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In the present investigation, we demonstrated a simple, rapid, and highly sensitive

cladding-modified optical fiber urea sensor based on the evanescent wave absorption

(EWA) technique. Cladding modification was performed over a 2-cm unclad portion of

optical fiber using a polyaniline-zinc oxide (PANI-ZnO) matrix with enzyme-Urease (Urs)

cross-linked to it using glutarldehyde as a cross-linking agent. The PANI-ZnO matrix was

characterized by X-ray diffraction, scanning electron microscopy, ultraviolet-visible, and

Fourier transform-infrared spectroscopy to explore its various properties. The developed

sensor shows a linear response to urea concentration in the range 10 nM−1M in the form

of the absorption spectrum at a wavelength of ∼250 nm with specific selectivity. Under

the proper conditions (storage at temperature 4◦C after each measurement), it shows

40-day stability without any decrement in the intensity of the absorption spectrum. Thus,

the developed sensor is highly sensitive, stable, and specific, with a lower detection limit

of a urea concentration of 10 nM.

Keywords: optical fiber, urea, PANI-ZnO, evanescent wave absorption, cladding modification

INTRODUCTION

Biosensors are utilized in multidimensional fields, including medicine, home diagnosis (Mehrotra,
2016), agriculture (Velasco-Garcia and Mottram, 2003), the military (Rossi et al., 2000),
environmental monitoring (Rodriguez-Mozaz et al., 2005), food preservation, fishery industries
(Terry et al., 2005) etc. A biosensor is an analytical device that has extraordinary characteristics such
being compact, cost-effective, ultra-sensitive, and specific and having shorter response and recovery
times along with very low analyte concentration detection limits (Luong et al., 1997). Generally,
a biosensor comprises three main components, viz. a bioreceptor (enzyme, nucleic acid, cells,
etc.), a physicochemical transducer (electrochemical, optical, piezoelectric, thermometric, ion-
sensitive, magnetic, or acoustic, etc.), and an immobilization matrix. Each component contributes
to improving the reliability of the biosensor in practical applications (Turner et al., 1987; Monošík
et al., 2012). The worldwide scientific and academic community has invented various types of
schemes and materials for fabricating biosensors (Banica, 2012). In a sense, biosensors can be
classified according to the bioreceptor and transducers used for their fabrication. As regards the
selection of a physicochemical transducer, optical fiber has received incredible consideration for
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chemical and biosensing applications. This is because of its
distinct features viz. its miniature size, low response time,
immunity to electricity, robustness in use, high sensitivity,
low weight, requirement of a small sample amount, remote
controllability, and facility to use in various geometries etc.
(Monk and Walt, 2004; Fan et al., 2008; Martins et al., 2013). In
optical fiber biosensors, the evanescent wave absorption (EWA)
scheme has become popular, promising, and much used due to
the enhanced sensitivity, high resolution, and low detection limit
it provides (Zawawi et al., 2013; Zhong et al., 2016). Principally,
an evanescent wave (EW) field is generated in optical fiber
due to light decaying exponentially into a small portion of the
cladding, and this is utilized for the fabrication of cladding-
modified intrinsic optical fiber sensors (Sai et al., 2010; Bharadwaj
et al., 2011). When applying this scheme, several critical factors
arise, such as the proper incidence angle, the adjustable geometry
of optical fiber (bending, tapering, etc.), and the thickness of
the immobilization matrix. However, enhanced sensor credibility
and performance can be achieved by the proper optimization of
these factors (Iadicicco et al., 2011).

