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Abstract. A label-free technique for the detection of triacylglycerides by a localized surface plasmon resonance
(LSPR)–based biosensor is demonstrated. An LSPR-based fiber-optic sensor probe is fabricated by immobiliz-
ing lipase enzyme on silver nanoparticles (Ag-NPs) coated on an unclad segment of a plastic clad optical fiber.
The size and shape of nanoparticles were characterized by high-resolution transmission electron microscopy
and UV–visible spectroscopy. The peak absorbance wavelength changes with concentration of triacylglycerides
surrounding the sensor probe, and sensitivity is estimated from shift in the peak absorbance wavelength as a
function of concentration. The fabricated sensor was characterized for the concentration of triacylglyceride sol-
ution in the range 0 to 7 mM. The sensor shows the best sensitivity at a temperature of 37°C and pH 7.4 of the
triacylglycerides emulsion with a response time of 40 s. A sensitivity of 28.5 nm∕mMof triacylglyceride solution is
obtained with a limit of detection of 0.016 mM in the entire range of triacylglycerides. This compact biosensor
shows good selectivity, stability, and reproducibility in the entire physiological range of triacylglycerides and is
well-suited to real-time online monitoring and remote sensing. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
The estimation of metabolites such as triacylglycerides in whole
blood is important in clinical diagnostics. Triacylglycerides are
triesters of glycerol and fatty acids with typical chain lengths of
12 to 18 carbon atoms and degrees of unsaturation varying
between 0 and 6. These are a primary component of vegetable
and animal lipids and, hence, a critical constituent of the human
diet. An imbalance of blood metabolites is considered to be one
of the most severe threats to human health and is related to the
high risk of several serious illnesses. Triacylglyceride concen-
tration in serum of a healthy person is in the range of 150
to 190 mg∕dl. When triacylglyceride level is higher than
200 mg∕dl, it causes hypertriglyceridemia; 200 to 499 mg∕dl
is considered a high level and severe high level is greater
than 500 mg∕dl.1 Hypertriglyceridemia can be atherogenic and
is a prevalent risk for cardiovascular diseases, specially, in the
current situations of obesity and insulin resistant syndromes. In
the past decade, various types of biosensors have been devel-
oped for estimation of blood metabolites. In general, a biosensor
consists of two components, one is a biomolecule, which is
highly specific (recognition element) toward an analyte, and sec-
ond is a transducer, which converts the molecular recognition
event into a quantifiable signal. The lipase enzyme is one
such biomolecule that can be immobilized on a solid substrate
by different methods and used to detect the presence of the ana-
lyte triacylglyceride (TG) in a solution.

Various methods are available for triacylglycerides detection
like porous silica-based potentiometric pH-dependant triacyl-
glyceride biosensor,2 potentiometric and micromechanical
triacylglyceride biosensor,3 pH-based sensor,4 amperometric
sensors based on multienzymes,5–8 SPR-based sensor,9 etc.
For these reported triacylglyceride biosensors, leaching of
enzyme is an associated problem and also often a sophisticated
fabrication process makes the sensor fabrication tedious.

Hence, there is a still need to develop a device, which is
handy and robust, requires minimal preprocessing of sample,
provides quick response, and offers label-free detection.
Localized surface plasmon resonance (LSPR)10,11–18–based
immunoassay satisfies all these criteria. Localized surface plas-
mons (LSPs) are charge density oscillations confined to metal
nanoparticles. Excitation of LSPs by light results in scattering
and absorption, which depends on the type of metal, the size and
shape of the nanostructure, refractive index of the surrounding
environment, and wavelength of light. The change in transmitted
intensity by extinction due to absorption and scattering as a
function of wavelength is measured by monitoring the absorb-
ance spectra. A shift in the peak absorbance wavelength is a
measure of the surrounding environment. The combination of
LSP and fiber-optic technology has led to the development of
a platform having high sensitivity, label-free detection, simplic-
ity, and ease of applicability for sensing purposes.

In this study, we report the fiber-optic based triacylglycerides
sensor utilizing LSPR realized by metal nanoparticles for
the first time. The probe was prepared by attaching silver

*Address all correspondence to: Enakshi Khular Sharma, E-mail: enakshi54@
yahoo.co.in 1083-3668/2017/$25.00 © 2017 SPIE

Journal of Biomedical Optics 107001-1 October 2017 • Vol. 22(10)

Journal of Biomedical Optics 22(10), 107001 (October 2017)

http://dx.doi.org/10.1117/1.JBO.22.10.107001
http://dx.doi.org/10.1117/1.JBO.22.10.107001
http://dx.doi.org/10.1117/1.JBO.22.10.107001
http://dx.doi.org/10.1117/1.JBO.22.10.107001
http://dx.doi.org/10.1117/1.JBO.22.10.107001
http://dx.doi.org/10.1117/1.JBO.22.10.107001
mailto:enakshi54@yahoo.co.in
mailto:enakshi54@yahoo.co.in
mailto:enakshi54@yahoo.co.in
mailto:enakshi54@yahoo.co.in


