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Abstract We report the fabrication of a label free nano
biosensor platform comprising single nanofiber that is
derived out of multi-walled carbon nanotubes (MWC-
NTs) embedded SU-8 photoresist, for the detection of
three important human cardiac biomarkers viz., myoglobin
(Myo), cardiac Troponin I (cTn I) and Creatine Kinase-
MB (CK-MB). These composite nanofibers were synthe-
sized using electrospinning process. Single nanofibers were
aligned between pairs of electrodes in-situ during the elec-
trospinning process. The target proteins were detected using
chemiresistive detection methodology. Each biomarker was
detected using a specific, single, aligned nanofiber, func-
tionalized with its corresponding monoclonal antibody.
Chemiresistive detection involves measuring the change in
conductance of the functionalized nanofibers upon the bind-
ing of the targeted antigen. The minimum detection limits
of Myo, CK-MB and cTn I were experimentally found
out to be as low as 6, 20 and 50 fg/ml respectively. No
response was observed when the nanofibers were exposed
to a non-specific protein, demonstrating excellent speci-
ficity to the targeted detection. These MWCNTs embedded
SU-8 nanofibers based nanobiosensor platform shows great
promise in the detection of cardiac markers and other pro-
teins as they have fast response time, high sensitivity and
good specificity.
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1 Introduction

Acute myocardial infarction (AMI) is one of the lead-
ing causes of mortality worldwide, early detection of the
same is of great clinical relevance as it can potentially
save several lives (Zhu et al. 2013). Recording of ECG,
a well-established technique, is one of the ways to detect
infarction. However, these are tests that are performed at
the last moment and may not give the information before-
hand. Research in understanding Cardio Vascular Disease
(CVD) has progressed so much so that a variety of pro-
teins whose levels get elevated because of various types and
stages of vascular injury have been identified and catego-
rized as Cardiac biomarkers (Singh et al. 2010). Among
these 177 odd cardiac biomarkers, Creatine Kinase MB,
Troponin I and Myoglobin have been identified as vital
biomarkers as they indicate early stage of vascular necro-
sis (Aldous 2013; Pervaiz et al. 1997). Various labelled
approaches proposed for the detection of these biomark-
ers include mass spectrometry (Naveena et al. 2010), liquid
chromatography (Giaretta et al. 2013), luminescence (Yue
and Song 2006) and colorimetric (Zhang et al. 2011) detec-
tion mechanisms. In labelled biosensors, labels such as
flouropores, gold nanoparticles are used to identify and
quantify the target proteins. Attaching fluoropores or gold
nanoparticles is a time taking procedure that needs to be
carried out externally and hence labelled biosensors may
not be ideal candidates for point-of-care diagnostics. In
contrast, label-free detection mechanisms such as electro-
chemical (Lee et al. 2011; Mandal et al. 2013; Moreira
et al. 2013a; Moreira et al. 2013b; Mishra et al. 2012) and
Surface Plasmon Resonance (SPR) (Gnedenko et al. 2013;
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Masson et al. 2007; Matveeva et al. 2004; Osman et al.
2013) rely on the change in physical properties upon the
binding of target proteins. These are highly sensitive and are
devoid of any external steps, thus making them amenable
for point of care applications. Miniaturization is the key for
successfull, economically viable, point of care diagnostics.
Several lab on chip approaches and microfabrication tech-
nologies have been proposed for the detection of cardiac
biomarkers and is very well reviewed (Qureshi et al. 2012).
Recently Rao’s group have developed a SU-8 photoresist
based peizoresistive polymer cantilever platform for detect-
ing these biomarkers (Joshi et al. 2007; Joshi et al. 2007;
Rao et al. 2010). The platform is a stable, repeatable plat-
form but it involves a little more complex process which
involves multiple fabrication steps. Care needs to be taken
to remove residual stress in the microcantilevers.

Shrinking down the device dimensions to nanoregime
exploits the inherent advantage of high surface to volume
ratio, superior electrical and mechanical properties. For the
same geometric area, the active area for functionalization is
far more in the case of nanomaterials. Furthermore, the ana-
lyte molecules of interest have similar dimensions as that of
nanomaterials resulting in an order of increase in the mutual
interactions. Not only that since the interaction happen over
a length scale compared to Debye length, any minute change
due to surface modification of these materials would result
in change in electronic properties thereby affecting the con-
ductivity of the materials. Hence these materials are good
candidates for developing label free biosensors. The sim-
plest transduction mechanism that can be easily adapted
in the case of these nanomaterials is the chemiresistive
mechanism, wherein the mutual interactions between nano-
materials and the targeted proteins manifests into change in
resistivity/conductivity.

