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The vital importance of early and accurate diagnosis of cardiovascular diseases (CVDs) to prevent the
irreversible damage or even death of patients has driven the development of biosensor devices for de-
tection and quantification of cardiac biomarkers. Electrochemical biosensors offer rapid sensing, low cost,
portability and ease of use. Over the past few years, nanotechnology has contributed to a tremendous
improvement in the sensitivity of biosensors. In this review, the authors summarise the state-of-the-art
of the application of one particular type of nanostructured material, i.e. nanofibres, for use in electro-
chemical biosensors for the ultrasensitive detection of cardiac biomarkers. A new way of classifying the
nanofibre-based electrochemical biosensors according to the electrical conductance and the type of
nanofibres is presented. Some key data from each article reviewed are highlighted, including the me-
chanism of detection, experimental conditions and the response range of the biosensor. The primary aim
of this review is to emphasise the prospects for nanofibres for the future development of biosensors in
diagnosis of CVDs as well as considering how to improve their characteristics for application in medicine.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

reflect the normal or abnormal activity of the organism (Bohu-
nicky and Mousa, 2011). Nowadays, it is well known that the ap-

Biomarkers are proteins found in body fluids or tissues, that pearance of biomarkers or variation of their concentrations are

symptoms of various diseases. Cardiovascular disease (CVD) is one
of the most pervasive non-communicable disorders which majorly
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threats human health (WHO, 2010). CVD is in directly linked with
the heart and blood vessels. The decreasing in human mobility and
increase in stress, which are the consequences of industrialisation
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and urbanisation during the recent centuries, are the main causes
of CVD (Alwan, 2011). There are also other factors which can lead
to CVD such as high blood pressure, being overweight, smoking,
genetic transmission and etc. (Bahadir and Sezgintiirk, 2015;
Martin-Ventura et al., 2009).

Early treatment of myocardial defects are really beneficial,
preventing irreversible damage to the heart and acute myocardial
infarction (AMI). However, such interventions require early and
accurate diagnosis of CVD (Kakoti and Goswami, 2013; Mo-
hammed and Desmulliez, 2011). The World Health Organization
(WHO) has identified some medical inspections which are routi-
nely performed in hospitals for diagnosis of CVD: characterisation
of a patient’s chest pain (Effort Angina or Spontaneous Angina)
(Rapaport, 1979), examining changes in the electrocardiogram
(ECG), and measurement of specific cardiac biomarkers in the
blood samples (Bahadir and Sezgintiirk, 2015; Tunstall-Pedoe
et al., 1994). Since the results from the first two (chest pain and
ECG) are not entirely reliable for CVD diagnosis (Qureshi et al.,
2012; Stubbs and Collinson, 2001), biochemical identification of
cardiac biomarker concentration is required for confirmation for
most of the patients suspected of CVD. Moreover, measurement of
cardiac biomarkers concentration can provide prognostic in-
formation about the disease, which then aids clinicians in deciding
how aggressively they need to treat the disease. Biochemical
markers have played a critical role in facilitating accurate diagnosis
of the cardiac damage for over half a century (Aldous, 2013; Tang
and Casas, 2014). Cardiac biomarkers are defined as biological
analytes that are released into circulation during the continuum of
CVD or immediately after myocardial injury (Kakoti and Goswami,
2013; Thygesen et al., 2012). There are various type of biomarkers
within the blood serum or plasma such as C-reactive proteins
(CRP), creatine kinase-MB (CK-MB), creatine kinase MM (CK-MM),
myoglobin (Myo), cardiac troponins (cTnl & cTnT), Heart-type
fatty-acid-binding protein (H-FABP) and etc. (Kehl et al., 2012;
Singh et al., 2010). A good biomarker is something that is easily
measured and can be used as a surrogate marker for disease and
its severity (Chan and Ng, 2010). Therefore, among the mentioned
cardiac biomarkers, cardiac troponins are the preferred bio-
markers as a CVD diagnostic and prognostic indicator because of
their high sensitivity and specificity (Adams et al., 1993; de Lemos,
2013). Ergo, these biomarkers are deemed to be the gold standard
for detecting myocardial damages (Chan and Ng, 2010; Falahati
et al.,, 1999).

The concentration of cardiac biomarkers can be identified in
the range of pM to nM through clinical analytical procedures
(Hasanzadeh et al, 2013). For instance, Enzyme-Linked Im-
munosorbent Assay (ELISA) is one of the most widely applicable
biochemical laboratory analyses (Lequin, 2005) and has been
adopted as a standard approach because of its high sensitivity
(Chua et al., 2009). Despite ongoing clinical diagnostic techniques
enjoying accurate and trustworthy results for specific cardiac
biomarker recognition, these techniques can be time-consuming
and expensive (Yang and Zhou, 2006). It is desirable for a clinician
to make a quick and absolute measurement of cardiac biomarker
concentration at the time of hospital admission (Kost and Tran,
2005). Point of care (POC) tests are rapid and relatively in-
expensive diagnostic instruments which can improve patient
safety and efficacy of treatment (Justino et al., 2013; McDonnell
et al, 2009). In this regard, biosensors can make a major con-
tribution to the development of point-of-care diagnostic instru-
ments (Wang, 2006).

In general, classification of biosensors is proposed in terms of
the type of biological element immobilised on the surface of
transducer or the mechanism of detection (Scheller et al., 1989).
Enzyme sensors are a kind of biosensor in which an enzyme cat-
alyses the conversion of analyte to product. In order to facilitate

the shuttling of electrons between the active site of the enzymes
and the electrode surface, and subsequently amplify the analytical
response as well as minimise the interference, chemical mediators
with reversible redox capability have been widely used in enzyme
electrodes. Affinity sensors or “immunosensors” are another type
of biosensor in which, for example, the detection of antigen as a
target analyte is a result of the specific binding of the antigen to
the particular region of an antibody attached the surface of the
transducer (Bahadir and Sezgintiirk, 2015; Moina and Ybarra,
2012). In respect that the binding or affinity constant between
antibody and antigen is usually very large, such systems are almost
always irreversible or single-use biosensors (Thévenot et al.,
2001).

