enhanced 
anti-fouling properties of PPy with PEG.  His-tagged DNA aptamers specific to 
AMACR were then immobilised via coordination chemistry with copper ions. A 
very low detection limit of 1.4 fM was established in human plasma samples. The 
progression of a tumour and its transformation to different stages can be related to 
platelet-derived growth factor (PDGF), especially PDGF-B chain. Recently in 
2016, Lee et al. fabricated an aptasensor based on multidimensional hybrid con-
ductive nanoplate for the detection of the PDGF. PDGF has emerged as a critical 
cancer biomarker as it is associated with diverse cancers and other diseases (Lee 
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et al. 2016; Shih et al. 2004). The sensor was fabricated by using multidimensional 
hybrid carboxylated polypyrrole plates (MHCPPs) that were functionalised with 
the PDGF-B-specific DNA aptamer. The vertical decoration of the polypyrrole 
nanosheets has managed to maximise the active surface area of the MHCPPs. The 
strategy demonstrated a dramatic increase in the interaction between the developed 
MHCPP-based sensor and the PDGF-BB analyte. Detection limit as low as 1.78 fM 
has been achieved for PDGF-B, by using field-effect transistor (FET)-type aptamer 
sensor (Lee et al. 2016).

Polymer-based approaches have also penetrated graphene-based FETs and are 
witnessing a rapid development growth and even considered as an alternative for 
post-silicon electronics. Kwon et  al. demonstrated how to grow polypyrrole-
converted nitrogen-doped few-layer graphene (PPy-NDFLG) on copper substrates 
which provided the recognition of the target molecules at really low concentrations 
of 100 fM. Such a process was carried out using a combined technique of chemical 
vapour deposition and vapour deposition polymerisation. The developed platform 
was used to immobilise amino-terminated anti-VEGF RNA aptamer using Schiff-
base reaction via glutaraldehyde-conjugated 1,5-diaminonaphthalene (DAN) 
(Kwon et al. 2012).

Development of aptasensor based on single-polymer-based nanowire has also 
been reported. Huang et al. in 2011 reported a single-step electrochemical depo-
sition of single-PPy nanowire between two gold electrode junctions in a pat-
terned polymethylmethacrylate (PMMA) nanochannel. A different immobilisation 
strategy was utilised where a mixture of pyrrole monomer and aptamer was used, 
with the aptamers encapsulated within the polymer without any covalent bond-
ing. By using microfluidic systems the group demonstrated the detection of 
immunoglobulin E (IgE) and mucin 1 (MUC1) with their specific aptamer. Mucin 
1 is a protein biomarker which has been reported to be over-expressed in almost 
all human epithelial cell carcinomas like breast cancer, ovarian cancer and lung 
cancer (Croce et al. 2003; Hough et al. 2000; Maeshima et al. 1997). The detec-
tion of the protein immunoglobulin E (IgE) was achieved within a range from 
0.01 to 100 nM and the aptasensor performed excellent sensitivity with a fast 
response and rapid stabilisation time (∼20 s). A detection limit of 2.66 nM was 
obtained for MUC1 using conductance measurements, which is significantly sen-
sitive compared to commercially available MUC1 diagnosis assay (800  nM) 
(Huang et al. 2011).

Although conducting polymers have always been in the interest for the develop-
ment of electrochemical biosensors, there are also reports on the use of non-
conducting polymers such as chitosan. For instance, Tahmasebi et  al. adopted 
carbon nanotube (CNT)-based polymer materials in order to provide a sensitive 
electrochemical aptasensor for the detection of PSA using EIS technique. The study 
demonstrates the benefits of nanomaterials composed of carboxylic acid-
functionalised CNTs and chitosan for the immobilisation of PSA aptamer on probe 
surface with a LOD of 22  pM.  The experimental results also proved the higher 
aptamer immobilising capability of chitosan-CNT composite when compared to 
CNTs or chitosan alone (Tahmasebi and Noorbakhsh 2016).
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9.2.4.1	 �Molecular Imprinting and Aptamers
In response to the challenges faced by the conventional methods of protein imprint-
ing for biosensor studies, molecular imprinting has adopted new approaches to 
overcome its limitations (Menger et al. 2016). One of the approaches is to incorpo-
rate aptamers within the molecularly imprinted polymers (MIPs). A study carried 
out on an aptamer-MIP hybrid receptor for the detection of prostate-specific anti-
gen in 2016 reported much more sensitive recognition characteristics compared to 
that of the aptamer alone (Jolly et al. 2016b). The MIP cavity that had been devel-
oped was observed to act synergistically with the enclosed aptamer forming a 
hybrid receptor which provided much sensitive recognition characteristics (termed 
as ‘apta-MIP’). A simple strategy was demonstrated by using dopamine monomers 
and PSA-specific thiolated DNA aptamers. A thiolated anti-PSA DNA aptamer 
was complexed with PSA prior to being immobilised on the gold electrode surface. 
Thereafter, a controlled electropolymerisation of dopamine around the complex 
enabled the entrapment of the complex. The PSA was then removed from the tem-
plate and the fabricated sensor was used to study the subsequent rebinding of 
PSA. The study has adopted EIS as a method of evaluation by looking into capaci-
tance changes, where the apta-MIP sensor showed a detection limit of 1 pg/mL of 
PSA (Jolly et al. 2016b). Within the same year, another novel method of lumines-
cent ‘double recognition’ for the detection of ENR (enrofloxacin) was developed. 
This method also had two stages of recognition. Firstly, ENR-specific biotinylated 
aptamers were immobilised on a surface of up-conversion nanoparticles (UCNPs) 
in order to capture and concentrate ENR as the initial imprinting recognition safe-
guard. This was then followed by the polymerisation of methacrylic acid mono-
mers neighbouring the aptamers of ENR, which interacted with the residual groups 
of ENR by using MIP techniques as the second recognition safeguard. The sensor 
demonstrated detection and quantification limits of 0.04 and 0.12 ng/mL, indicat-
ing the feasibility of the method for the detection of ENRs in real samples (Liu 
et al. 2017).

