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A B S T R A C T

Sensitive detection of cardiac biomarkers is critical for clinical diagnostics of myocardial infarction (MI) while
such detection is quite challenging due to the ultra-low concentration of cardiac biomarkers. In this work, a
label-free immunosensor based on optical microfiber coupler (OMC) has been developed for the ultrasensitive
detection of cardiac troponin I (cTnI), a selective and highly sensitive biomarker of acute myocardial infarction
(AMI). CTnI monoclonal antibodies were immobilized on the surface of the fiber through polyelectrolyte layer
using layer-by-layer deposition technique. For refractive index sensing characterization, an ultra-high sensitivity
of 91777.9 nm/RIU was achieved when the OMC works around the dispersion turning point, which is the highest
experimental demonstration in the field of fiber-optic evanescent biosensors. For biosensing, the immunosensor
with good specificity showed a linear wavelength shift in the range of 2–10 fg/mL and an ultra-low detection
limit of 2 fg/mL. Such immunosensors have huge application potential for the detection of cardiac biomarkers of
myocardial infarction due to simple detection scheme, quick response time, ease of handling and miniaturation.

1. Introduction

Myocardial infarction (MI), known as heart attack, is a major cause
of morbidity and mortality worldwide. Data from World Health
Organization (WHO) (Han et al., 2016) accounted 30% of global death
annually and it is expected that more than 23 million die annually by
2030. Cardiac troponin I (cTnI) is considered as ‘gold standard’ bio-
marker for the detection of acute MI due to its remarkable specificity
and sensitivity (Fathil et al., 2015). The levels of cTnI became a pre-
dominant diagnosis index for MI since it is usually produced only in the
myocardium and shows high specificity to cardiac injury (Panteghini
et al., 2004).

Conventional methods for monitoring the cTnI levels including en-
zyme linked immunesorbent assay (ELISA), radioimmunoassay (RIA)
and high performance liquid chromatography (HPLC) (Bodor et al.,
1992; Carraro et al., 1994; Neverova and Eyk, 2002), have suffered
from some apparent problems such as long assay time, multistep pro-
cessing, high overall cost and require sophisticated instrumentation.
Therefore, it is difficult to apply those assays in developing countries or
remote areas where diagnosis of AMI is urgently needed. Hence, a

sensitive, rapid, and cost-efficient platform becomes an urgent demand
to fulfill the diagnosis requirements in MI detection.

Meanwhile biosensors are now more acceptable because of their
high sensitivity, reliability and point-of-care (POC) diagnosis. Over the
past decades, various methodologies including colorimetric, fluores-
cence, paramagnetic, electrochemical etc. have been tested for cTnI
detection (Han et al., 2016). Among the detection techniques, electro-
chemical approaches have been widely used due to their potential for
the real-time monitoring of cTnI protein biomolecule interaction (Jo
et al., 2015; Negahdary et al., 2017). Additionally, various commer-
cially available cTnI detection instruments based on fluorescence assay
can also be obtained for instance Roche Cardiac Reader, Abbott i-STAT
and Singulex Erenna System etc. (Tate et al., 2012). However, the
conjugation of labels with antibody or antigen requires long time and
additional cost. Besides, the conjugation processes may reduce the bi-
molecular activities, which in turn decrease the sensitivity of the de-
tection.

Nowadays, since increasing interest has been devoted to new
methods of detecting and quantifying biomolecules because of their
paramount importance to modern clinical and biological fields. Label-
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free bioassay technologies have attracted much attention in recent
years due to its potential to address some of the limitations in other
labeled methods. Label-free biosensors such as surface plasmon re-
sonance (SPR) (Wu et al., 2017), quartz crystal microbalance (QCM)
(Akter et al., 2015), surface acoustics wave (SAW) (Lee et al., 2013),
photonics crystal (PC) (Zhang et al., 2014) and electrochemical im-
pedance spectroscopy (EIS) (Akter et al., 2017) have potential for
simplifying the molecular recognition process and enhancing the de-
tection sensitivity. To further improve the sensitivity, many detection
strategies based on nanomaterials have also been designed including
graphene quantum dots (Tuteja et al., 2016), carbon nanofiber (Gupta
et al., 2016; Periyakaruppan et al., 2013), silicon-nanowire (Kong et al.,
2012; Kim et al., 2016.), carbon nanospheres (Gao et al., 2017), and
znic oxide nanostructures (Shanmugam et al., 2017). However, synth-
esis, purification, fabrication and functionalization using those nano-
materials need some special treatments, skills and time.