On the other hand, the mechanisms of detection can be con-
sidered as a starting point for another type of classification. The
largest number of studies have been conducted on optical and
electrochemical biosensors (Perumal and Hashim, 2014). Most
quantitative immunoassays also use optical sensing schemes (like
fluorescence or luminescence detection methods). They yield re-
liable results and high molecular sensitivity, but expensive and
bulky optical imaging equipment is required for observing the
optical variations by labelled immunological detection (Warsinke
et al,, 2000). On the contrary, since electron-transfer process in the
electrochemical reactions directly generates an electronic signal,
electrochemical immunosensors greatly simplify signal transduc-
tion, potentially avoiding the requirement for expensive equip-
ment (Belluzo et al., 2008). Common types of electrochemical
detection are potentiometric, capacitive and amperometric modes.
Among them, amperometric biosensors are the most common
type because they are potentially more convenient and easy-to-
use (Claussen et al,, 2007; Hahm, 2011). A detailed list of this
classification as well as schematics of their detection mechanisms
are shown in Fig. 1.

A crucial aspect to consider in the fabrication of electro-
chemical biosensors is how to immobilise the recognition ele-
ments on the surface of transducer (Védrine et al., 2003). Re-
cognition elements may be immobilised using gels, polymeric
membranes, conductive salts, carbon-based pastes and etc. (Man-
esh et al., 2008). Biosensors have been hugely influenced by recent
progress in nanotechnology, which has provided a means to in-
crease the surface area for immobilisation and sensing, thus en-
hancing the catalytic properties of electrodes and providing na-
noscale sensors (Cash and Clark, 2010).

Most reviews in the field of electrochemical nano-biosensors
have discussed the application of some special nanomaterials such
as carbon nanotubes (CNTs), gold nanoparticles (GNPs) and gra-
phene nanolayers (Alwarappan et al., 2009). However, there has
been no comprehensive survey focusing on nanofibre-based
electrochemical biosensors. In this review nanofibre structures are
introduced and the advances and importance of utilising nano-
fibres in biosensors explored. Research in this field are reviewed
according to two main categories: conductive and nonconductive
nanofibres. Moreover, we emphasise the opportunities for further
improvement of nanofibre-based electrochemical biosensors.

2. Nanomaterials

Nanostructured materials (Table 1) are commonly defined as
materials with at least one dimensions below 100 nm. At the na-
nometre-scale, mechanical properties differ from those of the bulk
material, and surface properties are dominant (Chopra et al,
2007). In biotechnology applications, use of nanomaterials can
provide an attractive route for fabrication of highly sensitive and
miniaturised nano-biosensors which require small amounts of
sample for detection (Tang and Casas, 2014; Tiwari and Turner,
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Fig. 1. Cascade diagram of different categories of biosensors with schematics of their detection mechanisms.

2014).

Nanoscale materials have inherently large surface-area-to-vo-
lume ratios, which can provide excellent places for biological
molecule attachment and improve the loading capacities of these
molecules over conventional materials such as polymeric mem-
branes and fibrous structures (Wang et al., 2008). In addition,
immobilisation of biomolecules on the surface of nanostructured
materials can maximise the activity and lifetime of these mole-
cules due to comparable sizes of the nanomaterials and biological
molecules (Fathil et al., 2015; Noor and Krull, 2014). Altogether, the

Table 1

mentioned salient properties of nanostructured materials make
them ideal candidates for use in biosensing devices. Nanos-
tructured substrates such as nanoparticles, nanotubes, nanowires
and nano-patterned surfaces have been employed as electrodes
in biosensing devices. Recent developments in nanotechnology
open the possibility of utilisation of nanofibre structures as ul-
trasensitive biosensors for proteins detection. High specific surface
area, unique and tailorable chemical surfaces and large pore vo-
lume per unit mass make nanofibres a superb foundation for
biosensor applications (Sadir et al., 2014).

Classification of nanostructured materials based on the International Organization for Standardization (ISO, 2008).

Direction of confinement
(X,Y,Z) in Cartesian
coordinates

Dimensions

. Type of class
in nanoscale P

Schematic view

Nanospheres ) <100 nm
0D XY, Z Nanoparticles
Nanoclusters @ <100 nm
Nanofibres
4
1D XY Nanofibres Nanowires and nanorods
5 family ﬂ
Nanotubes
Thin films and nanoplates
2D X Nanolayers
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3. Why nanofibre structures?

The family of nanofibres are defined as one-dimensional (1D)
nanostructure materials, which are nano-objects with two similar
dimensions at the nanoscale ( < 100 nm) and the third dimension
notably larger than the other two dimensions (ISO, 2008; Matlock-
Colangelo and Baeumner, 2014). The family of nanofibres are fur-
ther divided into typical nanofibres (organic and inorganic nano-
fibres), nanotubes (hollow nanofibre), nanorods (solid or non-
flexible nanofibre), nanowires (electrically conducting or semi-
conducting nanofibre) and nanowhiskers (ISO, 2008; Ravichan-
dran et al,, 2015; Reiners, 2013). In the recent years, nanofibre
structures have become more and more alluring on account of
their numerous advantages, namely increase in the reaction rate
and sensitivity of the biosensor due to the high surface area of
nanofibre structures (Luo et al, 2012; Wang et al., 2002), the
ability to produce nanofibre structures from a variety of materials
according to the application (Wang et al., 2009b), low barrier to
diffusion of materials due to their high porosity and inter-
connectivity (Macagnano et al., 2015), high activity of biological
elements immobilised on the surface of nanofibres (Sadir et al.,
2014; Tran and Balkus, 2012) and excellent structural mechanical
properties (Ding et al., 2010). Besides, it has been found that for
electrochemical biosensors, the nanofibre structures can provide
faster electron transfer compared with a nanoparticle-based films
of the same material (Mondal et al., 2014; Wanekaya et al., 2006).

