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Chapter

Application of Fiber Optics in
Bio-Sensing
Lokendra Singh, Niteshkumar Agarwal, Himnashu Barthwal,

Bhupal Arya and Taresh Singh

Abstract

The unique properties of optical fibers such as small size, immunity to
electromagnetic radiation, high sensitivity with simpler sensing systems have found
their applications from structural monitoring to biomedical sensing. The inclusion
of optical transducers, integrated electronics and new immobilization methods, the
optical fibers have been used in industrial process, environmental monitoring, food
processing and clinical applications. Further, the optical fiber sensing research has
also been extended to the area of detection of micro-organisms such as bacteria,
viruses, fungi and protozoa. The validation of optical fibers in bio-sensing
applications can be observed from the growing number of publications. This chap-
ter provides a brief picture of optical fiber biosensors, their geometries including
the necessary procedure for their development. This chapter could be a milestone
for the young researchers to establish their laboratory.

Keywords: optical fiber, biosensors, biomedical sensing, environmental
monitoring, micro-organisms detection

1. Introduction

The inclusion of optical fibers in bio-sensing applications was started by two
different, but interrelated discoveries, such as the laser light and optical fibers. The
theoretical work of C. H. Townes and A. L. Schawlow was used by T. H. Maiman to
develop the first laser. A optical signal obtained through laser is highly collimated,
inherently coherent, and quasi monochromatic with the data transfer capability.
The optical signal propagates in optical fiber by obeying the principle of total
internal reflection (TIR) with very low losses and the first working model of optical
fiber was proposed in 1965 [1]. The working model of optical fiber was put
forwarded 100 years after the demonstration of concept of light. Since, then the
main focus was to improve the transmission of optical signal through fibers.
Nowadays, the key focus is on long distance high speed communication with low
transmission losses such as 2 dB/km [2]. The unique properties of optical fibers such
as immunity to electromagnetic (EM) interference and miniature footprints, the
optical fiber has found niche application in sensing [3].

A schematic of conventional single mode fiber (SMF) used in the field of tele-
communication is shown in Figure 1, consisting of three layers such as a silica core
having diameter of in order of several microns (� 2–9 μm) and doped with germa-
nium to boost up its refractive index (RI), a silica cladding of diameter of 125 μm
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and a coating of plastic jacket. Although, the plastic coating does not play any role in
light propagation but provides the mechanical strength to the fiber. The optical
fibers can be fabricated by using some other materials such as chalcogenide [4],
plastic [5], and composites, with different composite materials in core and cladding.
Based on the core size, operating wavelength, and RI difference of core and clad-
ding, an optical fiber can work in the regime of single or multimode. In single mode
fibers, the distribution of optical signal profile in core is Gaussian, while in
multimode signal profile is more complex [2].

The optical sensors detect the variation in optical properties of propagating
signal, that occurs due to the physiochemical change in targeted environment.
The optical fiber based sensors classified into two categories on the basis of sensing
region such as extrinsic or intrinsic sensors. The sensors directing or collecting
optical signal to and from external environment are termed as extrinsic sensors [6].
The sensors in which the properties of optical signal vary within the fiber are known
as intrinsic sensors [7]. In general, extrinsic sensors being used for the detection of
external stimuli such as physical or biochemical parameters. The optical fiber based
measurement techniques have received a great attention especially in the field of
structural monitoring, railway and aerospace, chemical and biological sensing,
medical diagnosis and environmental monitoring.

Since, the key application of SMF were in the field of telecommunication, and
hence, fabricated in such a way that the influence of external field can be minimized
on propagating signal. However, for the efficient operation of optical fiber sensors,
the interaction of optical signal with external environment should need to be max-
imized. This can be attained by adopting different optical fiber processing schemes
which frequently utilizes the interaction of leaking fields with external environ-
ment. The commonly used geometry of optical fiber in sensing applications are
discussed in following subsections.