Technically, in an optical fiber biosensor, the immobilization
matrix plays a considerable role, as it decides the performance
as well as the efficiency of the biosensor. In biosensors, the
immobilization matrix is used to maintain the stable reactivity
and safe residency of bioreceptor (Ramakrishna and Sai, 2016).
In an optical fiber sensor, it is used as a modified cladding
that responds to chemical and biochemical reactions occurring
on its surface. Thus, diverse materials with attractive properties
have been synthesized and used as an immobilization matrix.
For biosensor applications, intrinsic conducting polymers (ICPs)
are emerging as a new class and are used as an immobilization
matrix. Due to their extraordinary morphological, structural,
optical, mechanical, and electrical properties, they are considered
the most promising candidate for the immobilization of
bioreceptor species. In the field of biosensors, two types of
ICPs are considered to be especially promising: polyaniline
(PANI) and polypyrrole (PPy). Polyaniline has many desirable
features and properties, such as intriguing physical properties,
ease of synthesis, low cost, extraordinary electrical, and optical
properties, a sufficiently large surface area (morphology),
adjustable transport properties, and environmental stability (Kim
et al., 2010). As well as being synthesizable via a variety of
methods, its sufficient solubility in innumerable solvents and
capability to fabricate versatile composites/nanocomposites due
to its functionality-rich chemical skeleton can be efficiently
exploited for biosensor applications. With the incorporation
of metal oxide nanoparticles, the properties of pure PANI
change drastically, which is useful for sensing applications
and improving sensitivity, selectivity, and stability (Tahir
et al., 2005; Prakash et al., 2013). Owing to their good
structural and optical properties and biocompatibility, PANI-
metal nanoparticle composites have proven to be promising
candidates for bioreceptor immobilization (Dhawan et al., 2009).

Urea (NH2CONH2) is a chemical species found everywhere
in nature. Urea is present in the human body due to protein
metabolism (Singh et al., 2008). A concentration of urea
above the optimal level generates various dangerous diseases,

included kidney and liver malfunction, chronic or acute renal
failure, urinary tract obstruction, dehydration, shock, burns,
and gastrointestinal bleeding, whereas, below a certain level,
it produces hepatic failure, nephritic syndrome, and cachexia
(Mostafaei and Ashkan, 2012; Mostafaei and Nasirpouri, 2014).
However, urea is also found in agriculture, dairy industries,
and fishery industries and performs various roles. Thus, the
selective and rapid determination of urea concentration is a vital
need for the abovementioned fields. Worldwide, different groups
are working on the development of biosensors for detection
of urea. In earlier years, various research groups have devoted
their efforts to fabricating a urea biosensor using different
techniques and different matrices for enzyme immobilization.
Ahmad et al. reported a ZnO nanorod-based urea sensor using
an electrochemical technique. The fabricated sensor shows high
sensitivity toward urea in the linear range 0.001–24.0mM, with a
10-µM lower detection limit (Ahmad et al., 2014). By modifying
the ZnO structure, i.e., creating nanosheets, the same research
group developed a potentiometric urea sensor and detected
urea concentration with the linear range 0.05–2.0mM with
a lower detection limit of 0.019µM and with a very short
response time of ∼5 S (Ahmad et al., 2015). Babu et al. prepared
a freestanding and binder-free electrospun PVdF-HFP/Ni-Co
nanofiber-based urea biosensor. The developed sensor showed
a rapid response time (5 S), a lower detection limit of 12µM,
and a wide linear range of 20 µM−2mM for urea concentration
detection (Babu et al., 2017). A Ali et al. reported on a
potentiometric urea biosensor based on urease immobilization
onto chitosan/cobalt oxide (CS/Co3O4) nanocomposite for the
detection of urea within the range 1∗10−4-8∗10−2 M with a
12-s response time (Ali et al., 2015). In a previous study, we
reported on a urea sensor using pure polyaniline for cladding
modification but did not achieve the desired results in terms
of linearity, stability, detection limit, etc. (Botewad et al., 2018).
Thus, improvement in the abovementioned characteristics of
the PANI-ZnO nanocomposite sensor is required, and cladding
modification and enzyme immobilization have been selected as
the means to do so.

Herein, we present the EWA optical fiber intrinsic biosensor
for the selective sensing and quantification of urea. The
biosensor is fabricated by cladding modification with PANI-ZnO
nanocomposite as an immobilization matrix. The sophisticated
straight geometry of the optical fiber transducer and the
experimental setup have been adapted for the development of the
sensor. Using the PANI-ZnO cladding-modified matrix provides
superior sensing parameter values for the developed biosensor for
selective detection of urea.