In spite of the overwhelming advantages of nanofibre struc-
tures, research on nanofibre-based electrochemical biosensors are
mostly confined to the detection of a few analytes, namely glucose,
urea and cholesterol (Ding et al., 2010; Manesh et al., 2007; Ren
et al., 2006). There are a few informative articles which consider
the role of nanofibre structures for the detection of cardiac bio-
markers in electrochemical biosensors. Nevertheless, this area of
research is in its infancy. This particular review will, consequently,
focus on developments nanofibre-based electrochemical bio-
sensors for detection of cardiac biomarkers in the last years.

4. Nanofibre-based electrochemical biosensors

According to the electrical properties of the nanofibrous mat
employed as a substrate for immobilising the biological elements,
articles in this area can be classified into two major categories:
conductive nanofibres and non-conductive nanofibres. This clas-
sification clearly illustrates the mechanism of detection in nano-
fibre-based biosensors. The surface of transducer in biosensors
with conductive nanofibres is shifted to the surface of nanofibres.
Thus, the exchanged electrons in the biochemical reactions can
rapidly transfer to the electronic circuit by these nanofibres. On
the other hand, when the biomarker/antigen—-antibody interaction
depends on their inherent affinity to each other and takes place
without any electron exchange, it is helpful to engage enzyme
labels coupled to the antibodies or antigens, to deliver higher
sensitivity (Thévenot et al., 2001). In case of nonconductive na-
nofibre-based biosensors, nanofibre structures are just employed
as 3D nanostructures with special porosities for immobilising the
biological elements. In this system, for instance in electrochemical
immunosensors, attachment of antibody to antigen/biomarker will
lead to changing the porosity of nanofires mat and formation of a
hindrance in front of the diffusion of probe through the 3D na-
nofibrous structure (Mertz et al., 2011).

5. Conductive nanofibres

Conductive nanofibres are attached to the surface of sensing
electrode to enhance the electron-transfer activities and heighten

the sensitivity of electrochemical detection (Ekabutr et al., 2013).
There are various procedures to fabricate conductive nanofibres
from the different materials, such as plasma enhanced chemical
vapour deposition (PECVD), self-assembling polymerisation (Eka-
butr et al., 2013), oil/water emulsion (He, 2005), sol-gel electro-
spinning (Ahmad et al., 2010; Wang et al., 2009a) and solution
electrospinning (Veisi et al., 2013). Among them, electrospinning is
one of the most appealing methods which has gained widespread
attention in that it is known to be an effective fabrication tool for
preparing nanofibres with various special structures (Wang et al.,
2006) (we will discuss the mechanism of electrospinning process
in more detail in the nonconductive nanofibres section). For in-
stance, conductive nanocomposite nanofibres are frequently fab-
ricated in the electrospinning process by doping polymer solutions
with different nanostructured materials such as metal nano-
particles, graphene, or carbon nanotubes (CNTs) (Ekabutr et al.,
2013). Most of the research on the nanofibre-based electro-
chemical biosensor for cardiac biomarkers detection has utilised
nanofibres with inherent conductivity. There are, however, several
studies on the electrochemical biosensors with nanocomposite
nanofibres including some aforementioned conductive additives
(Gomathi et al., 2011; Manesh et al., 2008). Research performed on
conductive nanofibre-based electrochemical biosensors for cardiac
biomarker detection can be categorised into three groups: CNTs
and Carbon nanofibres (CNFs), nanofibres based on metals, me-
talloids and their oxides and conductive polymer-based nano-
fibres. So, in the following, the emphasis is on an in-depth in-
vestigation of these categories.

6. CNTs and CNFs

Carbon is one of the most compelling elements of the Periodic
Table in view of its vast variety of allotropic forms in the micro and
nanoscale (Huang et al., 2010). Specifically, CNTs and CNFs are
carbon-based nanostructured materials which have commanded
particular attention in electroanalysis and biosensing on account
of their mechanical, electrical, thermal, optical and structural
properties (Al-Saleh and Sundararaj, 2009; Matlock-Colangelo and
Baeumner, 2012). The key factor resulting in ample mechanical
strength and high electrical and thermal conductivity of CNTs is
the sp? hybridisation of carbon atoms in the structure, which can
bring about stronger bonds between the carbon atoms than those
of sp and sp? hybridisations (Li et al., 2003; Shao et al., 2009). The
internal structure of CNFs and CNTs varies and is composed of
different arrangements of modified graphene sheets. CNTs can be
considered as graphene sheets rolled into cylindrical form that is
particularly extended throughout the symmetric axis of the ma-
terial with a hollow cavity in the centre (Melechko et al., 2005).