1.1 Cladding less evanescent based optical fiber sensors

The easiest way to increase the interaction of evanescent waves (EW) with
external medium is removal of cladding, and a schematic of cladding less optical
fiber sensor is illustrated in Figure 2. The changes in propagation of optical
signals due to variation in external environment facilitates the EW spectroscopy
[8]. The facilitation of EW spectroscopy is highly sensitive and powerful technique
to quantitatively and qualitatively investigate the environment present in the vicin-
ity of sensing region of sensor. The EW leaks from core to cladding and the distance

Figure 1.
Schematic of single mode optical fiber [1].
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is termed as penetration depth. The penetration depth of EW can be evaluated
as [9]:

dp ¼
λ

2π n2eff � n2s

� �1=2
(1)

where, λ is the propagating wavelength, ns is the RI of surrounding environment
and neff is the RI of guided mode propagating in the core.

The absorption spectrum of surrounding medium attenuates the EW which
hindered the propagating mode. This can be understood from Lambert–Beer Law
which is given as:

I

I0
¼ c ∗ α ∗L (2)

where, c is the concentration of absorption substance, α is the attenuation
constant of EW, and L is the path length in which optical signal interacts with the
surrounding medium. I0 and I are the intensities of the optical signal before or after
the interaction to the external environment, respectively. The optical fiber sensor
structure presented in Figure 2 can be attained by removing the cladding part by
using conventional approach such as treating the fiber with hydrofluoric (HF) acid
[10]. To remove the cladding, fiber structure should need to be immersed in HF
acid at constant stirring at 50 rpm. In cladding less optical fiber sensors the interac-
tion of optical signal with surrounding can be enhanced by bending it in U-shape
[11]. The U-shape bend is also useful for monitoring because source and detector
will be on same side. Although, the cladding less fiber can also be attained by using
other techniques such as plasma etching, but it will turn into expensive systems.

1.2 Tapered optical fiber sensor

An access to EW can also be obtained by tapering the optical fiber structure. The
tapering of optical fiber usually done within the dimensions varying from

Figure 2.
Schematic of cladding less optical fiber sensor structure [3].

Figure 3.
Schematic of tapered optical fiber structure [12].
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submillimeter to several millimeters. The tapered region of the optical fiber main-
tains the uniform diameter with conical ends to merge it with unaltered part of
optical fiber as illustrated in Figure 3. The tapering of fiber is done by heating the
fiber structure by using flame or CO2 laser beam. The properties of tapered optical
fiber sensor is based on the diameter of conical ends, diameter of tapered region,
and RI of surroundings. The proportion of EW power in tapered fiber structure,
increases with decrease in diameter of tapered region and with decreasing RI dif-
ference of external environment and of fiber [13]. The tapered optical fiber pro-
vides numerous advantages to the sensors such as compactness, higher sensitivity
and flexibility. The tapered optical fiber classified into categories such as adiabatic
and non-adiabatic. When the tapered transition region is small in such a way that
maximum optical power confines within the core, then such structure are termed as
adiabatic tapered fibers [13]. However, in non-adiabatic one the diameter of
tapered region is less than 10 μm and the propagating modes couples into higher
order modes [14]. The tapered optical fibers have been utilized in various sensing
applications [15–17]. In case of tapered fiber structures, the interaction of EW with
surrounding medium can be analyzed by two different.

approaches. In first approach, the attenuation of signal is to be measured which
is propagating through tapered region and depends on the RI of surrounding
medium [18]. In second one, the variation in surrounding medium affects the RI of
modes propagating in the tapered section of fiber and works interferometrically, by
using mode theory [19].

1.3 Interferometers

The optical fiber interferometers provide very high sensitivity because of their
unique operational mechanism and usually known as modal interferometers (MI).
In MI basically, the propagating modes splits into two modes at sensing region
which are traveled in different RI regime that causes a difference in their phase and
wavelength. The different properties of propagating modes lead to the interference
in fundamental and higher order modes and results into a transmission spectrum
with fringes. The phase of the fringes ca be given as:

φ ¼
2π

λ
δneffð ÞL (3)

where, L is the center to center distance between twomodes and λ is the operating
wavelength [20]. A SMF and thin core fiber (TCF) based Mach-Zehnder interferom-
eter (MZI) is presented in Figure 4. The first strand of SMF carries a single mode
which splits into two parts at TCF due to variation in core diameter. In second strand
of SMF the modes from TCF gets recombined at SMF. The difference in phase of
recombinedmodes leads to the addition or cancelation of phase at output of MZI [20].