EXPERIMENTAL

Materials
In the present investigation, all provided chemicals were of
analytical reagent (AR) grade and used as received without
any further purification. Aniline (monomer), ferric chloride
(oxidant), zinc chloride, and sodium hydroxide were purchased
from Fisher Scientific, India, and used to synthesize PANI-
ZnO nanocomposite. The bio-receptor enzyme-urease (Urs) was
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procured from Sisco Research Laboratories (SRL), India. The
analyte urea, cross-linking agent glutarldehyde solution (25%),
interference species glucose, thiourea, ascorbic acid, L- alanine,
L-arginine were purchased from SD Fine Chemicals, India. For
the formation of buffer solution (Phosphate buffer pH 7.4),
potassium dihydrogen orthophosphate and sodium hydroxide
were purchased from SD Fine Chemicals, India. Hydrofluoric
acid and acetone for the cladding removal process and cleaning
were procured from Fisher Scientific, India. All of the synthesis
processes were carried out in double-distilled water. In a typical
sensing procedure, the stock solutions of Urs in the proportion
1 mg/ml and urea were prepared in 0.1M phosphate buffer of
pH 7.4.

Synthesis of PANI-ZnO Nanocomposite
Matrix
ZnO nanoparticles ∼26 nm in size were synthesized by a
co-precipitation method using zinc chloride (oxidant) and
sodium hydroxide (1:2 ratio) as source material. PANI-ZnO
nanocomposite was synthesized with an in-situ chemical
oxidation polymerization method. Initially, 0.02M aniline was
dissolved in 100ml double-distilled water and stirred until
the solution became transparent. The as-synthesized ZnO
nanoparticles (0.2M) were poured into the aniline solution,
followed by constant stirring for 30min. Further, 1M HCl was
added into the mixture of aniline-ZnO for homogeneity. An
already-prepared 100ml of stock solution of FeCl3 (0.05M) was
added dropwise into the aniline-ZnO mixture with constant
stirring for 1 hour. The precipitate was further centrifuged and
washed several times with distilled water before characterization.

Development of Sensing Element
Half a meter of multimode plastic-clad silica (PCS) optical fiber
with a specified core/cladding diameters of 450/300µm (750µm
in total) and attenuation of 3 dB/km was selected for preparation
of the sensing element. In the middle, a ∼2-cm portion of
the cladding was removed carefully with a surgical blade. The
unclad core was cleaned with hydrofluoric (HF) acid, acetone,
and distilled water, respectively. Both ends of the optical fiber
were polished with silicon carbide and very fine polish papers
optimize the numerical aperture and acceptance angle. SMA905
connectors were then connected to both ends of the optical
fiber. In the process of cladding modification, in-situ deposition
on the unclad portion of the optical fiber was achieved by
submerging it in the PANI-ZnO reaction container for 15min
at room temperature. Coating by this technique allows control
of the thickness of the modified cladding on the core via the
treatment time. Further, the enzyme-Urs was immobilized over
the hydrophobic modified PANI-ZnO matrix through a cross-
linking technique via 1% glutarldehyde and provided physical
and chemical stability of the bio-receptor material. After that,
loosely bound Urs molecules were leached out under gentle
washing with phosphate buffer, followed by half an hour of
drying. An adequate concentration of Enzyme-Urs was chosen
to provide higher enzyme loading with excellent optical response
and high retention.

Characterization
The as-synthesized ZnO nanoparticles, PANI matrix, and PANI-
ZnO nanocomposites were characterized by different techniques.
The structures of all synthesized materials were characterized
by X-ray diffraction (XRD) and recorded on a Bruker AXS (D8
Advance, Germany) diffractometer in the scanning range 20–
800 (2θ) using Cu Kα radiation with a wavelength of 1.5405 Å.
Absorption spectrum studies of the materials were performed
using a UV-Vis portable spectrometer (BLACK-Comet-SR, SL5-
DH, Stellar Net, USA) with unpolarized light from temperature-
controlled and intensity-stabilized deuterium and halogen lamps
(UV-vis light source). The FTIR spectrum was recorded using
an IR double beam spectrophotometer (8400S, Shimadzu, Japan)
for the confirmation of functional groups in the prepared
materials. The morphology of the prepared materials was studied
by scanning electron microscopy (SEM) with a JEOL JSM-
6360 (USA). The sensor parameters of the developed biosensor
were analyzed by acquiring the absorbance spectrum by UV-
Vis spectrophotometer, using an indigenously prepared sensing
element connected between deuterium halogen lamps (UV-Vis
light source) and the spectrophotometer. The sensing experiment
was carried out in a completely dark environment to avoid
interference from external light. Throughout the experiment,
buffer solution (pH 7.4) was used. The sensing experimental
setup shown in Figure 1. For the sensing parameters study, a
10 nM−1M range of urea concentration in buffer solution was
selected, with a 2-min exposure time for each concentration.