Although CNTs have a simple chemical composition and peri-
odic atomic bonding arrangements, these materials include a wide
variety of structures, according to the number of rolled graphene
sheets along the tube axis (single-walled CNTs (SWCNTs) or multi-
walled (MWCNT)), and the direction of the rolling vector along the
graphene sheet (armchair, zigzag or chiral tubes) (Dai, 2002;
Kuzmany et al., 2004). In addition to the aforementioned proper-
ties for CNTs, they have some other distinctive characteristics such
as large edge plane/basal plane ratio, the capability to vary the
surface chemistry by functionalisation process, low cost and che-
mical inertness in most electrolyte solutions (Yang et al., 2013;
Zhang et al., 2015). All these fascinating characteristics support
CNTs as one of the prime candidates for developing a new gen-
eration of biosensor with higher sensitivity and lower detection
limits, able to recognise a myriad of clinically important analytes
and biomarkers (Wang, 2005; Yang et al., 2013). The application of
CNTs as an immobilisation matrix in electrochemical biosensors
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not only enhances the electron transfer rate between the active
sites of biological elements and sensing electrode, but can also
lead to sustaining their bioactivity on the sensing electrode; this
may be explained by the mutual biocompatibility of CNTs with
biological elements (Justino et al., 2010; Tran et al., 2009). More-
over, CNTs are extensively employed in field effect transistors
(FETs) and serve as a gate for electron transfer (Kim et al., 2008). In
spite of the above-mentioned spectacular properties of CNTs, poor
dispersibility in polar solvents culminates in aggregation and ag-
glomeration of CNTs, which restricts the direct utilisation of these
nanostructured materials (Bagheri et al., 2010). Therefore, some
primary processes should be performed to improve the dis-
persibility of CNTs such as functionalisation of CNTs with polar
functional groups or ultrasonication and introduction of the
proper surfactant for wrapping and stabilising the individual CNTs
(Jacobs et al., 2010; Rastogi et al., 2008).

Here, we take account of the articles that utilised CNT-based
electrochemical biosensors to determine the concentration of
cardiac biomarkers within the blood serum. Buch and coworkers
(Buch and Rishpon, 2008) took advantage of MWCNTSs/screen-
printed carbon electrodes (MWCNTs/SPE), modified with poly-
ethylenimine and glutaraldehyde, as a sensing electrode for la-
belled electrochemical measurements of CRP biomarker con-
centrations. The presence of CNT layer on the surface of SPE can
contribute significantly to the promotion of electrochemical ac-
tivity of the sensing electrode. Another modification was per-
formed by grafting protein A on the surface of the electrode to
achieve a proper orientation of the bound biological element. To
this end, the Anti-CRPs were crosslinked to the protein A using
dimethyl pimelimidate dihydrochloride (DMP) to form a molecular
recognition surface. The fabricated electrodes were immersed in
human serum solutions containing various concentrations of CRP,
and finally in a solution including goat anti-CRP antibody con-
jugated with horse radish peroxidase (HRP) as the tracer. The
enzymatic reactions of tetramethylbenzidin (TMB) with the en-
trapped HRP in the sandwich format were measured by ampero-
metry. The calibration curve of the assay, constructed from the
measurement of the reduction currents of different CRP con-
centrations, covers very wide range of CRP concentrations from
0.5 ng/mL to 200 ng/mL. In other relevant work, Gomes-Filho and
coworkers (Gomes-Filho et al., 2013) set up an electrochemical
immunosensor based on carboxylated CNTs supported by a con-
ductive polymer film of Polyethyleneimine (PEI) on a gold elec-
trode to detect cardiac Troponin T (cTnT). EDC/NHS were utilised
to activate the COOH-CNTs and form successful attachment of anti-
cTnT on the functionalised CNTs. The electrode was incubated in
glycine solution to block remaining active sites and avoid non-
specific binding. Then, the fabricated electrodes were firstly im-
mersed in solutions with different concentrations of ¢cTnT in PBS,
and were subsequently incubated in a solution containing speci-
fied amount of anti-cTnT-HRP. The amperometric signal was gen-
erated by reaction of hydrogen peroxide (H,0,) with HRP con-
jugated to anti-cTnT. The designed immunosensor showed a low
detection limit of 0.033 ng/mL and a linear range between 0.1 and
10 ng/mL for the cTnT concentration, which is comparable with
the ones described by conventional laboratory tests for ¢TnT. In
other similar work, Freitas and coworkers (Freitas et al., 2014)
produced electrochemical immunosensors based on amino-
functionalised MWCNTSs/SPE to detect cTnT. The amino-functio-
nalisation of MWCNTs was performed to improve the stability and
orientation of antibodies on the surface of sensing electrode and
consequently enhance the efficiency of the immunosensor. The
amino-functionalised MWCNTSs/SPE were placed in a sandwich-
type immunoassay for measuring the cTnT, in which the electro-
chemical measurements were obtained through H,O, reaction
with HRP conjugated to the secondary antibody. This

electrochemical immunosensor prototype exhibited broad linear
range of detection from 0.02 to 0.32 ng/mL with low detection
limit of 0.016 ng/mL.

Despite the utmost precision and accuracy of the labelled bio-
sensor results, operation of these types of biosensors is somewhat
time-consuming due to the several incubation steps. Hence, recent
research has focused on label-free recognition techniques (Jacobs
et al., 2010). For instance, Silva and coworkers (Silva et al., 2013)
presented a label-free electrochemical immunosensor involving
amino-functionalised CNTs/SPE for detection of the ¢TnT. Amine-
functionalised CNTs were incorporated into a printing ink and
formed a thin film as sensing electrode. Immobilisation of anti-
cTnT on the surface of sensing electrode was performed and after
incubation in cTnT solution, amperometric responses were ob-
tained by differential pulse voltammetry (DPV) in the presence of
[Fe(CN)g]> /4~ as probe. DVP measures the current facilitated by
the probe by generating successive and regular voltage pulses
superimposed on the potential linear sweep or stair steps (Bard
and Faulkner, 1980). The main advantage claimed for this techni-
que is that no labels are necessary for tracing the antigen-anti-
body interactions. However, an electrochemical probe is still re-
quired. The analytical response to antigen-antibody attachment
was obtained taking into account the difference between the peak
current (AI) before and after ¢TnT attachment. The calibration
curve of the designed immunosensor indicated a linear response
from 0.0025 ng/mL to 0.5 ng/mL with low detection limit of
0.0035 ng/mL, which is lower than the other reported im-
munosensors results for this biomarker and is on a par with those
of conventional analytical methods.