Carbon based one dimensional nanomaterials have an
added advantage of amenability for surface functionaliza-
tion apart from their inherent transductional properties.
Design and development of biosensors using Single Walled
Carbon Nanotubes (SWCNTs) and Multiwalled Carbon
Nanotubes (MWCNTs) have been reported (Zhang et al.
2014; Holzinger et al. 2009; Yang et al. 2015). They are
most suited for developing sensors which rely on change
in the conductivity as transduction mechanism because
the small cross-sectional area of these nanotubes maxi-
mize the current response along the axial direction of the
nanowires resulting in large conductance changes. Sev-
eral chemiresistive biosensors based on carbon nanotubes
for detection of microorganisms such as E-coli and myo-
globin were reported (Garca-Aljaro et al. 2010; Singh et al.
2014; Puri et al. 2014). However, the synthesis of aligned
nanotubes is still a challenge that needs to be addressed.
Though surface functional groups are available on these
nanotubes, they are very few in number which limits the

number of target analyte molecules closely interacting with
them. It is thus imperative to increase the number of func-
tional groups so as to increase the interactions with the
desired biomolecules. A viable alternative for increasing
the number of target analyte molecules closely interact-
ing with the nanotubes is to embed these nanotubes into
polymers. This will not increase the functional groups in
the nanotubes but the presence of polymer sheath on top
of MWCNTs ensures abundant functional groups, as cre-
ating the same on polymers, is a well-established process.
Nanotubes embedded polymers combine the ultrasensitive
transduction properties of nanotubes with abundant avail-
ability of functional groups on the polymer materials and
act in a complementary manner resulting in a new plat-
form which is much more sensitive. The challenges is to
create this hybrid materials in nanoregime and develop a
simple protocol to fabricate a biosensing platformwith these
materials.

Electrospun nanofibers emerge as frontrunners for devel-
oping these devices. Electrospinning is a simple, versatile
and widely used low cost method to produce nanofibers at
large scale and has a variety of applications. Not only that, it
is possible to align single nanofiber between two conductive
posts by optimizing electrospinning parameters (Sharma
et al. 2011). In this work, we have aligned single nanofiber
of MWCNTs embedded SU-8 photoresist between pair of
patterned electrodes. SU-8 is an epoxy based negative pho-
toresist available in various viscosities and is vastly used for
developing various kinds of MEMS and biomedical devices.
Apart from it being biocompatible, the functionalization
protocols of SU-8 are standardized (Joshi et al. 2007). Also,
dispersion of very small percentages of MWCNTs in SU-8
has already been reported (Sharma et al. 2011). However the
conductivity of the wire is very less to be used as a biosen-
sors. In our previous work (Durga et al. 2014), we have
optimized the amount of MWCNTs to be loaded in SU-8 to
achieve maximum conductivity in single, aligned nanofiber.
Beyond 11 % of MWCNTs, the conductivity of the single
nanofiber tends to degrade (Durga et al. 2014) and hence
for all biosensing experiments, the percentage of MWCNTs
embedded in SU-8 is fixed to 11 %.

In this work, we have demonstrated chemiresistive
biosensor based on a functionalized single MWCNTs
embedded SU-8 nanofiber to detect Myoglobin (Myo),
Troponin I (cTn I) and Creatine kinase-MB (CK-MB).
Antibodies of the three biomarkers are attached to the
nanofibers using standard 1-Ethyl-3-(3- dimethylamino-
propyl) carbodiimide (EDC) and N-Hydroxysuccinimide
(NHS) crosslinking chemistry (Lee et al. 2011). The
response time of the sensor is less than a minute. Selec-
tivity is guaranteed as the detection methodology uses
immunoassay technique wherein the monoclonal antibody-
antigen reactions are highly specific. High sensitivity is
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assured because of the presence ofMWCNTs, as proven by the
detection limits of 6 fg/ml, 20 fg/ml and 50 fg/ml forMyo, CK-
MB and cTn I respectively. Typically, in case of the targeted
biomarkers, the desired detection limits according to clini-
cal relevance for early diagnosis of CVD are in the orders
of ng/ml. As reported in literature, the detection limits for
different biosensor platforms for detection of the targeted
analytes vary from pg/ml to hundreds of nanograms per ml
(Qureshi et al. 2012). The principle protocol for develop-
ing this simple biosensor platform is demonstrated in Fig. 1.
The results are repeatable even after a month of preparation
of these fibers with a CV<5 %, proving the efficacy of this
easily fabricated, ultrasensitive nanobiosensor platform.