nanoparticles (Ag-NPs) over a small length of an unclad optical
fiber core and immobilizing lipase enzyme (biorecognition
layer) over the surface of the metal nanoparticles. The sensor
operates in the wavelength modulation scheme, in which the
peak absorbance wavelength is measured with respect to the
changing concentration of triacylglyceride solution. The pres-
ence of triacylglyceride molecules in the environment of the
sensing region changes the refractive index and thickness of
the biorecognition film due to the hydrolization of triacylglycer-
ides by lipase enzyme.19 As a consequence, the absorbance
spectra of the metal nanoparticles change significantly. The
characterization of the present sensing probe has been carried
out using different concentrations of triacylglyceride solution
ranging from 0 to 7 mM (which corresponds to 0 to
619.78 mg∕dl). The performance of the fiber-optic probe was
optimized by varying the dipping time in Ag-NPs solution
for attaching the nanoparticles to the glass surface of the
fiber and varying the concentration of the enzyme solution dur-
ing immobilization. The response time, repeatability, and speci-
ficity of the sensor were verified and the effect of temperature on
the enzyme response was also studied. The fast response and
requirement of a very small volume of sensing analyte make
the proposed sensor suitable for commercialization. A theoreti-
cal calculation of the extinction cross section of a spherical Ag-
NP in water has also been carried out to compare with the mea-
sured results for the synthesized Ag-NPs dispersed in water and
estimate their radii.

2 Material and Methods

2.1 Materials

Silver nitrate (AgNO3), polyvinyl pyrrolidone (PVP), and
ammonia used for preparing Ag-NPs were purchased from
Fisher Scientific, LOBA Chemical and CDH Biochemical,
New Delhi, respectively. 3-Aminopropyl triethoxysilane
(3-APTES) for surface modification of Ag-NPs was purchased
from Sigma Aldrich. The reagents sodium di-hydrogen ortho-
phosphate and di-sodium hydrogen orthophosphate for prepar-
ing phosphate buffer solution (PBS) were purchased from Fisher
Scientific Pvt. Ltd., India. Triolein was purchased from Sigma
Aldrich for the preparation of the triacylglycerides samples.
Plastic clad silica optical fiber of 600-μm core diameter with
0.37 numerical aperture (NA) was purchased from Fiber
Guide Industries. Distilled water used for the preparation of
sample was purchased from Millipore. The preparation of lipase
(Lip 11) enzyme from Yarrowia lipolytica MSR 80 was carried
out by the method reported in the literature.20 Silver (99.9%
pure) was purchased from a local vender and no further purifi-
cation of chemicals was performed.

2.2 Synthesis of Silver Nanoparticles

The Ag-NPs were synthesized by the chemical reduction
method. PVP, which works as the reducing and particle stabi-
lizing agent, and AgNO3 were used as starting materials.21,22

Two aqueous solutions with 43 g of PVP dissolved in 30 ml
of distilled water and 0.03 g of AgNO3 dissolved in 30 ml
of distilled water were prepared. The two solutions were
mixed to get a white solution, in which PVP: AgNO3 solution
was in the ratio of 6:1. The mixture was kept in a beaker on
a magnetic stirrer with 1300 rpm at room temperature. Aqueous
ammonia was then added drop by drop into the mixed solution

of PVP and AgNO3 until the milky solution becomes transpar-
ent. This step results in the formation of small particles of
Agþ ions. The solution was then left in an oven for about
40 h at a temperature of 160°C. At this temperature, the small
particles grow into larger particles. A yellowish transparent sol-
ution is formed, which indicates the formation of Ag-NPs. The
solution of Ag-NPs was stored in the refrigerator at 4°C before it
was further used. The confirmation of the formation of Ag-NPs
was carried out by characterization techniques such as high-
resolution transmission electron microscopy (HRTEM) and
UV–visible spectroscopy as discussed in Sec. 3.1.

2.3 Preparation of Triacylglyceride Emulsions

For the preparation of triacylglycerides emulsions, a concen-
trated stock solution of triacylglyceride (50 mM) was prepared
by emulsifying 8.85 g of triolein with 2 g of gum acacia in
200 ml of sodium PBS of pH 7.4 in a homogenizer for 15 min.
Different concentrations of solutions with triacylglyceride
solutions ranging from 0 to 7 mM were prepared by diluting
the stock solution of triacylglyceride (50 mM) with sodium
PBS. 1 mM of triacylglyceride solution is equivalent to
88.54 mg∕dl, and hence, the 0- to 7-mM concentration range
is equivalent to 0 to 619.78 mg∕dl, which covers the physiologi-
cal range of triacylglycerides in human blood. The refractive
index of the triacylglycerides solution of different concentra-
tions showed no variation within the measurement accuracy
of the Abbe refractometer with a resolution of 0.001.

2.4 Experimental Setup

The schematic diagram of the measurement set-up is shown in
Fig. 1. The optical setup consists of a polychromatic light emit-
ting source (tungsten halogen lamp—Avalight-Hal) with a spec-
tral emission range of 300 to 1100 nm, the AvaSpec-3648 fiber-
optic spectrometer, a microscope objective, and a flow cell into
which the sensing fiber probe is fixed. Light from the tungsten
halogen lamp is focused at the input end of the optical fiber
probe by the microscope objective to couple light into the
fiber. The other end of the optical fiber is coupled to the spec-
trometer for measurement of the absorbance spectra. The flow
cell is mounted on three-dimensional-translational stage to
maximize coupling of the light into the fiber. The sensing region
in the flow cell is exposed to triacylglycerides solutions of dif-
ferent concentrations ranging from 0 to 7 mM. Peak absorbance
wavelengths corresponding to the varying concentrations are
extracted from the measured absorbance spectra.