In comparison with CNTs, CNFs do not have perfect arrange-
ment of atoms and the hollow cavity in the centre (Serp et al.,
2003; Tran et al., 2009). In general, CNFs, are cylindrical and
consist of graphene layers arranged as stacked cones, cups or
plates, and typically have lengths on the order of micrometres
(Matlock-Colangelo and Baeumner, 2012; Wang and Lin, 2008).
There are two approaches for the manufacture of CNFs, analogous
to the fabrication procedures of the other nanostructured mate-
rials: top-down and bottom-up.

Laser-ablation (De Jong and Geus, 2000) and electrospinning
are in the realm of top-down approach for CNFs synthesis (Feng
et al., 2014; Zhang et al., 2014). The bottom-up approaches for
synthesising carbon nanostructures include arc-discharge method,
catalytic chemical-vapour deposition (C-CVD) and catalytic plasma
enhanced chemical-vapour deposition (C-PECVD). From an appli-
cation point of view, the C-PECVD process is really noteworthy for
achieving favourable features of the produced CNFs thanks to a
number of operational advantages, namely control over such ad-
justable parameters as position, alignment, diameter, length,
chemical composition, or other characteristics of individual na-
nostructures (De Jong and Geus, 2000; Melechko et al., 2005). The
CNFs synthesised by this method have special characteristics; they
are vertically aligned (which called VACNFs) on the substrate and
the disposition of the graphene sheets in the internal structure
differs according to the type of catalyst and the manufacturing
conditions. Ribbon-like CNFs (R-CNFs), platelet CNFs (P-CNFs) and
herringbone or fishbone CNFs (H-CNFs) are three more known
structures of CNFs with the variations in the stacking of graphene
sheets along the nanofibre axis (as shown in Fig. 2).

Recently, nanoelectrode arrays (NEAs) constructed based on
VACNFs grown by the C-PECVD process have become more and
more attractive for use as highly sensitive electrodes in a wide
range of electrochemical biosensors, taking into account their su-
perb properties such as unique electrical and thermal con-
ductivities, high signal to noise ratio, wide electrochemical win-
dow, ease of surface modification and biocompatibility (Baker
et al,, 2006; Gupta et al., 2014a; Wang and Lin, 2008). In order to
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Immobilise the biological elements on the edge of graphene sheets
of CNFs, modification of CNFs must be carried out to introduce
functional groups on the surface of the nanofibres (Lee et al.,
2004). There are various strategies for the surface modification of
CNFs, such as photochemical reaction, electrochemical reduction
(Baker et al., 2005), soaking in acidic solutions (Periyakaruppan
et al., 2011), oxidative methods, using of covalently coupling bio-
molecules and etc. (Fletcher et al., 2006; Huang et al., 2010). There
follows two of the most interesting electrochemical biosensor
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studies applying CNFs to recognise cardiac biomarkers to have
been investigated.

Periyakaruppan and coworkers (Periyakaruppan et al., 2013)
produced a label-free VACNFs-based electrochemical im-
munosensor for cardiac cTnl detection. Chemical modification of
the VACNFs was carried out by soaking the NEAs in HNOs solution
to introduce COOH groups on the top of the CNFs for subsequent
immobilisation of the probe antibody (anti-cTnl). The resultant
electrodes were utilised for electrochemical detection of human-
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Fig. 3. Schematic view of label-free VACNFs-based electrochemical biosensor for biomarkers detection, (a) incubation and measurement steps, (b) EIS and (c) CV results.
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cTnl at different concentrations. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) techniques were
deployed to evaluate the immunoreaction between the moiety
anti-cTnl (on the electrode surface) and target human-cTnl, after
incubation of NEAs in different cTnl solutions for 1 h. The anti-
body-biomarker attachment on the top of CNFs will act as a hin-
drance for mediators movement and significantly confine their
diffusion and electron exchange with CNFs. Therefore, this con-
finement will lead to a less measured current and a more charge
transfer resistance (R.) in CV and EIS results, respectively.
A schematic view of the mechanism of biomarker detection by
CNFs-based NEAs is given in Fig. 3.

Their outcomes showed that the immunosensor was capable of
detecting cTnl at concentrations as low as ~0.2 ng/mL with line-
arity, high sensitivity and good specificity. In addition, the detec-
tion limit of the produced immunosensor was 25 times lower than
that achieved by conventional methods, which confirms the un-
ique capability of VACNFs for use in point-of-care diagnostic
instruments.

Gupta and coworkers (Gupta et al., 2014b) utilised the same
NEAs for detection and quantification of another cardiac bio-
marker (CRP), implementing both CV and EIS techniques. CRP
presence at an anti-CRP-modified VACNF electrode was identified
by investigating the changes in reduction current in CV plots and
R in EIS plots. After antibody-CRP attachment on the surface of
NEAs, the magnitude of current in CV plots was found to decrease
and the R in EIS plots was found to increase, proportional to the
concentration of the CRP target; this behaviour stems from the
insulating nature of the CRP which acts as a barrier for electron
transport. The detection limit of the biosensor was found to be
~90 pM or ~11 ng/mL, which corresponds to the clinically relevant
range.

