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Introduction
The field of plasmonics has attracted many researchers to use it 

for bio and chemical sensing for the last three decades [1,2] due to 
its overwhelmingly high sensitivity and specificity. Further, the use 
of noble metals such as gold and silver has made it biocompatible 
with an added advantage of easy functionalization over them. The 
phenomenon of surface plasmon resonance (SPR) itself presents a wide 
field of research with its extra-ordinary enhanced field effects, such 
as surface enhanced Raman spectroscopy (SERS), surface enhanced 
fluorescence (SEF), extra-ordinary optical transmission (EOT), surface 
enhanced infra-red absorption (SEIRA) etc. and their applications [3-
7]. Surface plasmons (SPs) are the quanta of charge density oscillations 
at the interface of a dielectric medium and a metal. They get resonantly 
excited when the propagation constant of the light incident at the 
interface becomes equal to that of SPs. This is called the phase matching 
condition and is accompanied by SPR. The propagation constant of 
the surface plasmons is always greater than that of the light incident 
directly on the interface from the dielectric side. Hence, it is not 
possible to excite them this way due to the mismatch in the propagation 
constant (phase mismatch). However, the SPs get resonantly excited 
when the light incident somehow gains the propagation constant equal 
to the phase mismatch. Practically the phase matching is satisfied by 
employing a technique called Kretschmann configuration, where the 
base of a high index prism is coated with a thin layer of metal and the 
dielectric medium (with a refractive index lower than that of the prism) 
further surrounds it. The extra phase gained by the light is provided 
by the high index prism. In an optical fiber collaborated with SPR 
technology, the core of the optical fiber replaces the high index prism in 
the Kretschmann configuration. A small portion of the cladding from 
the optical fiber is removed and coated with a thin metal film, which 
comes in the contact of another dielectric layer. The light launched in 
the optical fiber gets guided through it due to the phenomenon of total 
internal reflection (TIR). The small part of the light guided through the 
optical fiber gains the required phase sufficient for the excitation of the 
SPs on the metal-dielectric interface. As a result of the SPR, a dip in the 
spectrum transmitted off the output end of the optical fiber is observed. 
The propagation constant and hence the SP resonance condition 

depends on the refractive indices of both the metal and the dielectric 
media. Any change in the refractive index of the dielectric medium 
leads to a change in the resonance wavelength. This property of SPs 
is generally utilized in sensing applications. A number of studies on 
chemical and bio sensors based on SPR based fiber optic probes have 
been reported in the literature [8-12]. The plasmons have also been 
utilized for the enhancement of the performance of various sensors 
[13-15]. Efforts have been made to enhance the performance of fiber 
optic plasmonic sensors as well [16]. 

In the last few years, certain environmental contaminants that 
potentially affect the endocrine system have got lots of concerns due to the 
increase in the number of symptoms of new diseases. Numerous efforts 
have been made for the detection of endocrine disruption compounds 
(EDCs) or their markers [17-20]. The endocrine system is an ensemble 
of various glands which secrete different types of hormones directly 
into the circulatory system to maintain homeostasis, while the exocrine 
system secretes hormones via ducts. It regulates many vital processes 
such as metabolism, development, growth, reproduction, lactation and 
stress in a living organism. Any disturbance in the functioning of the 
endocrine system affects metabolism, birth rate, growth, etc., which lead 
to many health complexities, such as diabetes, infertility, indigestion, 
migraine, etc. Such compounds or factors which negatively affect the 
functions of the endocrine system are called endocrine disruptors. A 
few suspected EDCs can be named as heavy metals (such as Hg, As, Ni, 
Pb, Cd etc.), pesticides and herbicides (such as DDT, atrazine), personal 
care products (such as phthalates and benzaldehydes), pharmaceutical 
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Abstract
We have fabricated a fiber optic SPR biosensor for the detection of vitellogenin (Vg), an endocrine disruption 