RESULTS AND DISCUSSION

Structural (XRD) and Morphological (SEM)
Analysis
The structures of the incorporated ZnO nanoparticles, PANI,
and PANI-ZnO nanocomposites were explored by XRD
characterization, and the results are shown in Figure 2. The XRD
pattern of the ZnO nanoparticles reveals that it is polycrystalline
in nature. Their XRD pattern includes the (100), (002), (101),
(102), (110), (103), (200), (112), and (201) diffraction peaks.
All the observed diffraction peaks are in good agreement with
ICDD pdf card No. 01-071-6424, which is for a hexagonal
ZnO structure. The lattice constants of the prepared ZnO
nanoparticles are found to be a = 3.249 Å, b = 3.249 Å, and
c = 5.205 Å. The average crystallite size was determined by
the standard Scherrer’s formula and was found to be 26.06 nm.
Figure 2 shows the XRD pattern of PANI, which confirms its
amorphous nature because of the absence of the characteristic
peaks of the used oxidant (Kavitha et al., 2012). The XRD
pattern of the ZnO-incorporating PANI matrix, also shown in
Figure 2, provides confirmation to the formation of conducting
organic–inorganic nanocomposites. The amorphous nature
of PANI is affected by the incorporation of ZnO, and some
characteristic peaks are observed because of the formation of
hydrogen bonds between the H–N of PANI and the oxygen of
ZnO. Thus, some of the peak shifts from the blue line of the
PANI-ZnO matrix to the red and black lines may arise due to the
interaction of ZnO nanoparticles (Deshpande et al., 2009). The
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FIGURE 1 | Experimental set-up.

FIGURE 2 | XRD pattern of PANI, ZnO, and PANI-ZnO film.

repetition of benzenoid and quinoid rings in PANI chains and
the low crystallinity of the PANI-ZnO nanocomposite shows that
it is in a semiconducting state (Ali et al., 2015). Scherer’s equation
gives the crystalline size, D, of the PANI-ZnO nanocomposite as
33 nm.

Figure 3 shows SEM photographs of the PANI (Figure 3A)
and PANI-ZnO (Figure 3B) films and reveals their
morphological features. The amorphous nature and high

agglomeration of pure PANI is clear in Figure 3A. The
PANI-ZnO nanocomposite shows a cauliflower-like structure,
comprising small globular particles, which is suitable for the
immobilization of biomolecules. Figure 3B also shows that the
PANI-ZnO nanocomposite has a porous morphology and is
very efficient for enzyme-Urs immobilization. Figure 3C shows
an SEM image of the cladding-modified region, confirming its
uniform thickness on the nude core.

Spectroscopic Analysis
Optical Study (UV-Vis)
Optical spectroscopy provides information about the conducting
states of PANI, i.e., the leucoemeraldine, pernigraniline, and
emeraldine states. These states of PANI emerge from variation
in the ratio of oxidant and monomer, the synthesis technique
used, and the duration of the synthesis process. In biosensors, the
emeraldine state of PANI is used due to this semiconducting state
having better morphology (Kavitha et al., 2012).

In the present investigation, UV–visible absorption spectra of
the as-synthesized PANI and PANI-ZnO nanocomposite were
recorded and analyzed in the range 210–500 nm; these are
shown in Figure 4. The absorption spectrum clearly reveals two
characteristic absorption peaks at 233 and 287 nm for both PANI
and PANI-ZnOnanocomposite. The observed peaks confirm that
the emeraldine state of PANI is not modifies due to incorporation
of ZnO within it. The observed peak at 233 may occur due to the
presence of an aniline moiety (Babu et al., 2017), and the peak at
280 corresponds to the π-π∗ transition of the benzenoid ring in
polyaniline (Patil et al., 2015).
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FIGURE 3 | Surface morphology of (A) PANI and (B) PANI-ZnO (C) Cladding modified sensing element.

FIGURE 4 | UV-Vis Spectrum of PANI and PANI-ZnO.