2.5 Fabrication of Sensing Probe

The probe was fabricated on a 15-cm plastic clad silica fiber of
600-μm core diameter and 0.37 NA. A plastic clad fiber was
used specifically to facilitate removal of the fiber cladding
from a 1-cm length in the middle section of the fiber length.
Prior to the immobilization of Ag-NPs onto the surface of
the unclad section of the fiber, the fiber was cleaned by distilled
water and acetone. The cleaned fiber was coated with Ag-NPs
by dip coating method, in which the fiber was dipped vertically
into a long narrow cylindrical vessel containing the Ag-NPs sol-
ution. The Ag-NPs-coated fiber was dipped in 10% ethanolic
solution of 3-APTES19,23 for 2 min to create the amino func-
tional group (−NH2) on the surface of Ag-NPs. The function-
alized fiber was then immersed into lipase enzyme solution
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made by dissolving typically 40 mg of lipase (Lip11) enzyme in
10 ml of PBS. The lipase enzyme is immobilized by the inter-
action with amine groups (−NH2) of APTES on the surface of
Ag-NPs-coated fiber. The schematic representation of immobi-
lization of enzyme on the optical fiber probe is shown in Fig. 2.
The fiber with this biorecognition (enzyme) layer was washed
with PBS to remove the excess adsorbed enzyme on the surface
and then the final probe was kept in a refrigerator (at ∼4°C) for
24 h. It is observed that this step results in better binding of the
enzyme. However, for measurements, the probe was used at
temperatures varying from 25°C to 45°C.

3 Results and Discussion

3.1 Characterization of Ag-NPs

3.1.1 Transmission electron microscopy analysis

Morphology and structural imaging of the nanoparticles were
also observed with Tecnai G2 S-Twin HRTEM using an

accelerating voltage of 100 kV. HRTEM is a microscopy tech-
nique, in which a high-energy electron beam is incident on the
samples. This technique provides fine structural information
about the sample even as small as an atom and about its crys-
talline or amorphous nature. For observing the HRTEM, a sam-
ple of the Ag-NPs was deposited on a copper grid and allowed to
dry at room temperature. Bright field imaging mode was used to
analyze the Ag-NPs sample. The thicker region of the sample
with the higher atomic number appears dark, whereas the bright
region appears when there are no silver particles in the path
of the high-energy electron beam as shown in Fig. 3(a). This
TEM image analysis shows that the sample is composed of
almost spherical nanoparticles with varying diameters from
∼30 to 50 nm.

Figure 3(b) shows the more resolved image of the Ag-NPs.
Fringes can also be clearly observed in Fig. 3(b), atoms are at the
dark lines and lattices are at the bright lines, which indicate the
crystalline structure of nanoparticles.

Fig. 2 Schematic representation immobilization of lipase enzyme to create the biorecognition layer on
the optical fiber probe.

Fig. 1 Schematic diagram of the experimental setup for characterizing the LSPR-based fiber-optic
biosensor.
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3.1.2 UV Spectroscopy analysis

UV–visible spectroscopy is one of the most widely used tech-
niques for structural characterization of nanoparticles. The
absorbance spectra strongly depend on the shape, size, material,
and environmental medium of the metal nanoparticles. The UV–
visible transmission spectrum of the Ag-NPs solution was
recorded by a spectrometer. Small spherical nanoparticles
exhibit a single surface plasmon resonance peak, whereas aniso-
tropic particles rod and triangle like structures show more peaks
in UV–visible range due to the transverse and longitudinal exci-
tation of plasmons in a nanorod.24 The orange line shown in
Fig. 4(b) represents the result of the experimentally measured

extinction cross section for the synthesized Ag-NPs with a
peak at 438 nm and full width half maximum (FWHM) of
125 nm. In the recorded absorption spectra, only one peak
was seen as shown in Fig. 4(b), which is a characteristic of
Ag-NPs of spherical shape.21

3.1.3 Theoretical estimation

In order to compare with the experimental response of nanopar-
ticles, we also calculated the extinction cross section of a single
nanoparticle. The extinction cross section (σext) represents the
total loss of energy in transmission, which is equal to the
sum of scattering cross section (σscat) and absorption cross sec-
tion (σabs). Hence, the extinction cross section can be written as

EQ-TARGET;temp:intralink-;e001;326;409σext ¼ σabs þ σscat: (1)

For a spherical Ag-NP, the extinction cross section can be
calculated by use of the following expression:25

EQ-TARGET;temp:intralink-;e002;326;356σext ¼
2π

λ
ImðαÞ α ¼ 3Vε

1 − θ2 ðεmþεÞ
40

εmþ2ε
εm−ε

− θ2 ð0.1εmþεÞ
4

− θ3 2
3
iε3∕2

;

(2)

where V is the volume of the nanoparticle, ε and εm are the
dielectric constant of surrounding medium and silver, α is the
polarizability of NP, and θ ¼ 2πR∕λ is the size parameter.
The variation of the dielectric constant with wavelength for sil-
ver metal, εm ¼ εmr − jεmi, used in the calculations is plotted in
Fig. 4(a) and corresponds to that given by Rakic et al.26

Figure 4(b) shows the spectrum of the normalized extinction
cross section of a single Ag-NP of radii varying from 18 to
50 nm with water as the surrounding medium. From theoretical
calculation, the extinction peaks are obtained between wave-
length 431 and 455 nm for NP of radii changing from 40 to
50 nm with FWHM varying from 107 to 170 nm. Since the
experimental result shows a peak at 438 nm with FWHM of
125 nm, it can be concluded that the radii of the synthesized
Ag-NPs lie in range of 40 to 50 nm and the spread in the exper-
imental measured extinction cross section is due to the dispersity
in size of Ag-NPs.