biomarker in aquatic environments. The sensor was fabricated by immobilizing anti-Vg antibodies on the sensor surface. 
Control experiments performed on another similar protein, fetuin and on a sensing probe without the anti-Vg antibody 
receptor confirmed the specificity of the sensor. The limit of detection of the sensor was found to be as small as 1 ng/ml 
in our experimental window. The sensitivity of the sensor was 0.48 nm/(ng/ml). This sensor can be utilized for remote 
monitoring of the water bodies for any endocrine disruption phenomena.
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drugs (such as carticosteroids), synthetic and natural hormones (such 
as phytoestrogens), industrial chemicals (such as bisphenol A), etc. 
According to Kavlock et al. [17] “Endocrine disruptors are exogeneous 
agents that interfere with the production, release, transport, 
metabolism, binding, action or elimination of natural hormones in the 
body responsible for the maintenance of homeostasis and regulation of 
developmental processes” [21]. One of the main themes of work of the 
Organization for Economic Cooperation and Development (OECD) 
is the development of screening and testing programs for endocrine 
disrupting compounds in sea or other large fresh water bodies [22]. 
One of the potential endocrine disruption biomarker compounds is the 
egg yolk protein vitellogenin (Vg) of water vertebrate and invertebrate 
animals. It is a globular glycolipoprotein, which is produced as a yolk 
protein precursor in the liver of oviparous vertebrates. It is secreted by 
the hepatocytes when the estradiol receptors bind with 17 β-estradiol 
produced in the females during sexual maturation and is considered 
as a sign of the maturational state of the female [22]. About two 
decades ago, it was found that even male fish had surprisingly high 
Vg levels which might be caused by foreign chemicals or extrogeneous 
compounds [23,24]. During the reproductive cycle, the Vg expression 
changes primarily due to water contaminants such as synthetic 
estrogenic hormones, pesticides etc. present in sewages, streams, 
lakes, fish–foods and in sediments [25]. The increase of the levels of 
Vg is the consequence of increase in pollutants containing sex steroids 
[26]. Numerous studies have been performed on Vg as a marker for 
endocrine disruption in aquatic environments [20,23-25,27]. 

In the present report, we present our studies on the fabrication and 
characterization of a fiber optic SPR sensor for highly sensitive and 
specific detection of Vg. The SPR spectra for varying concentrations 
of Vg were recorded. Further, the control experiments were performed 
on a similar kind of protein fetuin and a fiber optic SPR probe without 
receptors to demonstrate the specificity of the sensor. The present 
sensor finds applications in remote monitoring of endocrine disruption 
in large water bodies. 

Experimental Section 
Reagents

Plastic clad silica (PCS) multimode optical fiber of 0.37 numerical 
aperture and 600 μm core diameter was purchased from Fiberguide 
Industries. Gold (Au) wire (99.99% pure) and chromium (Cr) (99.99% 
pure) were purchased from a local supplier. 4-Aminothiophenol 
(4-ATP), phosphate buffer saline (PBS), N-ethyl-N-(3-
dimethylaminopropyl carbodimide) (EDC), N- hydroxysuccinimide 
(NHS), fetuin, bovine serum albumin (BSA) and glycine buffer were 
purchased from Sigma Aldrich. Ethanol (98.99% pure) was purchased 
from Bio Lab Ltd., Israel. All these chemicals were used without any 
further purification. Water used for making dilutions of buffers was 
taken from a Millipore® system.