Fiber-optic sensor can also work as label-free biosensors. However,
most of the proposed fiber-optic biosensors suffer from relatively low
sensitivity for both refractive index (RI) sensing and biosensing (Sun
et al., 2014; Liu and Li, 2015; Zhang et al., 2016; Chiavaioli et al., 2014;
Liu et al., 2017). Recently we proposed and studied an optical micro-
fiber coupler(OMC) sensor working near the turning point of effective
group index difference between the even supermode and odd super-
mode to achieve high RI sensitivity. Infinite sensitivity can be obtained
when the dimension of the OMC is close to the turning point value.
Ultrahigh sensitivity of 39541.7 nm/RIU, which is at least one order
higher than other optical RI sensors, was experimentally demonstrated
using an OMC with diameter of 1.4 µm (Li et al., 2016). In this study, an
ultrasensitive label-free fiber biosensor based on this micro-fiber cou-
pler with high reproducibility was proposed to detect cardiac troponin
I. Ultrasensitivity can be achieved when the wavelength peak shift
works around the turning point. A detection limit of 2 fg/mL in phos-
phate buffer saline (PBS, pH7.4) buffer was obtained, which is the
lowest limit for fiber-optic biosensors to the best of our knowledge.
Besides, this biosensor exhibited a linear optical response to cTnI over
the concentration range of 2–10 fg/mL in PBS buffer. The results sug-
gested that the proposed immunosensor is a useful tool for practical
application in clinical diagnosis.

2. Material and methods

2.1. Reagents and materials

Single-mode optical fiber with core and cladding diameters of 8 µm
and 125 µm was purchased from Corning Inc. (New York, USA).
Potassium hydroxide (KOH) was obtained from Sinopharm Chemical
Reagent Co.,Ltd (Shanghai China). Poly-(diallyldimethylammonium
chloride) (PDDA), poly-(acrylic acid) (PAA), N-Hydroxysuccinimide
(NHS), 1-(3-Dimethylaminopropyl)−3- ethalcarbodimide hydro-
chloride(EDC), Phosphate buffer saline(PBS) and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich(St. Louis,USA). The cardiac
troponin I antigens and monoclonal cTnI antibodies were supplied from
Wondofo Biomedical Co., Ltd(Guangzhou,China). Prostate specific an-
tigen (PSA), C-reaction protein (CRP), Immunoglobulin G (IgG) were
purchased from Biosynthesis Biotechnology Co., Ltd (Beijing, China).
All the chemical reagents were of analytical grade. All solutions were
prepared using deionized water (18.2MΩcm) obtained from a MilliQ
filtration system (Millipore, USA).

2.2. Experimental setup

The experimental setup is shown in Fig. 1(a). A halogen lamp was
used as the light source and the light was focused into the fiber using a
microscope objective with numerical aperture of 0.65. An optical mi-
crofiber coupler was fixed in a fluid cell and the cell was integrated with
a polydimethylsiloxane (PDMS) chamber for delivery of sample

solutions. A spectrometer with a resolution of 0.3 nm was used as the
detector and the data were acquired by a laptop. To eliminate the in-
fluence of temperature, the biosensing experiments were carried out in
a clean room environment and the temperature of 23± 0.2℃ was
maintained whole through the experiments.

2.3. Preparation of optical fiber coupler biosensor

OMC was prepared by the fusion elongation method (Yokohama
et al., 1987; Xu et al., 2017). Our thermal pulling system consists of
three stages, three electric motors, two fiber clamps, a hydrogen gen-
erator, an oxyhydrogen torch and a control panel. Two bare optical
fibers are double twisted, along in parallel and fixed on the elongation
stages. The oxyhydrogen torch was used to heat the fibers and the flow
rate can be controlled by the hydrogen generator. Two electric motors
can pull the fiber in opposite direction. To get uniform couplers, the
flame was scanned by another motor and the length of the uniform
waist can be controlled by the distance of the scanning. The pulling
process was monitored by an online monitoring system and the waist
diameters of the OMC can be controlled precisely by monitoring the
output power. In our experiments, the pulling speed can be controlled
in 4mm/min, and the hydrogen gas flow rate was 90mL/min with the
purity of 99.999%. To keep the coupler stable and robust, they were
placed in fluid cells and fixed by PDMS. The fluid cells were fabricated
on PMMA plates using laser writing technology. Typical images of the
chip and the fabricated fiber coupler are depicted in Fig. 1(b).