2 Experimental

2.1 Materials

Standard multi-walled carbon nanotubes (MWCNTs) with
diameter range of 5-20 nm ware purchased from Rein-
ste Nano Ventures Pvt. Ltd. (New Delhi, India). SU-8
(SU-8 2015 The four digit number is a measure of vis-
cosity/maximum achievable thickness) was purchased from
MicroChem Crop. USA. Phosphate buffered saline tablets
(PBS), EDC, NHS, bovine serum albumin (BSA), myo-
globin from equine skeletal muscle, troponin I from human
heart and creatine kinase MB fraction human heart were
purchased from Sigma Aldrich. Myo mAbs, cTn I mAbs
and CK-MB mAbs were purchased from Abcam. Ultrapure
water (18.2 M�-cm) was used throughout.

2.2 Fabrication of single MWCNTs embedded SU-8
nanofiber

In order to align nanofibers precisely between two elec-
trodes, Cu microelectrode array was fabricated on glass

substrate using standard liftoff process. Firstly the reverse
pattern of the desired microelectrode was formed using
S1813 photoresist. Sequential deposition of 50 nm Ti and
200 nm Cu was carried out onto this patterned glass sub-
strate using DC sputtering. This was followed by lift off
of photoresist which resulted in the desired microelectrode.
The diameter of each electrode is 200 μm and the spac-
ing between them is 50 μm. This patterned glass substrate
was used as cathode during electrospinning process. Elec-
trospinning process involves the release of nanopolymer jet
upon the application of high electrostatic force between a
syringe loaded with polymer solution and cathode. Polymer
jets out once the electrostatic force overcomes the surface
tension force of the polymer solution. In this work, MWC-
NTs embedded SU-8 solution was loaded into the syringe.
The optimized process parameters for obtaining aligned
electrospun nanofibres include 10 μL/min flow rate of the
polymer solution, distance of 12 cm between the syringe and
substrate and a bias of 1.5 KV/cm. Prior to loading into the
syringe, MWCNTs dispersion in SU-8 was carried out as
follows. MWCNTs were dispersed in chloroform and mixed
in SU-8. SU-8 MWCNTs mixture was probe-sonicated for
half an hour to ensure proper dispersion. During probe
sonication process, the solvent evaporates, thereby leaving
MWCNTs in SU-8 matrix.The amount of MWCNTs was
fixed to 11 % as the conductivity tends to degrade beyond
this percentage (Durga et al. 2014).

2.3 Functionalization of single MWCNTs embedded
SU-8 nanofiber with monoclonal antibodies (mAbs)

Surface immobilization of mAbs onto the nanofiber was
carried out using standard EDC/NHS cross linking chem-
istry. Just prior to the functionalization, aligned nanofibers
were soaked in HCl of 0.1 M for 10 min, to maximize the
presence of the amine functional group on SU-8. This was

Fig. 1 Schematic representation
of Chemiresistive immunosensor
(a) Microelectodes array, (b)
Aligned nanofiber between two
electrodes, (c) MWCNTs
embedded SU-8 nanofiber On
the copper electrodes with 50
μm gap (inset: blown up
schematic and SEM image), (d)
EDC/NHS and mAbs
functionalized MWCNTs
embedded SU-8 nanofiber and
(e) Antigen interacts with
antibody on the nanofiber
surface
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Fig. 2 FESEM images: (a) copper microelectrodes array; and (b)
Aligned single MWCNT embedded electrospun SU-8 nanofiber
between copper electodes

followed by EDC/NHS chemistry which results in amide
bond formation between the nanofiber and maAbs. A mix-
ture solution of EDC/NHS (0.2/0.2 M) with the mAbs of
target proteins was dropped on the top of the single MWC-
NTs embedded SU-8 nanofibers and kept for 6 hours at
room temperature in a dark area. Then, the MWCNTs
embedded SU-8 nanofibers were washed using a phosphate
buffer saline (PBS, 1×, pH 7.4) and deionized water to elim-
inate non-immobilized mAbs on the nanofibers, glass layer,
and Cu electrodes. The optimized concentration of mAbs

Fig. 3 XRD data for SU-8 derived MWCNTs nanofiber

was chosen to be 200 μg/ml. After surface immobilization,
the single MWCNTs embedded SU-8 nanofibers were then
soaked in a high concentration BSA (2 mg/mL) for 30 min-
utes to block the non-specific proteins interaction on the
nanofibers surface.