The optical fiber based Michelson interferometers were also proposed and a
schematic is illustrated in Figure 5. In Michelson interferometer, the core modes

Figure 4.
Schematic of SMF and TCF fiber based Mach-Zehnder interferometer [21].
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distributed into higher order modes at tapered section and after striking to gold film
reflects back and recombined at the tapered section. Therefore, an interference
between the modes occurs at the tapered region that causes the generation of
fringes. The presence of external medium in the region separating the taper and
gold films introduces the interfering features in the received signal. In similar
physical length, Michelson interferometer provides higher sensitivity because the
twice interaction of optical signal with sensing region. These interferometers works
on the basis of measurement of wavelength or amplitude of the spectrum.

received at the output. An another type of optical fiber based interferometer is
Fabry-Perot interferometer (FPI). The FPI is consisting of a cavity between two
reflectors and illustrated in Figure 6. Alternatively, a FPI can be developed by coating
a thin metallic layer at the tip of the fiber which acts as a mirror and the distance
between metallic layer and surrounding medium as an another mirror. A change in
the RI of cavity or its length can modulate the signal. The modulated signal will be
further used to measure the targeted measurand that modulates the signal.

1.4 Grating based optical fiber sensor

An optical fiber grating is consisting of slots placed periodically with an equal
proportion. The slots in optical fiber structure leads to the modulation of the propa-
gating optical signal. The grating can be incorporated by exposing the fiber structure
to the ultra-violent or femtosecond laser with desired geometry [23]. The optical fiber
based grating structure were also found to be a good candidate for the sensing
applications [23]. A schematic of FBG sensor with its measurement setup is illustrated
in Figure 7. The grating structure couples the forward and backward propagating
modes of the core at the particular wavelength that satisfies the Bragg condition. A
Bragg grating is considered as reflector which reflects a specific wavelength band

Figure 5.
Schematic of optical fiber based Michelson interferometer [3].

Figure 6.
Schematic of optical fiber based FPI sensor [22].
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along the optical fiber and transmitted all others. The reflected Bragg wavelength is
governed by a mathematical expression which can be given as [23]:

λBragg ¼ 2ηeff (4)

In Bragg grating based sensors, the interaction of EW with surroundings can be
maintained or enhanced by modifying the fiber geometry such as tapering, etching of
cladding of sensing region. Therefore, to overcome this limitation, tilted Bragg grat-
ing can be utilized in which the gratings are designed at a specific angle with respect
to the axis of the core. The interaction of cladding modes with EW changes the
wavelength of propagating cladding modes [25]. The interaction of EW with sur-
rounding medium leads to the induction of inherent sensitivity to the external RI and
to the nano-coatings placed over the cladding layers. While considering the fact long
periodic (LPG) grating structures were come into origin. The LPG are generally
created with in the length of 100 microns to 1 mm as illustrated in Figure 8. LPG
usually couples the light form the core modes to the co-propagating modes of the
structure [27]. The cladding mode suffers higher attenuation, therefore, the trans-
mission spectrum of LPG can be analyzed by using the series of resonance bands.

From the above discussion, it can be concluded that optical fiber based sensors
have wide applications in bio-sensing applications. A short summary of above
discussed different geometries of optical fiber sensor structures is tabulated in
Table 1. The tabulated form is easy enough to get a brief introduction to the
required geometry of sensor.

Figure 7.
Schematic of measurement setup of FBG sensor [24].