Procurement of the Vitellogenin (Vg) protein

The female crustacean hemolymph was collected as previously 
described elsewhere [28] and was further subjected to a two-step 
density gradient centrifugation as mentioned in ref. [29]. Briefly, the 
lipoproteins were isolated by adjusting the hemolymph to a density of 
1.35 g/ml with NaBr and ultracentrifuging it at 100,000 × g, at 4oC, for 
24 hours. The lipoproteins were taken from the top of the centrifuge 
tube and re-adjusted to a density of 1.35 g/ml. Then the lipoproteins 
were placed at the bottom of an ultracentrifuge tube. The fractions 
of PBS adjusted with NaBr were prepared with densities: 1.25, 1.2, 

1.15, 1.1, and 1.05 g/ml and then layered on the top of the lipoprotein 
fraction. After a second ultracentrifugation (100,000 × g, 4 oC, 24 h) 
was performed, the Vg-containing layer was collected, dialyzed against 
PBS containing 150 mM NaCl and stored at -70 oC until use. Polyclonal 
antibodies were raised against Vg in rabbits by immunizing them, as 
previously described elsewhere [30]. Briefly, a quantity of 1 mg of the 
purified Vg mixed with freund's complete adjuvant (Sigma, Israel) was 
injected subcutaneously into a rabbit. Three additional immunization 
of 1 mg Vg with incomplete freund's adjuvant were given once every 
4 weeks. A total of 50 ml of blood was withdrawn from the rabbit ear 
veins at the end of the immunization period. The blood was allowed 
to clot at 4°C overnight. The clotted blood was centrifuged at 16,000 g 
for 10 min, and the serum was aliquoted and stored at -20°C until use.

Fiber optic SPR probe fabrication

Several pieces of PCS optical fiber of 600 μm core diameter and 
0.37 NA were taken and a length of 1 cm of them was uncladded from 
the middle. Both the protective plastic jacket and the polymer cladding 
were removed with the help of a sharp razor blade. The uncladded 
portion of the fiber was cleaned with water, ethanol and acetone and 
blow dried with air. The uncladed fibers were then kept in the vacuum 
chamber of a coating unit utilizing thermal evaporation. The fibers 
were further cleaned for 5 minutes with high tension (HT) air plasma 
generated in the vacuum chamber by letting a small amount of air flow 
in the vacuum chamber. The plasma cleaning process removes any dirt 
particles on the fibers. The pressure of the chamber was kept at 5×10-2 
mbar while the plasma cleaning. After the plasma cleaning, the air flow 
in the chamber was stopped and the high vacuum valve was opened 
to achieve a pressure of 5 × 10-6 mbar. The coating of the unclad core 
was performed at this vacuum. At such a small pressure, the mean free 
path of the metal flux becomes greater than the height of the vacuum 
chamber and negligibly small amount of air molecules remain in the 
chamber; which lead to negligible scattering of the evaporated flux and 
hence produce a very smooth coating. After a stable vacuum condition 
was reached, the low tension (LT) current was slowly increased until 
the Cr/Au in the metallic boat in the vacuum chamber starts to melt. 
The shutter was then opened to let the evaporated metal plume coat 
on the optical fiber. The fibers were rotated at an angle of 1200 and the 
coating was performed in 3 steps to achieve a uniform film. The films of 
2 nm of Cr and 50 nm of Au were coated using the above technique. Cr 
acts as an adhesive layer between the optical fiber core and Au [8]. The 
thickness of the metal film and the rate of deposition were measured 
online with the help of a digital thickness monitor inside the vacuum 
chamber. It is basically a quartz crystal microbalance. The details of 
its working can be found elsewhere [31]. The fibers were kept in the 
vacuum chamber, until further use.