2.4 Characterization

Morphologies of the electrospun single MWCNTs embed-
ded SU-8 nanofibers and mats were observed using a
Field Emission Scanning Electron Microscopy (FESEM)
(Quanta 200, FEI, Frankfurt am Main, Germany; SUPRA
40 VP, Gemini, Carl Zeiss, Oberkochen, Germany). The
electric conductivity of the single MWCNTs embedded SU-
8 nanofiber was measured by using Cascade two-probe
method, the current through the sample was measured with
a Keithley’s 4200 Semiconductor Characterization Systems.
The sample was measured five times by applying the poten-
tial of −0.5 to +0.5 V and average value was calculated.
XRD studies (X-Pert PRO) using Cu Ka radiation, were per-
formed and Raman studies were carried on a Senterra inVia
opus Raman spectrometer (Senterra, Bruker, UK) using 785
nm excitation. TEM analysis (Philips, CM200) was carried
out to reaffirm the successful embedment of MWCNTs in
SU-8 nanofibers.

3 Results and discussion

3.1 SEM characterization

In order to investigate the surface structure and morphology
of the nanofiber and ensure alignment of single nanofiber
between a pair of electrodes, SEM analysis was carried
out. Electrospinning parameters play an important role in

Fig. 4 Raman spectra of SU-8 derived MWCNTs nanofiber
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Fig. 5 The HR-TEM analysis
of (a) Electrospun SU-8
nanofiber, (b) MWCNTs
embedded electrospun SU-8
nanofiber, (c) The The zoomed
version of MWCNTs embedded
electrospun SU-8 nanofiber and
(d) An individual MWCNT
(inset: the SAED pattern of the
MWCNT)

achieving aligned single nanofibers. Figure 2a shows the
fabricated copper electrodes array and Fig. 2b indicates suc-
cessful in-situ alignment of single nanofiber between two
conductive posts achieved by optimizing electrospinning
parameters.

3.2 XRD characterization

In order to ensure successful embedment of MWCNTs in
SU-8 nanofibers, XRD was carried out. SU-8 is not crys-
talline in nature and hence no peaks can be expected from
SU-8. The presence of peak at 2θ = 26◦ corresponds in
Fig. 3 to MWCNTs and it is an affirmation of the pres-
ence of MWCNTs in their original crystalline form with a
(0 0 2) orientation (Saleha et al. 2011). High electric field,
an inherent part of electrospinning process, is not damag-
ing MWCNTs and they are not getting agglomerated. The
other prominent peak at 2θ = 33◦ corresponds to Silicon
which was used as the substrate for carrying out the XRD
analysis.

3.3 Raman analysis

Figure 4 shows Raman spectra of the MWCNT/SU-8 com-
posite nanofibers. The crystalline peaks in the fibers are

indicative of the presence of MWCNTs as SU-8 doesn’t
have any crystallinity. The presence of D and G-band peaks
at 1320 cm−1 and 1582 cm−1, are signatures of graphitic
structure of MWCNTs (Li et al. 1997) . This confirms the

Fig. 6 The measurement of conductance changes on a single non-
functionalized MWCNTs embedded SU-8 nanofiber (a: PBS, b: BSA
of 10 μg/mL, and c:Myo of 100 pg/mL, d: cTn I of 100 pg/mL and e:
CK-MB of 100 pg/mL)
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Fig. 7 Biosensing of Myoglobin: (a) Detection of Myo on a single
MWCNTs embedded SU-8 nanofiber biosensor (a: PBS; b: Myo of
6 fg/mL; c: Myo of 100 fg/mL; d: Myo of 10 pg/mL; e: Myo of 100
pg/mL; f:Myo of 10 ng/mL; g:Myo of 100 ng/mL and h:Myo of 100
μg/mL), (b) Myoglobin variation vs conductance and (d) Myoglobin
linearity

Fig. 8 Biosensing of Creatine kinace MB: (a) Detection of CK-MB
on a single MWCNTs embedded SU-8 nanofiber biosensor (a: PBS;
b: CK-MB of 20 fg/mL; c: CK-MB of 100 fg/mL; d: CK-MB of
10 pg/mL; e: CK-MB of 100 pg/mL; f: CK-MB of 10 ng/mL; and
g: CK-MB of 100 ng/mL), (b) CK-MB variation vs conductance and
(d) CK-MB linearity
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crystalline nature of the MWCNTs is retained intact in the
nanofiber.