Figure 8.
Schematic of NP coated LPG sensor structure [26].
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2. Biochemical measurands in healthcare

The optimum properties of optical fibers such as higher sensitivity and low limit
of detection are the crucial parameters, but in addition, the selectivity is also an
important concept in biochemical measurement. The selectivity or specificity is
important to avoid the interference of other biomolecules or biomarkers presented in
targeted analytes. There are two approaches based on which the selectivity of bio-
sensor can be attained. The first approach is to use special material fibers such as
chalcogenide glasses, fluoride or silver halide glasses [28]. These fibers are transpar-
ent to IR wavelength, and on the contrary, biomolecules pursue the highly absorption
features [29, 30]. However, the use of chalcogenide fibers is not useful because of
their potential toxicity and still an effort is required to improve their responses
towards biomolecules [28]. In second approach, there is indirect sensing of analytes
by placing a biochemical layer over the sensing region. The biochemical layer changes
the optical properties on the basis of surrounding RI. Such biosensors provide the
quantitative and qualitative information of the chemical reagent under examinations.
The chemical layer over the sensing region means the wavelength of output optical
signal is managed by the properties of biochemical layer instead of absorption spec-
tra. The sensitivity of such biosensors is depends on the length of sensing area,
amount of EW and optical properties of the coated biochemical layer [31].

2.1 Chemical optical Fiber sensors

The diagnosis of biomolecules present in human bodies can be detected in two
phase such as in gases or in liquid. In gas phase, the analysis can be done by analyzing
the gases exhaled from skin or breath. In liquid phase, the analysis of biomolecules
can be done by testing the samples such as urine, saliva, blood, sweat and tears.

2.1.1 Diagnosis in gas phase

The biomarkers released from human bodies are useful to develop the non-
invasive techniques. The diagnosis of these biomarkers is important to find the
presence of disease [32, 33]. The breath sniffing method is useful to analyze the
patient suffering from renal failure in rats [34] and lung cancer detection [35].
Oxygen and carbon dioxide are the two gases that are routinely checked in clinical
applications. The detection of these two gases was also performed by using optical
fiber sensor by using pH indicator separated with well separated with emission
bands [36]. Ammonia is one of the major component that affects the body

Sensor type Measurand Light parameters Units

Cladding less Absorption, concentration Intensity dB, %

Tapered RI, absorption, concentration,

pressure, temperature, strain

Wavelength shift, intensity dB, %, nm

Interferometers RI, absorption, concentration,

pressure, temperature, strain

Intensity, wavelength shift,

phase

dB, %, nm,

degrees

FBG pressure, temperature, strain Intensity, wavelength shift dB, %, pm

LPG RI, absorption, concentration,

pressure, temperature, strain

Intensity, wavelength shift dB, %, nm

Table 1.
Summary of measurand and light parameters of different sensor structures.
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metabolism and can disturb the functioning of kidney and liver [37, 38]. In normal
conditions, the ammonia releases from body skin from slight alkaline blood and its
detection is used to diagnose the disease related to kidney and liver [39]. The
ammonia diagnosis was carried out by using optical fiber sensors. Initially, the
detection was done by employing pH detector based on indications [40]. Since
then, reflector sensor tips [41], EW based fiber grating [42], and lossy mode
resonance (LMR) [43] were reported. The sensitivity and limit of detection of such
optical fiber sensor was extremely good in comparison of existing works.

The diagnosis of various organic compound is hardly done at clinical level, but
number of studies were reported. Although, the optical fiber sensors for the detec-
tion of organic compounds are not very sensitive [44]. An EW based optical fiber
sensor was put forwarded for the detection of gas exhaled from human skin [45].
The proposed sensor is also capable of analyzing the physiological changes by
applying a pattern recognition technique. The optical fiber sensors have also been
utilized for the diagnosis of humidity, which is one of the important factor in case of
critical conditions [46]. The increase in humidity in human bodies leads to the
dryness in mucosa and cause difficulties in breathing. However, instead of such
critical need, the optical fiber based humidity sensors cannot be used in medical
applications because of slow response and recovery time.

2.1.2 Diagnosis in liquid phase

The diagnosis of biomarkers present in human bodies can be done by measuring
the pH of liquid. The pH of liquid present in stomach is varies from 1.3 to 3.5, and of
urine and pancreas is from 8.0 to 8.8 [47]. A tilted FBG based sensor structure was
reported to detect the pH of human body fluids [48]. The sensor is working on the
basis of coated polymer films whose thickness varies according to the variation of
body fluid concentration and leads to the change in optical properties of the signal.
Despite of reported articles, the pH sensors have been utilized in vivo applications
and are commercially provided by the Ocean Optics [49] and PreSens [50] with
enough capabilities to be utilized in medical applications.