Functionalization of the sensor surface 

The fiber optic SPR probes were incubated in 1% 4-ATP solution 
in ethanol (W/W) for overnight. The 4-ATP molecules get tightly 
bound to the Au surface because of thiol bonding. The overnight 
incubation of Au coated region of the optical fiber in 4-ATP solution 
provided a monolayer of 4-ATP molecules adsorbed on the Au surface. 
The incubated optical fibers were rigorously washed in ethanol and 
Millipore® water to remove any unbound 4-ATP molecules. The –NH2 
group of 4-ATP provides an opportunity for the linkage with other 
molecules. Anti-vitellogenin (Anti-Vg) antibody was immobilized by 
covalent bonding on the –NH2 terminal of 4-ATP, by incubating the 
4-ATP functionalized fiber probes in the antibody solution. Before 
immersing the optical fibers in the antibody solution, the anti-Vg 
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antibody was conjugated by EDC-NHS Chemistry to increase the 
coupling efficiency. A rigorous discussion of the process can be found 
elsewhere [32]. The conjugation of the antibody with EDC-NHS allowed 
the direct immobilization of the antibody on the 4-ATP functionalized 
fiber optic SPR probes. Briefly, 0.2 mM solution of EDC and 0.05 mM 
solution of NHS were prepared in 50 mM PBS solution. Equal volumes 
of EDC and NHS mixtures were then mixed with the antibody serum 
to react for two hours at 4oC. The 4-ATP functionalized optical fibers 
were then incubated in the EDC-NHS modified antibody serum for 
overnight at 4oC. This incubation provided the immobilization of the 
antibodies on the –NH2 terminals of ATP layer. Afterwards, the optical 
fibers were taken out of the antibody solution, washed rigorously 
with Millipore® water, dried in nitrogen gas and incubated in BSA 
solution of 1 mg/ml concentration for one hour at 4 oC. The incubation 
of antibody immobilized fiber optic SPR probe in BSA solution was 
performed to make the sensor surface anti-fouling. That is to say, BSA 
binds on any sites of the sensor surface which can offer any kind of 
non-specific binding. This step makes the sensor highly specific to 
Vg only. The sensors probes were rigorously washed with PBS and 
Millipore® water and blow dried with nitrogen after all the incubations 
and kept into a refrigerator at 4oC before further use. A schematic of 
the functionalized sensor surface is shown in Figure 1 in the extended 
view of the sensor surface. 

Experimental setup

The sample solutions of varying concentrations ranging from 0 ng/
ml to 25 ng/ml of Vg and fetuin were prepared in 50 mM PBS solution 
by making appropriate dilutions. The fiber optic sensor was fixed in 
a flow cell as shown in Figure 1. The flow cell has the provisions for 
input and output of liquid samples. Before fixing the fiber probe into 
the flow cell, both the ends of it were cleaved with a tungsten carbide 
cutter. After fixing the fiber into the flow cell, both the ends were 
wiped with acetone soaked optical tissue. The polychromatic light 
from a power stabilized tungsten-halogen light source was coupled 
to the input end of the optical fiber sensor probe with the help of a 
microscope objective of 0.65 NA. The light transmitted off the output 
end of the optical fiber sensor was coupled to a spectrometer interfaced 
with a laptop to record the SPR spectra. The spectrometer recorded 
the optical power transmitted off the output end of optical fiber as a 
function of wavelength. The SPR spectra for the varying concentrations 
of Vg and fetuin were recorded. The sensor surface was incubated in 
the Vg sample for 2 minutes before recording the SPR spectrum for 
each concentration. After recording of SPR spectrum for each sample 
solution, the sensing region was regenerated for the use of the sensor 
for the next time. In the regeneration process, the sensing region was 
firstly washed with running PBS buffer and then regenerated with 
running glycine buffer (0.2 M of pH 2.4) for 2 minutes. After emptying 

the glycine buffer from the flow cell, the sensing surface was washed by 
Millipore® water for removing all the flavor of glycine buffer. Moreover, 
PBS was introduced in the flow cell to further wash the sensing region. 
After removing the PBS solution from the flow cell, another sample 
solution of Vg/fetuin was introduced into the flow cell. The same 
process was followed in between the recording of SPR spectra for any 
two sample solutions of Vg or fetuin.