The studies have shown that MIPs offer an exchange rate of the target aptamer 
that is significantly higher than that of the antibodies. However, the recent methods 
of using MIPs have been only developed for the detection of a limited range of pro-
teins. As a result, the research in MIPs still requires improvement in terms of sensi-
tivity and the application on real samples (Menger et al. 2016).

9.3	 �Outlook

Nucleic acid aptamers represent a challenging and fascinating venue and a possible 
replacement of antibodies for both therapeutics and diagnostics. Indeed early tech-
nology for the application of aptamers for sensing applications has its own limita-
tions but it has continued for more than two decades with the integration of many 
modifications and advancements in the field. Aptamers, although they have been 
raised against a number of targets over the last two decades, are expected to see 
further improvement in their variety, affinity, diversity and half-lives. Therapeutic 
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use of aptamers is a well-established field; for example, aptamer compound named 
Pegaptanib was approved as a drug for clinical use for endovascular age-related 
macular degeneration (Gragoudas et al. 2004). Conversely, in the field of diagnos-
tics, especially diagnostic systems based on biomolecular binding events, are still 
under the dominancy of immunoassays. However, the diagnostic field is now show-
ing that with the use of aptamers, some of the limits of current diagnostic tools can 
be circumvented, such as flexibility for signal transduction and detection (Liu et al. 
2009). For instance, the ability of the aptamers to distinguish small differences 
between proteins sharing similar surface homology may allow aptamers to differen-
tiate cells based on cancerous and non-cancerous. The use of natural and synthetic 
nucleotides is still developing and paving the way towards advanced biosensor 
development. Developments in biochemistry and molecular biology have led to a 
deeper understanding of the role of nucleic acids and showed that the functions they 
play are far greater than originally expected. This leads to a new world of biosensing 
applications, where nucleic acid-based biosensing approaches can have an unparal-
leled impact on clinical diagnosis, prognosis and monitoring. It can be seen from the 
plethora of reported literature how researchers from different fields are coming 
together to realise high-throughput aptamer-based biosensors for use with complex 
matrix samples such as clinical or environmental. The ease of manipulation of oli-
gonucleotides, controlled surface chemistry approaches and ‘straightforward’ 
charge distribution make them optimal bioreceptors for biosensing applications. 
Moreover, the commercialisation of biosensors has been fuelled right after the first 
glucose test in a PoC format.

However, the process of commercialisation of aptamer-based biosensors for the 
detection of cancer biomarkers is still at an early stage (proof of concept) and 
requires further developments. There is still not a self-contained answer to why 
nucleic acid aptamers have not yet penetrated into the clinical laboratories (Baird 
2010). Although there are several challenges that need to be addressed for real clini-
cal application, one of the most important is related to the conformational change of 
aptamers. Most of the aptamers generated via SELEX is known to have well-known 
interaction between the aptamer and its target which is dependent on the conforma-
tion of aptamers. However, such a conformation is largely affected by chemical and 
physical environment. As a result, the aptamers selected through in vitro SELEX 
procedures might have decreased or completely lose their binding efficiency. 
Overall, the development of aptamer-based biosensors for biomarker detection is 
expected to attract increasing interest because of its ease of synthesis and the pos-
sibilities of multiple modifications. Furthermore, there are many successful reports 
that have been published for cancer diagnosis; however, most of them have been 
carried out either in ideal buffer solutions or in vitro cultures. There are very few 
reports that have shown the tests with real cultures or in animals.

These studies not only demonstrate the enormous potential, but also prove how 
they can be used for a wide range of other biomarkers for various diseases that 
exploit target/probe features similar to those of the systems that have been reported 
previously. It has become apparent that the aptasensor field has reached a new level 
of maturity where it has been employed to detect multiple biomarkers. Aptasensors 
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have already shown their specificity and versatility to be applied to different sur-
faces and systems with different transducers. The use of nanoparticles combined to 
aptamers addressing the increase of sensibility opens the door to new detection 
levels not previously conceived. The future of these approaches aims to develop a 
multiplexing platform with the capacity to distinguish different biomarkers with 
ultra-low levels.

Nevertheless, the sensitivity of an aptasensor is affected not only by the surface 
chemistry used but also the analytical method used for the detection. Furthermore, 
the development of a multiplexed platform for parallel sensing of different biomark-
ers of cancer would help assist clinicians with deeper information on the pathologi-
cal and physiological state of the patient (in particular the disease). Such a device 
could be represented as a point-of-use device that can provide a first assessment of 
the patient’s state which would accelerate the diagnosis and or prognosis speed. Not 
only limited to diagnosis, the device can be used for surveillance purposes in order 
to monitor patients at risk or those being treated (either post-surgery or during medi-
cation). In the near future, it is likely that cancer detection using aptamers will 
undoubtedly benefit from the integration of novel aptamers with miniaturised trans-
ducer platforms, and therefore in some regard revolutionise the cancer diagnostics 
on a global platform.
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