2.4. Immobilization of antibodies on the biosensor surface

The immobilization of antibody on the OMC surface and the bio-
detection process are depicted in Fig. 1(c). Prior to the functionalization
the biosensor chips were cleaned with deionized H2O (18MΩ) and then
the samples were immersed in 0.1 M KOH solution for 10min to create
hydroxyl(-OH) groups on the surface (Baranowska et al., 2015; Kim and
Herr, 2013). The surfaces were then washed with distilled water. Next
the fiber biosensor surface was prepared by alternating incubation for
30mins with 2mg/mL PDDA (positively charged) and 2mg/mL PAA
(negatively charged) to get final modification with individually spotted
capture proteins (Yuk et al., 2013). The surfaces were also washed with
deionized H2O (18MΩ). To facilitate capture protein binding, the car-
boxyl group of PAA was activated to form reactive NHS using a solution
of 50mM NHS and 200mM EDC in water for 30min. Blocking to re-
duce subsequent non-specific binding was then performed by in-
cubating the sensor chip surface with a blocking solution (3% BSA in
the PBS, pH7.4) for 30mins. The biosensor chip was then washed with
PBS for 5mins. Subsequently, functionalized fiber was incubated with
cTnI antibody with concentration of 100 μg/mL for 1 h to immobilize
the antibody to fiber surface. Alongside, various concentrations of cTnI
(2 fg/mL to 10 fg/mL with a step of 2 fg/mL) proteins solutions were
prepared by dilution with PBS in advance.

2.5. Detection mechanism of the biosensor

Fiber coupler has a wide a range of uses in the optical networking
industry, for example power splitters, wavelength-division multi-
plexers, mode splitters etc. Power exchange occurs as the even and odd
supermodes propagate along the OMC and thus an interferometric
spectrum is obtained at the output ports as shown in Fig. 2(a). Ac-
cording to the supermode theory, the output powers at through port P3
and cross port P4 are then given by
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where ϕ represents the phase difference between the two supermodes
accumulated along the coupling region for TE/TM polarization.

We described the phase term as that a uniform OMC and take a
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small variation in theory, the spectral dependency on the external RI is
obtained as (Li et al., 2016)
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where Δneff represents the effective RI difference between the two su-
permodes and G = Δneff -λN ∂(Δneff) /∂λ is defined as the group ef-
fective index difference between even and odd supermodes for TE/TM
polarization. And the RI sensitivity can reach infinity when G = 0,
which is corresponding to the turning point. The surrounding RI is
usually modified by biomolecules adsorbed on the fiber surface (Vörös,
2004; Ball and Ramsden, 1998; Zhao et al., 2011), so OMC have the
potential to work as a biosensor.

3. Results and discussion

3.1. Numerical simulations and RI sensing characteristics

In order to obtain good performance, the dimension of the OMC
should be carefully designed. The sensitivity for OMC with different
diameters in water environment was calculated. The results illustrated
in Fig. 2(b) shows distinctive turning point at the wavelength range of
650–1300 nm when the diameter of the OMC reduces below 1.2 µm.
When the OMC sensor works near the turning point, the effective RI of
the odd mode is very close to the RI of water, and a large quantity of the
guided power in the odd mode will be exposed into the surrounding
medium in the form of evanescent wave. Thus, the strength of light-

matter interaction was significantly enhanced and the RI sensitivity
would be greatly improved. Considering the spectra range of our light
source is 450–980 nm, we use an OMC with a diameter of about 0.7 µm
for the RI sensing characterization. The response of the OMC in solution
with different RI was tested by tracing the shifting of peaks in the
transmission spectrum. The liquid we used was the mixture of the
glycerol and deionized water. The range of this solution was from
1.33300 to 1.33320 with a step of 0.00004. As demonstrated in Fig. 3,
the peaks redshift dramatically with increase of the RI around the
turning point. The RI sensitivity is higher for long wavelength than for
short wavelength. Moreover, an ultrasensitivity of 91777.9 nm/RIU is
achieved near the turning point, which is so far the highest sensitivity
for OMC based sensors at low RI around 1.33. The reproducibility can
be evaluated in terms of relative standard deviation(RSD) with a
maximum for each point of 8.1% (n = 5). Besides, we plot the sensi-
tivity in our experiment together with numerialcal simulations results
in the inset of Fig. 3(b), and our experimental results agree well with
the theoretical results. The small discrepancy could be attributed to the
fact that the actual OMC geometry is not a perfect uniform parallel
cylinder compared with the theoretical model.