The pH detection in bio-fluids is also useful to detect the presence of drugs
which will be helpful for pharmaceuticals and could be a milestone to develop
therapeutic aids for human and animals [51]. The detection of antibiotics in human
blood stream can be a useful step to prevent the overdose or to provide the effective
dose for specific disorder. A LPG based vancomycin sensor was reported which can
be used to treat some severe gram-positive infections [52]. The sensor is capable of
detecting the very low concentration of antibiotics present in blood stream which
were at the concentration of 10 nM with high specificity towards other biomole-
cules. Similarly, propofol is an anesthetic usually used in surgery and in regular use
in intensive care units. Therefore, the detection of presence of propofol in human
body is also an important factor, and a work was put forwarded for its detection
while employing the optical fibers [53]. The reported work demonstrated a strong
linearity with whole blood samples of human bodies.

3. Characterization and analysis process of optical fiber biosensors

The different geometries of optical fiber sensors should need to be characterized
before involving them in sensing of biomolecules. The development of optical fiber
biosensors involves four different process such as fiber geometries, used
nanoparticles, detection of biomolecules and sensing analysis of developed sensor

8

Fiber Optics - Technology and Applications



probes. Therefore, this section presents a brief discussion of about the necessary
characterization of optical fiber sensors at all the steps.

3.1 Optical fiber sensor geometry

The validation of drawn fiber sensor geometry such as tapered fiber, MZI etc.
can be done by using scanning electron microscopy (SEM). SEM is a kind of
electron microscopy which employs a focused beam of the electron to analyze the
surface of optical fibers. The SEM image of a tapered optical fiber probe is illus-
trated in Figure 9. In Figure 9, there are two SEM images where the first one is
representing an image of tapered optical fiber sensor and another image such as
Figure 9(b) is representing the distribution of nanoparticles coated over the sens-
ing region of fiber structure. In some other cases, the diameter analysis of tapered
optical fiber sensor structure was measured directly by using the fabricating
machine, but the accuracy of the measured diameter was not up to the mark, and
illustrated in Figure 10 [55].

3.2 Nanoparticles

The optical fiber sensor structures also utilize the immobilization of
nanoparticles over the sensing region to enhance the sensitivity by means of intro-
ducing the concept of localized surface plasmon resonance (LSPR) phenomenon.

Figure 9.
SEM image of SERS probe of a tapered optical fiber sensor structure: (A) tapered optical fiber, and (B)
distribution of nanoparticles over the fiber [54].

Figure 10.
Analysis of tapered optical fiber sensor structure: (a) diameter analysis, and (b) transmitted spectra [55].
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The characterization of nanoparticles can be done by using UV-spectrophotometer
and by observing their distribution through transmission electron microscopy
(TEM) images. TEM is also a technique that employs a focused beam of electrons to
visualize the distribution of particles in nanometer dimensions. The UV-
spectrophotometer provides the resonance peak of the nanoparticles through the
absorbance spectrum and is useful to confirm their initial synthesis. The resonance
peak of all the nanoparticle is different and usually falls in the visible spectrum of
white light. The peak resonance wavelength in absorbance spectrum of gold and
zinc oxide nanoparticles appears at 519 nm and 370 nm for the particles size of less
than 15 nm and 50 nm, respectively, and illustrated in Figure 11. The initial confir-
mation of nanoparticles can be carried forward to analyze their distribution which
usually done by using capturing the microscopic image by using TEM. The TEM
images of gold and zinc nanoparticles are illustrated in Figure 12. From the TEM
images it can be concluded that the distribution of nanoparticles is uniform and
easily visible. Further, the morphology of the nanoparticles or layered
nanomaterials is also an important factor to assure the synthesis of nanoparticles,

Figure 11.
Absorbance spectrum of nanoparticles: (a) gold, and (b) zinc oxide [55].

Figure 12.
TEM images of nanoparticles: (a) gold, and (b) zinc oxide [55].
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and can be done by taking the images by using atomic force microscopy (AFM). An
AFM image of zinc oxide nanoparticles is illustrated in Figure 13.