Fourier Transform-Infrared (FTIR)
Pure PANI and PANI-ZnO nanocomposite were studied by FTIR
spectroscopy, and the spectra are shown in Figure 5. All of the
characteristic peaks of concern for the PANI and PANI-ZnO
nanocomposite are exhibited. The FTIR spectra of PANI and
PANI-ZnO nanocomposite show peaks within the range 643–
761.21 cm−1 that are due to C–C bonding and aromatic C-H
out-of-plane bending vibration. The peaks appearing at 1254.88
and 1269.65 cm−1 may be attributed to the C-N stretching of the
secondary aromatic amine. The peaks at 1,364 and 1,287 cm−1

are assigned to asymmetric and symmetric stretching vibrations
of the C=C ring. The peaks at 1358.65 and 1365.28 cm−1

correspond to C–N stretching and C–H bending in PANI and
PANI-ZnO, respectively. The peaks at 1,412 and 1,462 cm−1

are attributed to C–H mixed vibrations and C–C stretch in the
benzenoid ring, respectively. Because of the C=C stretching of
the quinoid and benzenoid rings, a band originates at 1519.91
in both PANI and PANI-ZnO. Strong peak at 1638.16 cm−1 is
attributed due to the C=C stretching mode of the quinoid rings
results of both PANI and its composite with ZnO in emeraldine

FIGURE 5 | FTIR Spectrum of PANI and PANI-ZnO.

salt form (Deshpande et al., 2009; Kavitha et al., 2012). Distinct
absorption peaks in PANI seen at 3657.92, 3289.42, and 3098.17
cm−1 are assigned to O-H stretching, N-H bending, and cross-
linking moieties (Ali et al., 2015). The peaks around 3,855 cm−1

correspond to N-H band stretching vibration, and a broad peak
appears at 3,747 cm−1 that can be associated with the interaction
between ZnO nanoparticles and PANI, with hydrogen bonding
occurring between H–N and the oxygen of ZnO (Patil et al.,
2015). All of the characteristics bands of PANI are also found in
the PANI-ZnO nanocomposite; however, some peaks are merged
and decreased in intensity due to the incorporation of ZnO
nanoparticles. This study confirms that the ZnO nanoparticles
are properly incorporated into the PANI matrix.

SENSOR PERFORMANCE

The sensing parameters of the developed sensor viz. sensitivity,
selectivity, stability, response time, and reusability were analyzed
by studying the absorption spectrum in the evanescent wave field.
The absorption spectrum of the developed sensor was studied in
the wavelength range 246–256 nm.
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FIGURE 6 | Sensing response of developed biosensor.

FIGURE 7 | Experimental data fitting.

Sensitivity
A urea concentration range from 10 nM to 1M was used for the
sensitivity study, and a 15-min incubation time was apportioned
for each sample. Using the portable UV-Vis spectrophotometer,
the absorption spectrum was obtained by connecting the sensing
element between the light source and the spectrophotometer. The
sensing response of the prepared sensor is depicted in Figure 6

in the form of the absorption spectrum. The result obtained of
sensitivity does not follow a linear function; instead, it follows
an Exponential 3P2 function, as shown in Figure 7, with an Adj.
R. Square value of 0.99369. To study the repeatability, the same
conditions of the sensing element were maintained, such as the
length of cladding removed, the deposition time of new cladding,
the quantity of enzyme over the cladding-modified region, and

FIGURE 8 | Selectivity of developed biosensor.

FIGURE 9 | Stability of developed biosensor.

the light source. Five sensors were developed, and each developed
sensor showed approximately the same response toward urea.

The sensing mechanism of the developed sensor is discussed
here briefly. Generally, for sensing the urea species, enzyme-Urs
was used as a bioreceptor, which hydrolyzed the urea effectively
with an approximate rate 1,014 times that of the non-catalyzed
reaction (Kavitha et al., 2012). When the sensing element is
exposed to a concentration of urea, the enzymatic reaction
between urea and Urs occurs in two stages. Firstly, Urs react with
urea to produce ammonia and carbamate, while in the second
stage, the carbamate hydrolyzes to ammonia and carbonic acid
in the following reaction (Kavitha et al., 2012).

NH2CONH2 (urea) + 3H2O
urease
−→ 2HCO−

3 + NH+

4 + OH− . . .(1)
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TABLE 1 | Comparison of other earlier urea sensors with that of the current study.