Fig. 3 (a) TEM image showing morphology of Ag-NPs sample at the scale of 50 nm. (b) TEM image of
the sample at the scale of 5 nm.

Fig. 4 (a) Real (blue) and imaginary (red) part of dielectric constant of
Ag. (b) Normalized absorbance spectra of Ag-NPs solution measured
experimentally and theoretical normalized extinction cross section of
single NP of radius 18 to 50 nm.
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3.2 Characterization of the Fabricated Probe

Immobilization of lipase enzyme on the Ag-NPs coated on the
optical fiber was confirmed by assay using p-nitrophenyl pal-
mitate (PNP).27 The lipase enzyme was immobilized on the
Ag-NPs-coated fiber and the same fiber was dipped one by
one in each of the four different cuvettes containing equal vol-
umes of PNP solution for 10 min at a temperature of 37°C and
reaction in each cuvette was stopped by using triton. The optical
density (OD) of the reaction was observed by spectrophotomet-
ric analysis at a wavelength 410 nm. The OD obtained in each
cycle, considering the first cycle, i.e., (0.21) as 100% are shown
in Fig. 5. Negligible leaching of the enzyme was observed,
showing that the property of native lipase on the Ag-NPs-coated
fiber remains unaltered after multiple uses.

For the characterization of the probe, different concentrations
of triacylglyceride solution ranging from 0 to 7 mMwere poured
into the flow cell one by one and the absorbance spectrum was
recorded by the spectrometer. All the spectra were recorded 40 s
after pouring of the solution into the flow cell. The absorbance
spectra obtained for different concentrations of triacylglyceride
solutions are shown in Fig. 6(a). This figure clearly shows that
the peak absorbance shifts toward higher wavelength with an
increase in the concentration of triacylglycerides in the solution.

Figure 6(b) shows the restructured absorbance spectrum for a
clear representation of the shift in absorbance peak wavelength.
The region of low absorbance is magnified in the inset. It may be
mentioned that the spectra in this region appears noisy because
the source emission power is relatively low in this spectral
range. The shift in peak absorbance is due to the fact that immo-
bilized lipase enzyme environment on the Ag-NPs-coated fiber
changes on interaction with the triacylglycerides molecules of
the solution. First, the lipase enzyme forms a complex with tri-
acylglycerides and then in the presence of water the enzyme
hydrolyses each ester bond of the triacylglycerides and produces
diacylglycerides followed by monoacylglycerides, glycerol, and
fatty acids. With an increase in the concentration of triacylgly-
ceride in the solution, the refractive index and thickness of
biorecognition layer surrounding the Ag-NPs increases.
Consequently, absorbance spectrum and the peak absorbance
wavelength change and a shift of 77 nm in peak absorbance
wavelength are observed with the variation in the concentration

of triacylglyceride solution from 0 to 7 mM. The shift in peak
absorbance wavelength with triacylglycerides concentration
plotted in Fig. 7(a) is not linear and saturates to a maximum
value Δλmax for a given probe. The curve can be well fitted
to the equation

EQ-TARGET;temp:intralink-;e003;326;259Δλ ¼ Δλmaxð1 − exp−0.617CÞ; (3)

where Δλmax and C are the maximum shift in peak absorbance
wavelength and concentration of triacylglycerides in mM in the
solution, respectively. The rate of change in peak absorbance
wavelength with concentration of triacylglycerides is higher
at lower concentrations and gradually saturates to a value
Δλmax. This is due to the availability of sufficient active sites
of the enzyme at lower concentrations of triacylglyceride. For
high concentrations of triacylglycerides, all the active sites
are used and no further change is possible.

3.2.1 Sensitivity

Sensitivity is an important performance parameter of any sensor.
Sensitivity S is defined as the shift in peak absorbance wave-
length per unit change in the concentration of triacylglycerideFig. 5 Variation in OD with number of trials.

Fig. 6 (a) Absorbance spectra of the sensor for 0 to 7 mM concen-
tration range of the triacylglycerides solution at pH 7.4 and temper-
ature 37°C. (b) Rescaled absorbance spectrum of the senor.
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solution around the sensor probe and can be calculated from the
slope of the curve shown in Fig. 7(a) as

EQ-TARGET;temp:intralink-;e004;63;254S ¼ 0.617ΔλmaxCexp−0.617C: (4)

Figure 7(b) shows the variation of sensitivity as a function of
the concentration of triacylglycerides solution. The present sen-
sor probe is highly sensitive (28.5 nm∕mM) at low concentra-
tions of triacylglycerides solution but as the concentration of
triacylglycerides approaches saturation, the sensitivity of the
sensor deceases. The sensor can be used for the range of
0 mg∕dl to approximately 440 mg∕dl, which is the physiologi-
cal range of triacylglycerides in human blood. Error bars have
also been shown in Fig. 7(a), which takes into account the res-
olution of the spectrometer (0.33 nm), measuring pipette,
weighting machine, and the size of the error bars can be reduced
by using a spectrometer of better resolution.