3.3 Biomolecules

The preparation of samples of targeted biomolecules is also an important factor
which helps in increase the performance of sensor probe. The analysis of samples of
the targeted biomolecules can be done by preparing them in different pH base
solutions. The similar kind of approach has been used to analyze the validity of
ascorbic acid (AA) samples and illustrated in Figure 14. The performed test was
basically done to check the solubility of artificial samples of AA [55]. The analysis
was done by dissolving the artificial sample of AA in different pH solutions and the
samples of lowest and highest concentration were prepared. Then, the peak reso-
nance wavelength was measured for the highest and lowest sample concentration
and their difference is plotted with respect to each pH solution. For the reported
work, it was concluded that the AA samples are highly soluble in phosphate buffer
solution (PBS) whose pH is about 7.4.

3.4 Sensing analysis

The sensing analysis of the sensor probe can be done in several steps. The first
step is to sense all the samples through the sensor probe. For each measurement

Figure 13.
AFM image of zinc oxide nanoparticles [55].

Figure 14.
Solubility test of ascorbic acid samples in different pH solutions [55].

11

Application of Fiber Optics in Bio-Sensing
DOI: http://dx.doi.org/10.5772/intechopen.99866



respective peak resonance wavelength can be recorded which is useful to plot the
autocorrelation coefficient of the sensor probe. The autocorrelation curve is used to
evaluate the linearity, regression coefficient, sensitivity and resolution of the sensor.
Then, the analysis of sensor can be done in terms of stability, reusability, reproduc-
ibility and selectivity.

The stability of any optical fiber biosensor can be evaluated by measuring the
base solution through a sensor probe more than 10 times. The results can be plotted
in terms of number of measurements and peak resonance wavelength. Then, the
standard deviation (SD) can be evaluated to observe the stability and for a good
sensor SD is usually less than 0.1.

The reusability is an another important parameter to analyze the performance
of optical fiber sensor. Reusability can be evaluated by measuring two different
concentration of bio-molecules through the same sensor probe. The measurement
of any concentration should need to be performed three times to attain higher
accuracy. The sensor head must need to be rinsed properly after all the measure-
ments by using base solution. Then, the results can be plotted in terms of recorded
spectra or in terms of peak absorbance wavelength. The resonance wavelength for
similar concentration should be same for each measurement to attain the higher
reusability.

The reproducibility is also an another important factor to analyze the
performance of any optical fiber sensor. The reproducibility test can be done
by measuring the similar concentration of bio-samples through one sensor probe.
The measurement must need to be done at least 5 times to attain the higher
accuracy. The outcome of the measurements can be plotted in terms of recorded
spectra and in terms of peak resonance wavelengths. The higher reproducibility of
the probe can be claimed if the peak resonance wavelength for all the measurements
is similar.

The selectivity or specificity of the optical fiber sensor is a crucial factor of
an optical fiber biosensor which helps in to remove the interference of other
biomolecules present in real liquid samples of human bodies. The higher
specificity of any optical fiber sensor can be attained by functionalizing the
sensor head with appropriate enzyme which oxidize only in the presence of
targeted bio-samples. For instance, the AA oxidized only in the presence of
ascorbate oxidase.

4. Conclusions

This book chapter presents a brief discussion about the different optical fiber
geometries which have been utilized for the development of different optical fiber
sensors and biosensors. The mostly common used geometry of optical fibers is
cladding less, tapered, interferometers, and gratings. The second section of the
chapter presents the brief discussion about the presence of biochemical markers
usually used in bio-sensing applications. The detection of biochemical markers is
generally done in two phases such as in gas phase and in liquid phase. The third
section of the chapter presents a brief discussion of the characterization and sensing
process of the optical fiber based biosensors. The characterization of optical fiber
sensor is done by capturing the images through TEM, SEM and AFM. The analysis
of nanoparticles can be done by recording the absorbance spectrum by using UV-
spectrophotometer. The sensing analysis of the optical fiber sensor can be done by
performing the stability, reusability, reproducibility and selectivity test of the sen-
sor probe. The optical fiber based biosensors are emerging in current era and can be
employed in various health care applications.
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