3.4 TEM analysis

To reaffirm proper loading of the MWCNT into SU-8
nanofibers, TEM analysis was carried out on the nanofiber
samples extracted for this purpose. The fibers were directly
spun onto TEM lacey grids as well as on powdered sam-
ples extracted from Al foils onto which the nanofibers were
spun. Figure 5a and b shows the TEM images of pure SU-8
fibers and multiwall carbon nanotube embedded SU-8
fibers. A sharp contrast of color can be observed between
two figures. The zoomed version of MWCNTs embedded
SU-8 Fig. 5c shows random path formed by MWCNTs in
the SU-8 matrix. Furthermore, presence of MWCNTs is
confirmed with the help of selected area electron diffrac-
tion (SAED) pattern which shows graphitic (002) and (004)
reflections which are key signature features of MWCNTs
Fig. 5d.

3.5 Detection of cardiac biomarkers

3.5.1 Conductivity measurements on non-functionalized
MWCNTs embedded SU-8

Conductivity experiments were carried out on the single non
functionalized MWCNTs embedded SU-8 nanofiber pre-
cisely aligned between a pair of electrodes. Figure 6 shows
the variation in the conductance upon the sequential addi-
tion of phosphate buffer saline (pH 7) and various analyte
molecules of known concentration. Sufficient time gap was
allowed before adding one more analyte. From the minimal
variation in the conductance throughout the experimentation
it can be inferred that, the nanofiber is not responding to any
non-specific binding or physisorption. The initial conduc-
tance of the wire is almost remaining unaffected immaterial
of the analyte being added. This behaviour is expected as the
nanofiber is not functionalized and hence is not expected to
bind any analyte molecule.

3.5.2 Detection of myoglobin

In order to detect myoglobin, the aligned nanofiber is func-
tionalized with the antibodies of myoglobin using the pro-
tocol described in the experimental section. pH 7 Phosphate
Buffer Saline (PBS) buffer is used as a supporting elec-
trolyte. The conductance of the nanofibers varied with the
concentration of myoglobin as shown in Fig. 7a & b unlike
the non-functionalized case where there is no change in the
conductance. Upon the binding of myoglobin, the surface
stress on the nanofiber increases which in turn increases the
mobility of charge carriers in MWCNTs, thus increasing

the conductance (Lee et al. 2011; Singh et al. 2010). A
minimum detection limit of 6 fg/ml is achieved for myo-
globin with a linearity range of 20 fg/ml - 70 fg/ml as

Fig. 9 Biosensing of cardiac Troponin I: (a) Detection of cTn I on a
single MWCNTs embedded SU-8 nanofiber biosensor (a: PBS; b: cTn
I of 50 fg/mL; c: cTn I of 100 fg/mL; d: cTn I of 10 pg/mL; e: cTn I
of 100 pg/mL; f: cTn I of 10 ng/mL; and g: cTn I of 100 ng/mL) (b)
cTn I variation vs conductance and (d) cTn I linearity
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Table 1 Comparison of Limit of Detection with existing literature

Biomarker Transduction Mechanism LOD

Myoglobin ELISA (Wu et al. 2010) 16 ng/mL

Myoglobin, CKMB, cTnI Chemiluminescence (Cho et al. 2009) Myoglobin -1.2 ng/mL; CKMB - 0.6 ng/mL; cTnI - 5.6 ng/mL

cTnI Electro- chemiluminescence (Park et al. 2010) 2 pg/mL

Myoglobin and cTnT/I SPR (Masson et al. 2007) <1 ng/mL

cTnI and myoglobin Optical fiber (Tang and Kang 2006) cTnI - 7 pg/mL; Myo - 70 ng/mL

Myoglobin Chemiresistive [Present work] f6 fg/mL

fcTnI fChemiresistive [Present work] f50 fg/mL

fCK-MB fChemiresistive [Present work] f20 fg/mL

shown in Fig. 7c. This linearity range can be tuned by opti-
mizing the antibody functionalization protocol. The change
in resistance due to binding could be observed with in a
minute.