7. Nanofibres based on conductive polymers

Intrinsically conducting polymers (CPs) or electroactive con-
jugated polymers are a special class of organic materials with a
capability of overlapping of the polymer molecular orbitals
(caused by extended Pi-conjugation structures along the polymer
backbone) (Ahuja et al., 2007; Gupta et al., 2006). CPs are present
in the form of cationic salts with adjustable electrical properties,
according to their redox or doping/dedoping states (Li et al., 2015).
Actually, the accepted mechanism behind electrical variations of
CPs is justified by the unique reversible switching capability of
these materials between conducting oxidised state (doped) and
insulating reduced state (undoped or neutral) (Takashima and
Kaneto, 2004). These unique materials have received considerable
attention for use in various advanced technologies. As an example,
CPs have been recently regarded as one of the most promising
materials for development of advanced sensors by virtue of their
relative stability, low ionisation potential, capability of being di-
rectly synthesised on the sensor electrode by electrochemical
oxidation of monomers, adjustable thickness by controlling the
deposition charge, redox conductivity, poly-electrolyte character-
istics and optical features (Sadik et al., 2003; Takashima and Ka-
neto, 2004). Furthermore, in contrast to inorganic metals and
semiconductors, CPs possess mechanical flexibility, compatibility
with organic biomolecules and good processability, which boost
their popularity for biosensing applications (Li et al.,, 2015; Xia
et al., 2010).

It should be noted that for an electrochemical biosensor in-
volving CPs, the detection is related to detectable changes in the
electrical properties of these materials, which is proportional to
the concentration of a specific biological element or set of them. In
the recent years, nanostructured CPs have piqued more scientific

interest in the area of biosensing applications, because of their
special capability for biomolecule stabilisation, high electron
transfer efficiency, great sensitivity and selectivity, which are due
to the extreme surface to volume ratio, high surface free energy
and some special quantum phenomena (Li et al., 2015; Xia et al.,
2010). Concerning this, nanofibre based-CPs have been frequently
utilized in the biosensors for recognition of various analytes
thanks to their significantly faster response time, good features for
the incorporation of biological elements and high porous and
permeable matrices leading to faster both doping and dedoping
processes (Ekabutr et al., 2013; Xia et al.,, 2010). Continuing this
theme, some of the biosensors that employed CPs-based nano-
fibres to detect the cardiac biomarkers have been investigated.

Lee and coworkers (Lee et al., 2012) presented a label-free
conductometric biosensor whose single PANi-NWs were in-
tegrated with microfluidic channels to detect very low con-
centrations of Myo (100 pg/mL), cTnl (250 fg/mL), CK-MB
(150 fg/mL), and b-type natriuretic peptide (BNP, 50 fg/mL). An
electrode of pre-patterned Au was deployed as substrate on which
single PANi-NWs was formed by electrochemical deposition
method. The patterned Au electrode was used to assist the con-
trolled growth of PANi-NWs in the pattern direction. Then, the
biosensor was manufactured by covalent functionalisation of
PANi-NWs with myocardial antibodies (mAbs). The detection of
cardiac biomarkers was carried out applying the conductometric
sensing method in which the conductance changes of the nano-
wire were measured. During a slow flow of phosphate buffer so-
lution (pH 7.4) containing target biomarker into the microfluidic
cannel, binding between the immobilised mAbs and the target
biomarkers led to a change in conductance of single PANi-NWs.
The selectivity of the produced biosensor was investigated by the
injection of bovine serum albumin (BSA) (acting as a non-specific
molecule) into the microfluidic channels. The fabricated biosensor
showed 106 times greater specificity for the cardiac biomarkers
than that of BSA. In an analogous study, these researchers made
use of a conductometric biosensor with a single PANi-NWs, which
was formed between a pair of patterned Au electrodes, as a sen-
sing element to identify immunoglobulin G (IgG) and Myo bio-
markers. The detection limits were 3 ng/mL and 1.4 ng/mL for IgG
and Myo, respectively (Lee et al., 2011).

Anwar and coworkers (Anwar et al., 2013) took advantages of
electrospun polystyrene/PANi blend nanofibres as a sensing ele-
ment to set up a label-free electrochemical biosensor for CRP de-
tection. In order to attain the conductive nanofibres, doping the
PANi was implemented during the solid state protonation reaction
between the PANi and camphorsulfonic acid (PANi-HCSA). PS was
added into the electrospinning solution to promote the electro-
spinnability of PANi and help immobilise the biological element.
The electrospun nanofibre mat was placed on a comb-shaped gold
microelectrode platform as a chip and was encapsulated in a mi-
crofluidic manifold with a 150 pL capacity. Functionalisation of
nanofibres with anti-CRP was conducted with dithiobis (succini-
midyl propionate) (DSP)/NHS-ester. EIS results demonstrated that
the fabricated nanotextured electrochemical biosensor had a low
detection limit of 100 fg/mL and a wide dynamic linear range of
100 fg/mL-1 pg/mL for detection of CRP concentration.

8. Nanofibres based on metals, metalloids and their oxides

1D nanostructured materials based on metals and metal oxides
are another promising candidate for use in electrochemical bio-
sensors involving the transformation of the analytical signals in
solution to electrical signals (Shalev et al., 2013). Nanowires and
nanofibres based on metals, semiconductors and metal oxides,
which can be synthesised by the aforementioned and some other
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Fig. 4. Schematic representation of conventional electrospinning process and na-
nofibres formation.