3.2.2 Optimization of the sensor probe

The sensitivity of the optical fiber sensor probe is related to the
immobilizing conditions such as the concentration of lipase
enzyme solution and dipping time of the fiber into the enzyme
solution. The amount of immobilized enzyme on the fiber sur-
face is determined by the concentration of enzyme solution and
immobilization time. It was observed that the sensor perfor-
mance changes as the dipping time of the sensor probe into
the enzyme solution (4 mg∕ml in PBS) varies from 1 to
6 min. The best response of the sensor was observed for a dip-
ping time of 4 min in the enzyme solution. The sensor probe was
also optimized in terms of concentration of lipase enzyme sol-
ution by varying the concentration from 2 to 6 mg∕ml at a dip-
ping time of 4 min. It was observed that the sensor shows
maximum response (shift in peak absorbance wavelength
77 nm) for 4 mg∕ml concentration of enzyme solution with
4 min dipping time. For lower concentrations of enzyme solu-
tion, the sufficient enzyme is not immobilized on the fiber sur-
face to hydrolyze the triacylglycerides. While for an increase in
the concentration of lipase enzyme solution or with an increase
in dipping time, the amount of the immobilized enzyme onto the
nanoparticles gets saturated and deformation of the active sites
of enzyme occurs.

Response of the sensor was also studied for the varying incu-
bation time from 1 to 3 min in the APTES solution, which cre-
ates the amine group on the Ag-NPs-coated fiber to bind the
lipase enzyme. The response of the sensor was found to be
maximum for an incubation time of 2 min in APTES solution
with a 4 mg∕ml enzyme solution.

The response of the sensor also depends on the nanoparticles
attached to the fiber surface in dip coating. The dipping period
of the Ag-NPs solution was varied from 10 min to 1 h and the
absorbance spectra were measured for probes fabricated with
each sample. The best response with changing triacylglycerides
concentration was observed when a dipping time 30 min was
used to attach the nanoparticles. This is due to the fact that
there is no significant attachment of Ag-NPs to the fiber surface
for a dipping time less than 30 min, whereas an aggregation of
nanoparticles is attached on the fiber surface for dipping times
greater than 30 min. Aggregation of NPs produces broadening
of the absorbance spectra and reduces the sensitivity of the sen-
sor probe.15 This can be seen from the absorption spectra
recorded at different dipping times as shown in Fig. 8.

3.2.3 Control experiments

As a control experiment, it was also attempted to immobilize
lipase enzyme on the Ag-NPs-coated fiber without functional-
izing with APTES. The probe was immersed in triacylglyceride
solution ranging from 0 to 7 mM and absorbance spectrum was
measured by spectrometer. It was observed that no significant
shift in peak absorbance wavelength occurs as also shown in
Fig. 7(a). This implies that lipase enzyme did not directly
bind to the Ag-NPs surface, and hence it is necessary to func-
tionalize the Ag-NPs surface prior to lipase immobilization.

We also studied the response of the probe without immobi-
lization of lipase enzyme on the Ag-NPs layer. No change in
absorbance wavelength was observed when the probe was
immersed in different concentrations of triacylglyceride solu-
tions ranging from 0 to 7 mM, as also shown in Fig. 7(a).
Therefore, it can be concluded that the change in absorbance
spectrum and peak wavelength was caused by the occurrence

Fig. 7 (a) Variation of shift in peak absorbance wavelength versus
concentration of triacylglycerides in pH 7.4 solution at 37°C standard
deviation. Also plotted are the shifts in peak absorbance wavelength
with only the functionalized nanoparticles and immobilization with
functionalized without APTES. (b) Variation in sensitivity of the bio-
sensor with the concentration of triacylglycerides.
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of binding between the analyte and biorecognition layer on the
Ag-NPs surface and not by a change in the refractive indices of
the triacylglyceride solutions.

3.2.4 Effect of temperature

We also studied the effect of temperature on the performance of
the sensor because the reactivity of enzymewith triacylglyceride
emulsions is strongly affected by the temperature. Experiments
were carried out for temperature of solutions varying from 25°C
to 45°C. It was found that sensitivity of the probe is maximum at
a temperature of 37°C. This implies that lipase enzyme shows
maximum activity at the normal human body temperature of 37°
C, which is the good agreement with earlier published results.20

3.2.5 Interference study

Another important issue that was checked to confirm the selec-
tivity of the sensor, i.e., whether the lipase functionalized probe
is affected by other substances like urea, glucose, ethanol, and
ascorbic acid, which are usually present in human blood. To
study this, interferents like urea, glucose, ethanol, and ascorbic
acid at their physiological value were added into the triacylgly-
ceride solutions of 2 and 4 mM concentration, and the shift in
peak absorbance spectrum was recorded as shown in Table 1. It

can be seen that response of the sensor is not affected by the
interferents present in the triacylglycerides solution. Thus, the
proposed sensor is highly specific toward triacylglyceride.

3.2.6 Stability, repeatability, and response time of the
sensor

The response of the sensor with time was also studied by observ-
ing the change in peak absorbance wavelength with time from
5 s to 1 min. It takes about 30 to 40 s to reach the true peak
absorbance wavelength as shown in Fig. 9, or the response
time of the present sensor is confirmed to be ∼40 s.

The stability of the sensor was checked by allowing the sol-
ution to remain in the vicinity of the sensor probe for 1 min and
recording the peak absorbance wavelength after every 10 s fol-
lowing the 40 s of response time. The values of peak absorbance
wavelength were observed to be almost stable for the period,
confirming the stable response of the sensor.