3.5.3 Detection of Creatine Kinase-MB and Troponin-I

The procedure for the detection of the other two biomarkers
is exactly the same but for the change in the antibodies that
are functionalized on top of the nanofibers. Figures 8 and 9
show the variation in conductance upon the sequential addi-
tion of respective antigens. The minimum detection limit for
CK-MB is found out to be 20 fg/ml with a linearity range
of 30 fg/ml - 100 fg/ml whereas for cTn I the minimum is
found to be 50 fg/ml with a linearity range of 50 fg/ml - 100
fg/ml. The variation in the minimum detection limit can be
attributed to the difference in surface charge of the antigens.
Myoglobin is charged molecule because of the presence
of iron. Since there is an electrostatic interaction apart of

Fig. 10 Reproducibility analysis of the proposed platform. All the
experiments were carried out with a fixed analyte concentration of 100
pg/mL

stress induced by the chemisorption of myoglobin, we can
expect that even minute concentration of myoglobin can
result in a change in the conductance. Also there is no need
to conduct cross sensitivity experimentations among various
biomarkers as the sensing platform is based on immunoas-
say protocol which is highly selective (Joshi et al. 2007).
Monoclonal antibodies will bind to their respective antigens
only. The response time in these cases is also less than a
minute.

3.6 Durability test of proposed nanobiosensing platform

Table 1 provides a comparison of our results with the best of
previously reported literature. Comprehensive review on the
mechanism, detection range and limit of detection of cardiac
biomarkers is well documented by Qureshi et al. (2012). The
response time for existing platform is in the range of 20 min
to 1 hr (Qureshi et al. 2012). The response time of proposed
platform is less than one minute. Also, from the table, It is
evident that the proposed methodology is far more sensitive
than the existing ones.

In order to check the durability of the platform, func-
tionalized nanowires were stored under controlled ambience
(4 ◦C) over a period of four months. The variation in
resistance upon the binding of target analytes of fixed con-
centration (100 pg/mL) was studied periodically. As shown
in Fig. 10, the variation in the change in conductivity is
minimal over the entire duration of study, suggesting the
longevity and durability of the proposed platform.

4 Conclusions

A simple, ultrasensitive, selective, label free nanobiosensor
platform for the detection of cardiac biomarkers is demon-
strated. This platform consists of single aligned nanofiber
derived out of MWCNTs embedded SU-8 photoresist. Elec-
trospinning is utilized to synthesize the nanofibers and sin-
gle nanofibers are precisely aligned in-situ between pairs of
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electrodes by optimizing electrospinning parameters. Mor-
phological and physical characterizations are carried out
to prove the successful embedment of MWCNTs in SU-
8 nanofibers. This combination of excellent transduction
properties of MWCNTs and the ease of functionaliza-
tion of SU-8 is the forte of this platform. It is generic
in nature and can be extended to any other immunoassay
based detection methodology. This nanobiosensor platform
is ideal candidate for detecting cancer biomarkers given
its ability to detect ultra-low concentrations of targeted
analyte.

References

J. Zhu, N. Zou, H. Mao, P. Wang, D. Zhu, H. Ji, H. Cong, C.
Sun, H. Wang, F. Zhang, J. Qian, Q. Jin, J. Zhao, 42, 522–
525 (2013)

V. Singh, P. Martinezclark, M. Pascual, E.S. Shaw, W.W. O’Neill, Car-
diac biomarkers–the old and the new: A review. Coron. Artery Dis.
21(4), 244–256 (2010)

S.J. Aldous, Cardiac biomarkers in acute myocardial infarction. Int. J.
Cardiol. 164, 282–294 (2013)

S. Pervaiz, F.P. Anderson, T.P. Lohman, C.J. Lawson, Y.J. Feng, D.
Waskiewicz, Comparative analysis of cardiac troponin I and cre-
atine kinase-MB as markers of acute myocardial infarction. Clin.
Cardiol. 20, 269–271 (1997)

B.M. Naveena, C. Faustman, N. Tatiyaborworntham, S. Yin, R.
Ramanathan, R.A. Mancini, Detection of 4-hydroxy-2-nonenal
adducts of Turkey and chicken myoglobins using mass spectrom-
etry. Food Chem. 122, 836–840 (2010)

N. Giaretta, A.M.A.D. Giuseppe, M. Lippert, A. Parente, A.D. Maro,
Food Chem. 141, 1814–1820 (2013)

Q. Yue, Z. Song, Microchem. J. 84, 10–13 (2006)
X. Zhang, X. Kong, W. Fan, X. Du, Iminodiacetic acid-functionalized

gold nanoparticles for optical sensing of myoglobin via Cu2+
coordination. Langmuir 27, 6504–6510 (2011)

I. Lee, X. Luo, X.T. Cui, M. Yun, Highly sensitive single polyani-
line nanowire biosensor for the detection of immunoglob-
ulin G and myoglobin. Biosens. Bioelectron. 26, 3297–
3302 (2011)