techniques, have recently aroused much interest as FETs for
creating ultrasensitive biosensor devices. In addition, they enjoy
some remarkable features including their comparable sizes with
biological molecules and their extraordinary mechanical, elec-
trical, thermal and multifunctional properties (Chen et al., 2008;
Hahn et al., 2012; Solanki et al., 2011). Considering these unique
features, any interaction between the specific biological molecules
and these 1D nanostructured materials will induce significant
changes in the electrical characteristics. In recent years, a large
variety of nanowires and nanofibres of metals, metalloids and
their oxides such as ZnO nanofibres (Ahmad et al., 2010), Si-NWs
(Chee et al., 2009), Pd (IV)-doped CuO composite nanofibres
(Wang et al., 2009a), Electrospun gold nanofibres (Marx et al.,
2011), TiO, nanofibres (Mondal et al., 2014) etc. have been utilised
to design biosensors with different mechanism of sensing from
surface plasmon resonance (SRP) to electrochemical approaches
(Solanki et al., 2011). Among them, biosensors involving Si-NWs
have drawn much interest due to their fast, efficient and in-
expensive detection of proteins, unlike the other time-consuming
methodologies such as ELISA or western blot (Chee et al., 2009;
Shen et al., 2015). Zhang and coworkers (Zhang et al., 2011) took
advantage of an integrated chip consisting of a filtration part for
plasma separation from fingerprick blood and Si-NWs (with
~80 nm widths) array part for detection of three cardiac bio-
markers (cTnl, CK-MM and CK-MB) simultaneously. A steady-state
measurement of Si-NWs resistance changes before and after in-
cubation in the buffer solutions was performed to verify the in-
teractions of biomarkers with immobilised antibodies on the sur-
face of nanowires. Their results indicated that the fabricated bio-
sensor is able to attain a low detection limit of 1 pg/ml for the
three cardiac biomarkers from 2 pl blood sample in a shorter time
(45 min) compared with clinical methods.

In another relevant study, Chua and coworkers (Chua et al.,
2009) presented a new label-free biosensor which served the
complementary metal-oxide semiconductor (CMOS)-compatible
Si-NWs array platform as a FET immunosensor to detect cTnT in
the assay buffer as well as in undiluted serum samples. In order to
attach the biological probe molecules to the surface of Si-NWs, the
chemical modification process of the Si-NWs array chips took
place through immersing the chips in a solution of ethanol/H,0O
containing 2-3% aminopropyl triethoxy silane (APTES), which can
lead to the formation of amine groups on the surface of NWs. Their
experimental outcomes showed that the low detection limit of
cTnT in an assay buffer solution is lower than 1 fg/mL, and like-
wise, in an undiluted human serum environment is about
30 fg/mL.

Most of the published reports on metal and metal oxides na-
nofibre-based electrochemical biosensors for cardiac biomarkers
detection revolve around Si-NWs. There are, however, some stu-
dies which deployed another metal oxide nanofibres family for
detection of these biomarkers. Ibupoto and coworkers (Ibupoto
et al., 2012) set up an electrochemical biosensor based on ZnO

nanotubes to detect CRP within a phosphate buffer solution. The
authors presented two major reasons for choosing the ZnO na-
notubes as sensing electrode; the first one is the good piezoelectric
properties of this material and other is the high isoelectric point
(IEP) about 9.5. The piezoelectricity can help generate the voltage
along with the charged environment provided by the CRP. Besides,
since high IEP of ZnO is the evidence for the strong electrostatic
bonding with the immobilised antibody, the immobilisation me-
chanism of anti-CRP on the surface of ZnO nanotubes may be
justified by physical adsorption. The electrochemical response of
the presented biosensor was measured by the potentiometric
technique and the results revealed a detection range of 1.0 x 10~>-
1.0 mg/L of CRP concentration with the time response of less than
10s.

9. Nonconductive nanofibres

In addition to the mentioned conductive nanostructures, it is
beneficial to use several nonconductive polymeric nanofibres for
fabrication of nanofibre-based biosensors in light of their relatively
easy methods to produce, controllable porous structure and sur-
face chemistry, which are particularly appropriate for immobiliz-
ing the biological molecules (Hahm, 2011; Macagnano et al., 2015).
In fact, polymeric nanofibres are often applied as a three dimen-
sional mesoporous media to immobilize the biological elements
on the surface of electrodes and increase the sensitivity of the
biosensors, especially those that work through optical, electro-
chemical, and mass-sensitive mechanisms of detection (Arecchi
et al,, 2010; Scampicchio et al., 2010). Considering the various
fabrication techniques of polymeric nanofibres, electrospinning
process has gained widespread attention since it is known to be an
effective approach for preparing relatively large quantities of
continuous and uniform nanofibres at a reasonably low cost (Re-
zaei et al., 2014). In this process, usually a continuous strand of a
polymeric flow (i.e. solution or melt) is drawn through a needle by
high electrostatic forces to deposit randomly on a grounded col-
lector as a nonwoven mat (Luo et al.,, 2012; Rezaei et al., 2014). A
schematic representation of the conventional electrospinning
process is presented in Fig. 4.

Hitherto, the main emphasis has been on biosensors employing
nonconductive electrospun nanofibres to detect glucose (Ding
et al., 2010). Apart from the single component nonconductive
electrospun nanofibres, some researchers take advantage of the
electrical properties of nanocomposite electrospun nanofibres to
boost the sensitivity and low detection limit of the electrochemical
biosensors. For instance, MWCNTs/polymethylmethacrylate
(PMMA) nanofibres (Manesh et al., 2008), GNPs/chitosan nano-
fibres (Gomathi et al., 2011) and MWCNTs/poly(acrylonitrile-co-
acrylic acid) (PANCAA) (Wang et al., 2009c) served as benign
matrices to detect glucose, cholesterol and glucose, respectively. In
the last few years, however, some efforts have been reported in the
literature, aiming to exploit nonconductive nanofibres for detec-
tion of cardiac biomarkers and some other proteins. Sadir and
coworkers (Sadir et al., 2014) deployed different nanofibres (poly-
L-lactic acid (PLLA) and cellulose acetate (CA) nanofibres) as im-
mobilisation platforms for anti-CRP to fabricate an optical colori-
metric ELISA. The optical colour intensity parameter was the key
criterion to estimate the level of CRP.