To demonstrate the repeatability of the sensing probe, experi-
ments were performed choosing the triacylglyceride concentra-
tion of 5 mM. The experiment was started by immersing the
sensor probe in 0 mM concentration and recording the peak
absorbance wavelength of the spectrum. Then, the probe was
dipped in 5 mM solution and the corresponding peak absorb-
ance wavelength was recorded after 40 s, which is the response

Fig. 8 Absorption spectra recorded at different dipping time (a) 10 min, (b) 20 min, (c) 30 min, and
(d) 50 min in Ag-NPs solution.
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time of the sensor. The 5 mM solution was removed from the
flow cell and again, the peak absorbance wavelength was
recorded for the 0 mM concentration. No change from the earlier
recorded value was observed, showing the repeatability of the
sensor. A number of such cycles were carried out for checking
the repeatability of the sensor. Figure 10 shows the very good
repeatability of the sensor. Hence, the present lipase immobi-
lized probe not only has good sensitivity but also holds good
stability, repeatability, and low response time.

3.2.7 Reproducibility

The reproducibility of the present sensor was studied. The sen-
sor probe was replicated for the same concentration of APTES
and lipase and the same immobilization steps. The peak absorb-
ance wavelength and shift in absorbance wavelength with the

concentration of triacylglyceride are within the standard
deviation value of 10%. This implies that the sensor probe is
highly reproducible.

3.2.8 Km value

Michaelis constant (Km) is defined as the analyte concentration,
in which the reaction rate is half its maximum value. In this case,
the reaction rate is proportional to the peak absorbance wave-
length. We have estimated the Km value of the present sensor
to be 1.3 mM from the graph in Fig. 7(a) between peak absorb-
ance wavelength and corresponding triacylglyceride concentra-
tions. This value is lower than that of the sensors reported in the
literature. The lower Km value implies that the immobilized
lipase exhibits high catalytic activity, and hence, the fabricated
sensor shows a high affinity toward triacylglyceride.

3.2.9 Limit of detection

Limit of detection (LOD) of a sensor is defined as the minimum
concentration of analyte, which can be detected by the sensor
with good accuracy. It can be defined by the ratio of the reso-
lution of spectrometer to the sensitivity of the sensor as

EQ-TARGET;temp:intralink-;sec3.2.9;326;248LOD ¼ Δλs
S

;

where S is the sensitivity of the sensor, and Δλs is the resolution
of spectrometer. It may be noted that the resolution of spectrom-
eter is 0.33 nm, the LOD of the present sensor is 0.016 mM
(1.4 mg∕dl) near the lower concentration range of triacylglycer-
ide solution. This LOD for triacylglyceride detection of the pro-
posed sensor is lower than that for earlier reported sensors.

A comparison of the sensitivity, Km value, response time,
and LOD of various sensors reported in the literature for the
detection of triacylglyceride using different techniques is tabu-
lated in Table 2.

Table 1 Shift in peak absorbance wavelength of the sensor in pres-
ence of interferents.

Analyte (TGs)
concentration
(mM) Additions/interferents

Shift in peak
absorbance

wavelength (nM)

2 NIL 57

2 Urea (42 mg∕ml) 57.34

Glucose (150 mg∕ml)

Ascorbic acid (1 mg∕ml)

Ethanol ( 80 mg∕ml)

4 NIL 72

4 Urea (42 mg∕ml) 72.67

Glucose (150 mg∕ml)

Ascorbic acid (1 mg∕ml)

Ethanol (80 mg∕ml)

Fig. 9 Shift in peak absorbance wavelength with the time during
hydrolysis of the triacylglycerides by lipase.

Fig. 10 Variation in shift of peak absorbance wavelength of the bio-
sensor with time during presence (5 mM) and absence (0 mM) of tri-
acylglycerides solution around the probe to study the repeatability of
the probe.
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4 Conclusion
LSPR-based immunoassay on an optical fiber provides a plat-
form for rapid and cost effective detection of the triacylglycer-
ide. Detection of the triacylglyceride using nanoparticles-coated
fiber-optic sensor is being reported for the first time. The advan-
tage of using LSPR sensor is that it can be easily fabricated
through a chemical process rather than using expensive equip-
ment such as vacuum coating machine, as required for the thin
film-coated SPR sensor preparation. LSPs are excited by the
light travelling in the fiber and are responsible as the transduc-
tion mechanism for the presented triacylglyceride biosensor.
The shift in absorbance spectra due to the increase in the refrac-
tive index and thickness of the biorecognition layer in the pres-
ence of triacylglycerides is used as the sensing parameter.
The sensor is capable of detecting concentration of triacylgly-
ceride with a sensitivity and resolution of 28.5 nm∕mM and
1.4 mg∕dl, respectively, in the range of triacylglyceride concen-
tration in human blood. The designed sensor using Ag-NPs-
coated optical fiber offers various advantages cost effectiveness,
high sensitivity, good resolution, and response time. It is also
suitable for real-time applications with online monitoring and
remote sensing.

Disclosures
The authors have no relevant financial interests in this article and
no potential conflicts of interest to disclose.

Acknowledgments
The financial support from the University Grants Commission
(India), University of Delhi Research Grants, and DST PURSE-
II Grant is acknowledged.

References
1. “Triglycerides,”MedlinePlus, Archived from the original on 26 October

2012, (23 April 2015).
2. R. R. Reddy, A. Chadha, and E. Bhattacharya, “Porous silicon based

potentiometric triglycerides biosensor,” Biosens. Bioelectron. 16,
313–317 (2001).