S.S. Mandal, K.K. Narayan, A.J. Bhattacharyya, Employing denatura-
tion for rapid electrochemical detection of myoglobin using TiO 2
nanotubes. J. Mater. Chem. B 1, 3051–3056 (2013)

F.T.C. Moreira, R.A.F. Dutra, J.P.C. Noronha, M.G.F. Sales, Electro-
chemical biosensor based on biomimetic material for myoglobin
detection. Electrochim. Acta 107, 481–487 (2013a)

F.T.C. Moreira, S. Sharma, R.A.F. Dutra, J.P.C. Noronha, A.E.G. Cass,
M.G.F. Sales, Smart plastic antibody material (SPAM) tailored on
disposable screen printed electrodes for protein recognition: appli-
cation to myoglobin detection. Biosens. Bioelectron. 45, 237–244
(2013b)

S.K. Mishra, D. Kumar, A.M. Biradar, Rajesh, Electrochemical
impedance spectroscopy characterization of mercaptopropionic
acid capped ZnS nanocrystal based bioelectrode for the detec-
tion of the cardiac biomarker–myoglobin. Bioelectrochemistry 88,
118–126 (2012)

O.V. Gnedenko, Y.V. Mezentsev, A.A. Molnar, A.V. Lisitsa, A.S.
Ivanov, A.I. Archakov, Highly sensitive detection of human car-
diac myoglobin using a reverse sandwich immunoassay with a
gold nanoparticle-enhanced surface plasmon resonance biosensor.
Anal. Chim. Acta 759, 105–109 (2013)

J.F. Masson, T.M. Battaglia, P. Khairallah, S. Beaudoin, K.S. Booksh,
Quantitative measurement of cardiac markers in undiluted serum.
Anal. Chem. 79, 612–619 (2007)

E. Matveeva, Z. Gryczynski, I. Gryczynski, J. Malicka, J.R.
Lakowicz, Myoglobin immunoassay utilizing directional sur-
face plasmon-coupled emission. Anal. Chem. 76, 6287–
6292 (2004)

B. Osman, L. Uzun, N. Beirli, A. Denizli, Microcontact imprinted sur-
face plasmon resonance sensor for myoglobin detection. Mat. Sci.
Eng. C 33, 3609–3614 (2013)

A. Qureshi, Y. Gurbuz, J.H. Niazi, Biosensors for cardiac biomarkers
detection: a review, Sensors Actuators B, 62–76 (2012)

M. Joshi, N. Kale, S. Mukherji, R. Lal, V. Ramgopal Rao, Affinity can-
tilever sensors for cardiac diagnostics. Indian J. Pure Appl. Phys.
45, 287–293 (2007)

M. Joshi, N. Kale, R. Lal, V. Ramgopal Rao, S. Mukherji, A novel dry
method for surface modification of SU-8 for immobilization of
biomolecules in bio-MEMS. Biosens. Bioelectron. 22, 2429–2435
(2007)

V. Rao, V. Seena, N. Kale, A. Prasad, S. Patil, D. Reddy, D. Agarwal,
S. Gandhi, S. Mukherji, Ramgopal highly sensitive �R/R mea-
surement system for nano-electro-mechanical cantilever based
bio-sensors, MRS fall meeting, Boston, Massachusetts, USA
(2010)

J. Zhang, S. Kruss, A.J. Hilmer, S. Shimizu, Z. Schmois, F. De
La Cruz, P.W. Barone, N.F. Reuel, D.A. Heller, M.S. Strano,
A. Rapid, Direct, quantitative, and Label-Free detector of car-
diac biomarker troponin t using Near-Infrared fluorescent Single-
Walled carbon nanotube sensors. Adv. Healthc. Mater. 3(3), 412–
23 (2014)

M. Holzinger, L. Bouffier, R. Villalonga, S. Cosnier, Adamantane/β-
cyclodextrin affinity biosensors based on single-walled carbon
nanotubes, Biosens Bioelectron. Biosens. Bioelectron., 1 24(5),
1128–34 (2009)

L. Yang, L. Xi, S. Yan, M. Wang, P. Liu, Y. Dong, C.
Zhang, Single-walled carbon nanotubes-carboxyl functionalized
graphene oxide based electrochemical DNA biosensor for ther-
molabilehemolysin gene detection. Anal. Methods 7, 5303–
5310 (2015)