Results and Discussion
SPR spectra for varying concentrations of Vg are shown in Figure 

2. It is observed that a dip in output transmitted power is achieved due 
to the excitation of surface plasmons on the interface of the metal and 
sensing medium (Vg sample solution) for all the samples of different 
concentrations of Vg. The wavelength corresponding to the minimum 
transmission is termed as resonance wavelength, and is a characteristic 
of the Vg sample of a particular concentration. A red shift in the SPR 
spectra is observed with an increase in the Vg concentration around 
the sensing region. To demonstrate the specificity of our sensor, we 
performed two control experiments: one on the same sensor probe 
with another similar protein called fetuin, which we named as Control 
1; while another on a fiber optic SPR sensing probe without the 
attachment of the receptor, i.e. the anti-Vg antibody, named as Control 
2. In the Control 1 experiment, the SPR spectra were recorded for 
varying concentrations of fetuin around the sensor probe with the anti-
Vg antibody receptor. The SPR spectra for varying concentrations of 
fetuin are plotted in Figure 3a. It is observed that similar to Vg, a dip in 
the transmission curve is obtained for all the sample solutions. This dip 
is attributed to the SPR phenomena due to the liquid medium around 
the sensor probe. However, no significant shift in the SPR curves is 
observed with an increase in the fetuin concentration around the 
sensor probe. In the Control 2 experiment, a fiber optic SPR probe with 
the same fabrication parameters was fixed in the same flow cell and the 
SPR spectra for varying concentration of Vg around this probe were 
recorded. The sensor surface in the present case was not functionalized 
with the receptor to prove the fact that it is the binding of the Vg with 
anti-Vg antibody which leads to a change in the resonance wavelength 
and not the change in the refractive index of the sample solution with 
an increase in the Vg concentration. The refractive indices of the 
sample solutions for such a small concentration variation are generally 
the same up to the third decimal place of the refractive index. Even 
then it might be claimed that the shift in the resonance wavelength is 
due to small changes in the refractive index around the probe. The SPR 
spectra for varying concentrations of Vg, for Control 2 experiment 
have been plotted in Figure 3b. It is observed that no shift in the SPR Figure 1: Schematic of the fiber optic SPR experimental setup.

Figure 2: SPR spectra for varying concentrations of Vg.
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spectrum is observed with an increase in the Vg concentration in the 
sample solutions around the probe. Hence, it is proved that the shift in 
the SPR curves, shown in Figure 2, is totally due to the binding of the 
Vg molecule to anti-Vg antibody. To access a quantitative response of 
the sensor

We have plotted the change in resonance wavelength referenced 
to that of 0 ng/ml concentration (λSample–λ0) for both the proteins 
with respect to the change in concentration in Figure 4. A close 
observation of the SPR spectra for all the above mentioned cases 
reveals that the SPR resonance wavelengths are found in different 
ranges of the electromagnetic spectrum even for the sample solution 
of 0 ng/ml concentration, which should have been the same in all 
the aforementioned cases. Such a response is obtained because of the 
light launching conditions in the optical fiber. Since the dimensions of 
the fiber core are very small, it is practically impossible to control the 
excitation of desired number of modes in a highly multimode optical 
fiber. Also, off-axis excitation leads to the guidance of skew rays, which 
affect the performance of the sensor [33,34]. Since the excitation of the 
same modes is not possible in different optical fiber sensing probes, 
characterized separately, the reference resonance wavelengths differ 
for sample of 0 ng/ml concentration. However, the difference in the 
resonance wavelengths for the sample solutions in the considered 
range of operation was found to be the same. Therefore, in Figure 4, 
we have plotted the shift in resonance wavelength from the reference 
(resonance wavelength corresponding to 0 ng/ml). The response curves 
for Control 1 and Control 2 experiments have been plotted alongside to 
that of Vg to make a quantitative comparison. The symbols represent 
the experimental data pints extracted from Figures 2 and 3, while 