3. R. E. Fernandez et al., “Comparison of a potentiometric and microme-
chanical triglycerides biosensor,” Biosens. Bioelectron. 24, 1276–1280
(2009).

4. A. Vijayalakshmi et al., “Enzyme field effect transistor (ENFET) for
estimation of triglycerides using magnetic nanoparticles,” Biosens.
Bioelectron. 23, 1708–1714 (2008).

5. Minakshi and C. S. Pundir, “Construction of an amperometric enzymic
sensor for triglyceride determination,” Sens. Actuators B 133, 251–255
(2008).

6. J. Narang et al., “Fabrication of an amperometric triglyceride biosensor
based on PVC membrane,” Anal. Lett. 43, 1–11 (2010).

7. I. B. Rejeb et al., “Amperometric biosensor based on Prussian Blue-
modified screen-printed electrode for lipase activity and triacylglycerol
determination,” Anal. Chim. Acta 594, 1–8 (2007).

8. H. Winartasaputra, S. S. Kutan, and G. C. Cuilbault, “Amperometeric
enzyme determination of triglyceride in serum,” Anal. Chem. 54, 1987–
1990 (1982).

9. A. Baliyan et al., “Surface plasmon resonance based fiber optic sensor
for the detection of triacylglycerides using gel entrapment,” Sens.
Actuators B 188, 917–922 (2013).

10. T. J. Lin and C. T. Lou, “Reflection based localized surface plasmon
resonance fiber optic probe for chemical and biochemical sensing at
high pressure conditions,” J. Supercrit. Fluids 41, 317–325 (2007).

11. K. Mitsui, Y. Handa, and K. Kajikawa, “Optical fiber affinity biosensor
based on localized surface plasmon resonance,” Appl. Phys. Lett. 85,
4231–4233 (2004).

12. A. M. Shrivastav, S. P. Usha, and B. D. Gupta, “A localized and propa-
gating SPR, and molecular imprinting based fiber-optic ascorbic acid
sensor using an in situ polymerized polyaniline-Ag nanocomposite,”
Nanotechnology 27, 345501 (2016).

13. S. P. Usha, S. K. Mishra, and B. D. Gupta, “Fiber optic hydrogen sul-
phide gas sensors utilizing Zno thin film/Zno nanoparticles: a compari-
son of surface plasmon resonance and lossy mode resonance,” Sens.
Actuators B 218, 196–204 (2015).

14. S. K. Shrivastav et al., “Localized surface plasmon resonance based
fiber optic U-shaped biosensor for the detection of blood glucose,”
Plasmonics 7, 261–268 (2012).

15. J. Chen et al., “Optimization and application of reflective LSPR optical
fiber biosensors based on silver nanoparticles,” Sensors 15, 12205–
12217 (2015).

16. T. J. Lin and M. F. Chung, “Detection of cadmium by a fiber optic bio-
sensor based on localized surface plasmon resonance,” Biosens.
Bioelectron. 24, 1213–1218 (2009).

17. V. V. R. Sai, T. Kundu, and S. Mukherji, “Novel U-bent fiber optic probe
for localized surface plasmon resonance based biosensor,” Biosens.
Bioelectron. 24, 2804–2809 (2009).

18. B. Sciacca and T. M. Monro, “Dip biosensor based on localized surface
resonance at the tip of an optical fiber,” Langmuir 30, 946–954 (2014).

19. A. Baliyan et al., “Long period fiber grating based sensor for the
detection of triacylglycerides,” Biosens. Bioelectron. 79, 693–700
(2016).

Table 2 Comparison with performance parameters of various triacylglycerides sensors reported in the literature.

Method Sensitivity Km (mM) Response time LOD (mM)

Electrochemical CV28 00.57 μAmM−1 cm−2 2.51 3 s 0.2

Lipase/NPG/GCE-based CV29 0.30 μAmg−1 dl cm−2 0.12 Not reported 0.03

Long period fiber grating19 0.5 nm∕mM 4.20 1 min 0.2

Potentiometric4 1 mM Not reported 20 min 0.01

Amperometric5,7,30 0.05 μA∕mg∕dl30 Not reported 4 s 0.11

19.29 μAmM−1 cm−2 (Ref. 7) 8.76 40 s 0.2

Not reported5 5 30 s 0.11

SPR-based sensor9 3.17 nm∕mM 3.5 1 min 0.1

LSPR [present work] 28.5 nm∕mM 1.3 40 s 0.016

Journal of Biomedical Optics 107001-9 October 2017 • Vol. 22(10)

Baliyan et al.: Localized surface plasmon resonance–based fiber-optic sensor for the detection. . .

http://dx.doi.org/10.1016/S0956-5663(01)00129-4
http://dx.doi.org/10.1016/j.bios.2008.07.054
http://dx.doi.org/10.1016/j.bios.2008.02.003
http://dx.doi.org/10.1016/j.bios.2008.02.003
http://dx.doi.org/10.1016/j.snb.2008.02.036
http://dx.doi.org/10.1080/00032710802586913
http://dx.doi.org/10.1016/j.aca.2007.04.066
http://dx.doi.org/10.1021/ac00249a017
http://dx.doi.org/10.1016/j.snb.2013.07.090
http://dx.doi.org/10.1016/j.snb.2013.07.090
http://dx.doi.org/10.1016/j.supflu.2006.10.013
http://dx.doi.org/10.1063/1.1812583
http://dx.doi.org/10.1088/0957-4484/27/34/345501
http://dx.doi.org/10.1016/j.snb.2015.04.108
http://dx.doi.org/10.1016/j.snb.2015.04.108
http://dx.doi.org/10.1007/s11468-011-9302-8
http://dx.doi.org/10.3390/s150612205
http://dx.doi.org/10.1016/j.bios.2008.07.013
http://dx.doi.org/10.1016/j.bios.2008.07.013
http://dx.doi.org/10.1016/j.bios.2009.02.007
http://dx.doi.org/10.1016/j.bios.2009.02.007
http://dx.doi.org/10.1021/la403667q
http://dx.doi.org/10.1016/j.bios.2015.12.089