C. Garca-Aljaro, L.N. Cella, D.J. Shirale, M. Park, F.J. Muoz, M.V.
Yates, A. Mulchandani, Carbon nanotubes-based chemiresistive
biosensors for detection of microorganisms. Biosens. Bioelectron.
5 26(4), 1437–41 (2010)

S. Singh, A. Kumar, S. Khare, A. Mulchandani, Single-walled carbon
nanotubes based chemiresistive genosensor for label-free detec-
tion of human rheumatic heart disease. Appl. Phys. Lett. 105,
213701 (2014)

N. Puri, A. Niazi, A.M. Biradar, A. Mulchandani, Conducting polymer
functionalized single-walled carbon nanotube based chemiresis-
tive biosensor for the detection of human cardiac myoglobin. Appl.
Phys. Lett. 105, 153701 (2014)

C.S. Sharma, H. Katepalli, A. Sharma, M. Madou, Fabrication and
electrical conductivity of suspended carbon nanofiber arrays. Car-
bon 49, 1727–1732 (2011)

M. Joshi, R. Pinto, V. Ramgopal Rao, S. Mukherji, Silanization and
antibody immobilization on SU-8. Appl. Surf. Sci. 6(253), 3127–
3132 (2007)

P.M. Durga, K.V. Rama, A. Dutta, C.S. Sharma, S.G. Singh, Siva
development of MWCNT/SU-8 nanofiber composite using elec-
trospinning technique for biosensing applications, IEEE Sensors,
2093–2096 (2014)

I. Lee, X. Luo, X.T. Cui, M. Yun, Highly sensitive single polyani-
line nanowire biosensor for the detection of immunoglobu-
lin G and myoglobin. Biosens. Bioelectron. 5 26(7), 3297–
302 (2011)



111 Page 10 of 10 Biomed Microdevices (2016) 18: 111

W. Li, H. Zhang, C. Wang, Y. Zhang, L. Xu, K. Zhu, S. Xie, Raman
characterization of aligned carbon nanotubes produced by thermal
decomposition of hydrocarbon vapor. Appl. Phys. Lett. 70, 2684–6
(1997)

P. Slobodian, P. Riha, A. Lengalova, P. Saha, Compressive stress-
electrical conductivity characteristics of multiwall carbon nan-
otube networks. J. Mater. Sci. 46(9), 3186–3190 (2011)

T.A. Saleha, S. Agarwal, V.K. Gupta, Synthesis of MWCNT/MnO2
and their application for simultaneous oxidation of arsenite
and sorption of arsenate. Appl. Catal. B Environ. 106, 46–53
(2011)

W.Y.Wu, Z.P. Bian, W.Wang, J.J. Zhu, PDMS?gold nanoparticle com-
posite film based silver enhanced colorimetric detection of cardiac
troponin I. Sensors Actuators B Chem. 147, 298–303 (2010)

I.H. Cho, E.H. Paek, Y.K. Kim, S.H. Paek, Chemiluminometric
enzymelinkedimmunosorbentassays(ELISA)-on-a-
chipbiosensorbasedoncross-flow chromatography. Anal. Chim.
Acta 632, 247–255 (2009)

J.P. Park, D.M. Cropek, S. Banta, High affinity peptides for the
recognition of the heart disease biomarker troponin I identified
using phage display. Biotechnol. Bioengineering 105, 678–686
(2010)

J.F. Masson, T.M. Battaglia, P. Khairallah, S. Beaudoin, K.S. Booksh,
Quantitative measurement of cardiac markers in undiluted serum.
Anal. Chem. 79, 612–619 (2007)

L. Tang, K.A. Kang, Preliminary study of fiber optic multi-cardiac-
marker biosensing system for rapid coronary heart disease diagno-
sis and prognosis. Adv. Exp. Med. Biol. 578, 101–106 (2006)


	An ultrasensitive label free nanobiosensor platform for the detection of cardiac biomarkers
	Abstract
	Introduction
	Experimental
	Materials
	Fabrication of single MWCNTs embedded SU-8 nanofiber
	Functionalization of single MWCNTs embedded SU-8 nanofiber with monoclonal antibodies (mAbs)
	Characterization

	Results and discussion
	SEM characterization
	XRD characterization
	Raman analysis
	TEM analysis
	Detection of cardiac biomarkers
	Conductivity measurements on non-functionalized MWCNTs embedded SU-8
	Detection of myoglobin
	Detection of Creatine Kinase-MB and Troponin-I

	Durability test of proposed nanobiosensing platform

	Conclusions
	References