Detection of the antibody-antigen/biomarker attachment in
nonconductive nanofibre-based electrochemical biosensors can be
measured in terms of changes in dielectric/charge transfer re-
sistance (R) constants. Kunduru and coworkers (Kunduru et al.,
2010) assessed the effect of scaling down of textured polystyrene
(PS) polymer (from micro- to nanoscale) on the sensitivity of
electrochemical biosensor. For this purpose, micro beads and



Table 2

A summary of the electrochemical biosensors based on the family of nanofibres for detection of cardiac biomarkers.

Cardiac biomarker

Type of nanofibres family

Assay format

detection range

Low detection limit

Detection time (incubation times +

Ref.

detection evaluation time)

CRP MWCNTs Sandwich form using HRP as 0.5-200 (ng/mL) 0.5 ng/mL 180 min+600 s Buch and Rishpon (2008)
tracer

cTnT Carboxylated CNTs Sandwich form using HRP as 0.1-10 ng/mL 0.033 ng/mL 60 min+ - Gomes-Filho et al. (2013)
tracer

cTnT Amino-functionalized MWCNTs  Sandwich form using HRP as 0.02-0.32 ng/mL 0.016 ng/mL 90 min+120 S Freitas et al. (2014)
tracer

cTnT Amino-functionalized CNTs Label-free immunosensor 0.0025-0.5 ng/mL 0.0035 ng/mL 40 min+ - Silva et al. (2013)

cTnl VACNFs Label-free immunosensor 0.25-1.0 and 5.0- ~0.2 ng/mL 70 min+ - Periyakaruppan et al. (2013)

100 ng/mL
CRP VACNFs Label-free immunosensor 0.05-0.5 and 2.5-5mg/ ~11 ng/mL 60 min+ - Gupta et al. (2014a,b)
ml

Myo Single PANi NWs Label-free conductometric - 100 pg/mL 0+300s Lee et al. (2012)

cTnl biosensor 300 fg/mL-3 ng/mL 250 fg/mL 0+300s

CK-MB - 150 fg/mL 0+300s

BNP 50 fg/mL-3 ng/mL 50 fg/mL 0+300s

IgG Single PANi NW Label-free conductometric 3 ng/mL-3 pg/mL 3 ng/mL - Lee et al. (2011)

Myo biosensor 1.4 ng/mL-2.5 pg/mL 1.4 ng/mL -

CRP Electrospun polystyrene/PANi Label-free immunosensor 100 fg/mL-1 pg/mL 100 fg/mL 15 min+ - Anwar et al. (2013)

nanofibres

cTnl Si-NWs Label-free electrical detection - 1 pg/ml 30 min+ - Zhang et al. (2011)

CK-MM - 30 min+ -

CK-MB - 30 min+ -

cTnT CMOS-compatible Si-NW Label-free electrical detection - 1 fg/mL in buffer solution 100-200 s Chua et al. (2009)

30 fg/mL human serum  100-200 s

CRP Zn0 nanotubes Label-free electrochemical 1.0x 107> mg/L-1.0 mg/ 1.0x 10~ mg/L 0+ <10s Ibupoto et al. (2012)
biosensor L

CRP PS nanofibres Label-free electrochemical 1 pg/mL-1 pg/mL 1 pg/mL 15 min+ - Kunduru et al. (2010)

biosensor
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nanofibres of PS were fabricated as solid supports for anti-CRP
immobilisation. The authors inferred that the immobilisation of
antibody occurred through van der Waals attraction between the
hydrophobic areas of the adsorbed antibodies and the polymer
surface. The amount of the CRP biomolecules bound to the im-
mobilised anti-CRP was estimated by applying EIS to measure the
double-layer capacitance fluctuations, which stem from the
modulation of the surface charge. Their results indicated that
scaling down to the nanoscale leds to much higher surface-to-
volume ratio, thereby increase the immobilisation locations for the
antibodies and finally heightening the chemoelectronic transduc-
tion along the nanotextured surface. Plus they deduced that not
only is the performance of the nanotextured immunosensor plat-
form on a par with that of ELISA assay, but also this nanofibre-
based biosensor will lead to lower volume of serum and lower cost
per assay. Some of the more important analytical characteristics of
the reviewed research on electrochemical biosensors based on the
family of nanofibres are listed in Table 2.

10. Outlook

In recent years, the emergence of nanotechnology has sparked
a revolution in the design and fabrication of the biosensors and
opened new horizons for the production of biosensors with de-
sirable capabilities and miniaturised dimensions. Specifically, the
use of nanomaterials in electrochemical biosensing is considered a
promising strategy to accelerate the reaction rate and intensify the
sensitivity of the biosensors. There are various types of nanos-
tructured materials, such as nanoparticles, nanofibres and nano-
layers, employed in electrochemical biosensor design to detect a
wide range of analytes ranging from glucose to nucleic acids.
Among them, biosensors based on the nanofibre family have de-
monstrated exceptional ability to boost the sensitivity, specificity
and throughput of the electrochemical biosensors. Moreover, these
biosensors offer the long-term potential to develop towards sin-
gle-molecule biosensing. In the present review we have attempted
to reflect the state of the art of nanofibre-based electrochemical
biosensors for correct and rapid diagnosis of CVDs. In this regard,
most of the recent relevant articles were reviewed and the me-
chanisms of detection for each sensor was evaluated. By and large,
it is expected that the biosensors exploiting various types of the
nanofibres will occupy a pivotal role in future applications for
health-care testing in general, and CVDs diagnosis in particular.
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