20. A. Kumari, V. V. Verma, and R. Gupta, “Biochemical characterization
and in silico analysis of novel lipases Lip11 and Lip12 with Lip2 from
Yarrowialipolytica,” World J. Microbiol. Biotechnol. 28, 3103–3111
(2012).

21. J. Zou et al., “Controlled growth of silver nanoparticles in a hydrother-
mal process,” China Particuol. 5, 206–212 (2007).

22. T. Zhao et al., “Size controlled preparation of silver nanoparticles by
a modified polyol method,” Colloids Surf. A 366, 197–202 (2010).

23. A. Deep et al., “Immobilization of enzyme on long period grating fibers
for sensitive glucose detection,” Biosens. Bioelectron. 33, 190–195
(2012).

24. Z. Jiang et al., “A new silver nanorod SPR probe for detection of trace
benzoyl peroxide,” Sci. Rep. 4, 5323 (2014).

25. V. Myroshnychenko et al., “Modelling the optical response of gold
nanoparticles,” Chem. Soc. Rev. 37, 1792–1805 (2008).

26. A. D. Rakic et al., “Optical properties of metallic films for vertical-cav-
ity optoelectronic devices,” Appl. Opt. 37, 5271–5283 (1998).

27. U. K. Wrinkler and M. Stuckman, “Glycogen hyalronate and some
other polysaccharides greatly enhance the formation of exolipase by
Serratiamarcescens,” J. Bacteriol. 138, 663–679 (1979).

28. L. Li et al., “A nanostructred conductive hydrogels based biosensor pla-
teform for human metabolite detection,” Nano Lett. 15, 1146–1151
(2015).

29. C. Wu et al., “Lipase nanoporous gold biocomposite modified electrode
for reliable detection of triglycderides,” Biosens. Bioelectron. 53, 26–30
(2014).

30. J. Narang, N. Chauhan, and C. S. Pundir, “Construction of triglyceride
biosensor based on nickel oxide-chitson/zinc oxide/zinc hexacyanofer-
rate film,” Int. J. Biol. Macromol. 60, 45–51 (2013).

Anjli Baliyan received her MSc degree in physics from Ch. Charan
Singh University, Meerut, India, in 2007, and her MTech degree in
optoelectronics and optical communication from the Indian Institute
of Technology Delhi in 2011. Currently, she is working toward her

PhD in electronic science at the University of Delhi South Campus,
India. She is a student member of the Optical Society of America.

Sruthi Prasood Usha received her BTech degree in electronics and
communication engineering in 2010 from PAACET, Kerala University,
India, and her MTech degree in optoelectronics and laser technology
in 2013 from Cochin University of Science and Technology (CUSAT),
India. Since January 2014, she has been a full time PhD student in the
Physics Department, Indian Institute of Technology Delhi and is a stu-
dent member of the Optical Society of America (OSA).

Banshi D. Gupta received his MSc degree in physics from Aligarh
Muslim University, India and his PhD in physics from the Indian
Institute of Technology, New Delhi. He is a professor at the Indian
Institute of Technology, New Delhi. He has published more than
160 research papers in international journals in the area of plasmonic
biosensors, fiber-optic sensors, and nanotechnology and authored of
many books. He is a member of the Optical Society of America and
Optical Society of India.

Rani Gupta received her MSc degree in microbial taxonomy and
ecology from the University of Delhi, India, in 1978, and her PhD
from the University of Delhi, India, in 1983. Since 1988, she has been
a faculty of the Department of Microbiology, University of Delhi South
Campus, India. Her current major interests are industrial microbiology,
microbial enzymology, cloning and expression of microbial enzyme,
and fermentation of industrial important enzyme.

Enakshi Khular Sharma received her MSc degree in physics and her
PhD from the Indian Institute of Technology Delhi, India. She is a pro-
fessor in the Department of Electronic Science, University of Delhi
South Campus. Her research interests have been in the area of pho-
tonic devices and optical control of passive microwave devices. Her
work has resulted in more than 100 publications. She is a member of
IEEE, Optical Society of America, and Optical Society of India.

Journal of Biomedical Optics 107001-10 October 2017 • Vol. 22(10)

Baliyan et al.: Localized surface plasmon resonance–based fiber-optic sensor for the detection. . .

http://dx.doi.org/10.1007/s11274-012-1120-4
http://dx.doi.org/10.1016/j.cpart.2007.03.006
http://dx.doi.org/10.1016/j.colsurfa.2010.06.005
http://dx.doi.org/10.1016/j.bios.2011.12.051
http://dx.doi.org/10.1038/srep05323
http://dx.doi.org/10.1039/b711486a
http://dx.doi.org/10.1364/AO.37.005271
http://dx.doi.org/10.1021/nl504217p
http://dx.doi.org/10.1016/j.bios.2013.09.040
http://dx.doi.org/10.1016/j.ijbiomac.2013.05.007