the curves passing through them are the best linear fits. The X and 
Y-error bars correspond to the maximum probable errors, which were 
calculated by considering the errors which might have occurred due 
to inherent errors of the micro-pipettes, measuring cylinders, and 
the spectrometer used in our study. It is not possible to see the error 
bars due to very small values of error. Therefore, we have presented a 
zoomed in section of the response curves in the inset to visualize the 
error bars. It is observed that with an increase in the Vg concentration 
from 0 to 25 ng/ml, a total shift of 12.03 nm occurs in the resonance 
wavelength. However, almost no net shift in the resonance wavelength 
is observed for fetuin in Control 1 and Vg in Control 2 experiments 
respectively for the considered sample concentration range. This 
confirms the specificity of our sensor. Slight fluctuations in resonance 
wavelength are observed in both the control experiments, which lie 
well within the accuracy and resolution of the spectrometer used. The 
refractive indices of all the sample solutions of Vg are the same up to the 
third decimal place. Even then, a red shift in resonance wavelength is 
observed with an increase in Vg concentration. The mechanism of red 
shift in SPR curves and hence in resonance wavelength with an increase 
in the Vg concentration can be understood by following mechanism. 
When the Vg molecules come into the vicinity of the sensor surface, 
immobilized with the anti-Vg antibody, they get attached to it, which 
leads to a change in the local refractive index near the sensor surface. 
This small change in the local refractive index is further translated to 
the shift in the SPR curve. Successive binding of higher concentrations 
of Vg leads to greater increase in the local refractive index and hence 
a red shift in the resonance wavelength is observed. While, no shift 
in resonance wavelength is observed for fetuin, because the fetuin 
molecules do not bind to the sensor surface and hence no change in the 
local refractive index occurs, which translates into a static SPR curve 
with respect to concentration. The response of the sensor is linear in 
our experimental window. The sensitivity can be defined as the shift 
in the resonance wavelength for unit change in concentration of the 
analyte medium. The sensitivity of the sensor calculated from the 
slope of the response curve is 0.48 nm/(ng/ml), which is not as high as 
that of SERS based sensors [27]. However, for aquatic environments, 
the sensitivity of the sensor is fairly enough to detect any endocrine 
disruption, as the elevated levels of Vg reach to the concentrations 
as high as few μg/ml [25]. The resolution of the sensor is limited by 
the resolution of the spectrometer. In our case, the resolution of the 
spectrometer was 1 nm. This implies that resolution of our sensor 
with the present spectrometer integrated with it was about 2 ng/ml. 
For a spectrometer with improved spectral resolution, the resolution 
of the sensor can further be improved. The same sensor was used for 
the characterization of all the sample solutions. The repeatability of the 
response was confirmed for three times at different days with different 
fiber optic sensing probes. Hence, the present sensor has the capabilities 
of reusability and repeatability. Further, the sensor presents additional 
advantages of online measurements and remote sensing, as the optical 
fibers can be used for carrying information without much loss to large 
distances. The sensor utilizing evanescent wave approach of excitation 
of SPR in the present case makes its performance unaffected by any 
kind of impurities/scatterers/opacities in the sample, which might lead 
to additional scattering and hence a change in response of the SERS 
based sensors. Hence, the present sensing mechanism might be used 
for the sensing of even non-transparent media such as blood, etc. 

Conclusions
We have fabricated and characterized a SPR based fiber sensor 

for the detection of endocrine disruption biomarker vitellogenin in 

Figure 3: (a) Control 1: SPR spectra for varying concentrations of fetuin. (b) 
Control 2: SPR spectra for varying concentrations of Vg around a sensor 
probe without Anti-Vg antibody.

Figure 4: Response curves of the sensor for varying concentrations of Vg, 
Control 1 and Control 2 experiments (Inset shows a zoomed in portion of the 
plot with error bars).
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aquatic environments. The control experiments on fetuin established 
the specificity of our sensor for Vg. The response of the sensor was 
found to be linear in our experimental window from 0 to 25 ng/ml 
with a sensitivity equals to 0.48 nm/(ng/ml) while the resolution 
was 2 ng/ml. Such a sensor with high sensitivity and capability of ng 
concentrations detection has proven to be advantageous over state of 
the art endocrine disruption techniques. The sensor presents added 
advantages of capabilities of online monitoring and remote sensing in 
large aquatic environments.
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