Although the sensitivity of our sensor is very high, the dynamic
range is relatively narrow. A feasible method to broaden the dynamic
range is to reduce the coupling length L, which eventually would en-
large the period of oscillation in the output spectrum. However, it will
also lead to a decrease to the quality factor of the interference peaks.
The trade-off between quality factor and dynamic range should be
considered when the OMC based RI sensor is applied to different

Fig. 1. (a) Illustration of the experimental setup, (b) Image of the
biosensor cell and of a 1.0 µm thick optical microfiber coupler, (c)
Schematic illustration of fiber optic biosensor based on OMC
structure.

Fig. 2. (a) Schematic diagram of the microfiber coupler with even mode and odd mode, (b) Modeled sensitivity versus wavelengths at the turning point with different diameters
(0.6–1.2 µm).
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occasions.

3.2. Detection of cTnI in PBS buffer and specificity

The OMC could be extremely sensitive to biomolecules binding to
the sensor surface. To explore the performance of this ultrasensitive
OMC biosensor, detection of cTnI in PBS buffer was carried out. Here

we used an OMC with a diameter of 1 µm for our experiments con-
sidering sub-micro-sized OMCs are too fragile to go through the che-
mical modification for antibody immobilization. cTnI antibody-antigen
binding was performed by injecting and incubating 100 μL of cTnI so-
lution in PBS with concentration ranging from 2 fg/mL to 10 fg/mL at
room temperature for around 10min Fig. 4(a) shows the typical
transmission spectral response of the OMC biosensor. Interference

Fig. 3. (a) Transmission spectral responses to different ambient RIs of 1.33300, 1.33304, 1.33308, 1.33312, 1.33316, and 1.33320. Black, red, blue and magenta arrows are to guide the
shift of interference peaks as ambient RI increases (The spectra are offset for clarity). (b) Wavelength peaks shift corresponding to different peaks indicted by the different arrows versus
different ambient RIs. Inset: simulated (red) and experimental results (olive) of sensitivity versus wavelength.

Fig. 4. (a) Transmission spectral responses near the turning point of effective group index difference (The spectra are offset for clarity), (b) Peak wavelength shift with different
concentrations of cTnI (PBS, 2 fg/mL, 4 fg/mL,6 fg/mL,8 fg/mL,10 fg/mL respectively), (c) Real-time response transmission spectrum with PBS, 2fg/mL and 4fg/mL，inset: corre-
sponding wavelength shift.(d) Measured response to cTnI antigen and other non-specific protein (CRP, IgG, PSA) with the same concentration of 10 fg/mL in PBS buffer.
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between the even mode and odd mode can be observed for the whole
wavelength range. Due to the limitation of our spectrometer, the
spectrums beyond 980 nm were not measured, so the turning point
which theoretically exists at around 1050 nm could not be observed.
Even though, from the fast expansion of the free spectral range (FSR) as
the wavelength red shifts, we can infer that the wavelength range of
850–980 nm is already very close to the turning point. Furthermore, the
sensitivity increases dramatically when the peaks redshifts, as shown in
the theoretical results in Fig. 2(b).

By comparing the spectra for different cTnl concentrations, we can
clearly find that all the peaks tend to redshift as the concentration in-
creases from 2 fg/mL to 8 fg/mL. This is caused by the binding of the
cTnl molecules which can lead to small increases to the surrounding RI.
The wavelength shifts of four typical peaks from short wavelength to
long wavelength are depicted in Fig. 4(b). It is very obvious that the
sensitivity improves rapidly as the peak wavelength increases. This fast
increase phenomenon in the sensitivity is consistent with the behavior

for RI sensing as predicted by the theoretical results in Fig. 2(b). As
illustrated in Fig. 4(b), the maximum of RSD for cTnI in PBS buffer is
about 8.39% (n = 5). More importantly, by utilizing the turning point,
an ultra-low detection limit of 2 fg/mL and good linearity in the con-
centration rang of 2–8 fg/mL for cTnl is achieved, which is beneficial to
the immunosensor in product.

To further show the dynamic process, the real-time response to cTnI
with concentrations of 2 fg/mL and 4 fg/mL cTnI have been obtained by
monitoring the output intensity at wavelength 904 nm as shown in
Fig. 4(c). The optical intensity gradually increases when cTnI was in-
jected compared to PBS. Then the optical intensity reached a plateau
due to saturation effect which can be considered a complete antibody-
antigen conjugation process. The corresponding wavelength shift was
demonstrated in the inset of Fig. 4(c).

Table 1 summarizes the limit of detection of cTnI biosensor from
this work and previous reports in literatures. The present OMC bio-
sensor has the lowest limit in the PBS medium to date.