Immobilization matrix Transducer Detection technique Detection

limit

Linear range Response

time

Stability References

ZnO nanowire Gold-coated plastic

substrates

Potentiometric 0.1mM 0.1–40mM <4s 3 weeks Usman Ali et al., 2011

ZnO nanorods Ag sputtered glass

substrate

Amperiometric 10µM 0.001–24.0mM – – Ahmad et al., 2014

ZnO–MWCNT Indium tin oxide coated

glass slides

Cyclic voltammetry 0.23mM 0.8–16.6mM 4s >16 weeks Tak et al., 2013

PANI grafted PAM–PVA

membrane

Glassy carbon electrode Impedance

spectroscopy, differential

pulse voltammetry

60 nM and

14µM

1.5–1,000µM – 60 days Das and Sarkar, 2016

PANI-ZnO matrix Optical fiber Absorption spectroscopy 10 nM 1 M−10 nM 45–50 s 40 days Present work

This reaction is very beneficial for changing the
microenvironment around the core, and it alters the optical
properties of the modified cladding. The reaction rate and
ammonia evolution from the reaction changes with change in
the concentration of urea. Because of this, the refractive index
of the modified cladding changes and causes this change in the
intensity of the absorption spectrum. Moreover, the structural
properties of the modified cladding may also change due to the
effect of the reaction on the benzoid and quinoid segments of
PANI-ZnO (in this study). The absorption peak at∼250 nm seen
in the sensitivity study may originate due to the immobilization
of enzyme-Urs over the matrix and interaction with analyte urea.
Thus, due to the alteration of the optical and structural properties
of the modified cladding, the sensing response changes for each
concentration of urea.

Selectivity Study
The specific selectivity toward urea for the developed sensor
was studied by comparing its response to common interfering
species generally found in living species. L-argenine, L- alanine,
glucose, ascorbic acid, thiourea, and a combination of all of
these species were used as interference species. A 100-mM
solution of each interference species was prepared in buffer
solution and used for the study of selectivity. Figure 8 shows
the response to the selected interfering species compared with
that to urea. The absorption spectra for these species did
not show any considerable response compared to that to
urea, though slight variation occurred due to the refractive
index of the surrounding solution. Thus, the prepared sensor
is highly selective toward urea compared with the selected
interference species.

Stability
The practical applicability of a sensor depends on its high
sensitivity along with specific selectivity, repeatability, and
stability. The stability study of the developed sensor was carried
out for 52 days until there was negligible response. A 100-mM
urea concentration in buffer solution was made freshly for each
measurement. The stability graph is shown in Figure 9.

The precaution was taken of storing it at a temperature of
40◦C after each day of measurement. The sensor demonstrated
a stable response for 40 days and decreased slowly after that up to
52 days. The decreased response of the prepared sensor toward
urea may be due to loss of the reactivity of the enzyme. The
40-day stability of the prepared sensor makes it very useful for
practical applications.

Response Time and Detection Limit
Rapid response is an important feature of a sensor, and in the
present study, response time was determined by considering the
saturated intensity of the absorption spectrum. The developed
sensor achieved a maximum saturated absorption intensity at
∼45–50 s, and this was considered as the response time of the
sensor. The developed sensor showed a considerable response to
a 10 nM urea concentration compared to buffer solution. Thus,
for the developed sensor, we consider the response time to be
∼45–50 s and the lower limit of detection to be 10 nM.

Some earlier studies are compared with the present study in
Table 1.

CONCLUSION

In the present report, we have successfully developed a
cladding-modified intrinsic optical fiber urea sensor using PANI-
ZnO as a modified cladding matrix. The properties of the
PANI-ZnO matrix were explored by various characterization
techniques, viz. XRD, UV-Vis, FTIR, and SEM. The developed
sensor does not show a linear response but rather an
exponential response toward urea concentration in the range
10 nM−1M, with specific selectivity. The developed sensor
exhibits a 10-nM lowest detection limit and a ∼45–50 s
response time. The stable lifetime of the sensor was found
to be 40 days when stored at 4◦C after each measurement.
According to the study of the sensor response, the PANI-
ZnO matrix is a suitable and ideal candidate for cladding
modification in an optical sensor as well as for enzyme
immobilization. Lastly, we concluded that the developed
sensor is efficient and useful for practical application in
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biomedical industries for the detection of urea due to its
features of high sensitivity, specific selectivity, stability, and low
detection limit.
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