The specificity of this OMC biosensor was assessed by measuring
three-kinds of non-specific proteins CRP, IgG and PSA. These proteins
were diluted in the PBS with the same concentration of 10 fg/mL. From
the test results illustrated in Fig. 4(d), the proposed sensor responded
lower for all the three kinds of non-specific proteins, demonstrating its
high specificity.

3.3. Regeneration of the sensor

Regeneration and reusability are important characteristics for bio-
sensors. To investigate the regeneration of this biosensor, real-time
monitoring of cTnI antigen binding to the cTnI antibody was conducted,
and a mild regeneration reagent of 0.1 M glycine-HCl buffer (pH2.3)
was used to dissociate the captured antigen-antibody complex similar to
our previous work (Li et al., 2014). After each immune response, the
regeneration step was carried out by short injections of the regeneration
buffer with 1–3min. As shown in Fig. 5, the output light intensity re-
turned to the initial level after each regeneration cycle. And this bio-
sensor can be reused for at least 8 cycles without significant losses in
sensitivity, indicating the good stability of the immunosensor.

4. Conclusions

In this work, we have proposed an ultrasensitive label-free OMC
biosensor for the detection of cardiac troponin I. The RI sensing per-
formance of OMC based sensors around the turning point of the effec-
tive group index difference between even and odd supermodes was
presented. An ultrasensitivity of 91777.9 nm/RIU at a low ambient RI

Table 1
Comparison of the limit of detection for cTnI biosensors.

Methods Media Limit of
detection

Reference

OMC sensor PBS 2fg/mL Present work
Optical SIS sensor PBS 5 pg/mL Diware et al. (2017).
Electrochemiluminescent Serum 0.08 pg/mL Zhou et al. (2014).
Field effect transistor(FET) PBS 1 pg/mL Tuteja et al. (2014).
Electrochemical PBS 4.2 pg/mL Singal et al. (2014).
Electrochemical PBS 24 pg/mL Jo et al. (2015).
Electrochemical Serum 1 pg/mL Shanmugam et al.

(2017).
Electrochemical PBS 8 pg/mL Negahdary et al.

(2017).
FET-based In2O3 nanoribbon PBS 1 pg/mL Liu et al. (2016a).
Colorimetric assay Serum 0.2 ng/mL Liu, . et al. (2016b)
ELISA PBS 5 pg/mL Zhang et al. (2015).
Photoelectrochemical Serum 1.756 pg/mL Tan et al. (2017).
Silicon nanowire FET PBS 5 pg/mL Kim et al. (2016).
Silicon nanowire FET PBS 0.092 ng/mL Kong et al. (2012).
Surface plasmon resonance PBS 1.25 ng/mL Wu et al. (2017).
Surface acoustic wave(SAW) Serum 6.2 pg/mL Lee et al. (2013).
Photonic crystal PBS 0.1 ng/mL Zhang et al. (2014).
Electrochemical impedance

spectroscopy
Serum 1 pg/mL Akter et al. (2017).

Carbon nanofiber nanoelectrode
array

PBS 0.2 ng/mL Periyakaruppan et al.
(2013).

Optical point-of-care
immunoassay

Serum 0.22 ng/mL Rodenko et al. (2017).

Fluorescence Serum 0.002 ng/mL Seo et al. (2016).

Fig. 5. (a) Real-time response curves for the sensor after a number of regeneration cycles. (b) The sum up of the biosensor response for each cycle with relative optical intensity (the
reaction optical intensity subtracts the initial intensity).
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of 1.33300 using a 0.7 µm thick OMC is experimentally demonstrated.
A detection limit as low as 2 fg/mL for cTnI protein in PBS buffer was
achieved around the turning point of the coupler where the sensitivity
improved rapidly. Additionally, linear wavelength shift was obtained in
the range of 2–10 fg/mL for all of the four typical peaks. By monitoring
the wavelength shift or optical intensity at a selected wavelength, the
real time responses of the antibody-antigen conjugation process were
also obtained for low cTnI concentrations of 2 fg/mL and 4 fg/mL.
Besides, non-specific proteins (CRP, IgG, and PSA) were adopted to
certify the specificity of the biosensor. Furthermore, the regeneration
characteristics were investigated and the results show that OMC bio-
sensor can be reused for at least 8 cycles without significant loss in
sensitivity. It is expected that this novel biosensor can serve as a ne-
cessary step towards potential applications for fast and accurate
quantification of cTnI concentrations in blood samples from patients in
clinical settings. Besides, for the point of care analysis, the proposed
biosensor strategy could also be used for the detection of other protein
biomarkers by only changing the appropriate antibody on the OMC
surface. In future work, this OMC biosensor will be applied in the
human serum samples, which is essential in POC testing applications.
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