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ABSTRACT: Over the last 20 years, optical fiber-based devices have been
exploited extensively in the field of biochemical sensing, with applications in
many specific areas such as the food processing industry, environmental
monitoring, health diagnosis, bioengineering, disease diagnosis, and the drug
industry due to their compact, label-free, and highly sensitive detection. The
selective and accurate detection of biochemicals is an essential part of
biosensing devices, which is to be done through effective functionalization of
highly specific recognition agents, such as enzymes, DNA, receptors, etc.,
over the transducing surface. Among many optical fiber-based sensing
technologies, optical fiber interferometry-based biosensors are one of the broadly used methods with the advantages of
biocompatibility, compact size, high sensitivity, high-resolution sensing, lower detection limits, operating wavelength tunability, etc.
This Review provides a comprehensive review of the fundamentals as well as the current advances in developing optical fiber
interferometry-based biochemical sensors. In the beginning, a generic biosensor and its several components are introduced, followed
by the fundamentals and state-of-art technology behind developing a variety of interferometry-based fiber optic sensors. These
include the Mach—Zehnder interferometer, the Michelson interferometer, the Fabry—Perot interferometer, the Sagnac
interferometer, and biolayer interferometry (BLI). Further, several technical reports are comprehensively reviewed and compared
in a tabulated form for better comparison along with their advantages and disadvantages. Further, the limitations and possible
solutions for these sensors are discussed to transform these in-lab devices into commercial industry applications. At the end, in
conclusion, comments on the prospects of field development toward the commercialization of sensor technology are also provided.
The Review targets a broad range of audiences including beginners and also motivates the experts helping to solve the real issues for
developing an industry-oriented sensing device.

1. INTRODUCTION biochemicals like flavor, color, and food dyes is happening in
an uncontrolled way to improve the food quality artificially. In

Biosensing technology comprises advanced detection methods
many cases, the safe limit of these adulterants is exceeded,

with innovative analytical developments for the recognition of

several biological elements covering a broad spectrum of which causes food poisoning and various other severe health
applications. Some of these are clinical diagnostics, environ- issues. Thus, nowadays food safety is also a major issue for
mental monitoring’ and agricultural applications_ An'long them, human civilization. Last but not least, humanity is facing large
the most recent field of biochemical detection is clinical health, social, and economic negative impacts due to the origin
diagnostics tests, where precise measurement of different and transportation of the coronavirus and its several
biochemicals associated with human physiological processes is mutants.”® Hence, viral diagnosis is also a very highly
always essential to help keep our bodies fit and healthy.l’2 demanding field for biosensing applications.

Pharmaceutical application is another important sector At present, many transducing methods are being developed
involving various types of medicines, vitamins, and drugs for or utilized toward biosensing, such as plasmonic,” electro-
preventing and curing several diseases, where accurate chemical,® thermometric,” piezoelectric,'® and magnetic

measurements and detection of different reagents are required methods.!!
to obtain the best results.” One of the serious problems in
recent years has been environmental pollution due to the
addition of different toxic pollutants into natural water
resources or air. These are mainly different biochemicals
produced naturally or in several manmade processes. There-
fore, exact monitoring of these toxic biochemicals is essential
to control environmental pollution and maintain the safe stable
state of the ecosystem.” Adulteration due to different harmful

Among them, optical fiber-based biochemical
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sensors have attracted huge attention from the science
community because of the outstanding features of optical
fibers like compact size, superior biocompatibility, remote
operation potential, and multiplexing detection capability. For
biomedical application, we would like to mention that the most
applied biomedical use of optical fiber is in endoscopy, as it
provides an extra benefit of light propagation with bending so
imaging of cells, tissues, and other biological components
within the human body becomes possible. Conventional silica
fiber is not a very biocompatible material, but specially
fabricated fibers such as polymer fiber and hydrogel-based fiber
have been proven good candidates with better biocompati-
bility. Hence, these can be used for in vivo monitoring of
biological analytes along with their remote sensing capability.
Regarding the immunity to electromagnetic interference, as we
know, light propagation in optical fiber occurs through the
total internal reflection (TIR) phenomenon, where most of the
light is guided through a high index core with a small
attenuation through the cladding. This light is strongly isolated
from the additional ambient electric/magnetic field and no
light can be externally coupled through the fiber, which makes
the light unaffected by external electromagnetic interference or
perturbation. Additionally, the light propagation through the
fiber with minimum loss without bending and external
electromagnetic interference keeps the signal highly stable.
The above-mentioned advantages provide optical fiber an
additional advantage compared to traditional substrates for
optical sensing.

Several technical methods for the fabrication of optical fiber-
based biochemical sensors are proposed in the literature,
including fiber Bragg gratings (FBGs),"? long-period gratin$s
(LPGs),"” surface-enhanced Raman scattering (SERS),"*
surface plasmon resonance (SPR),"” lossy-mode resonance
(LMR),"® and optical fiber interferometry."” A broad range of
research papers, reviews, and books have been published
comprising the fields of FBGs, SPR, and SERS for biosensing
applications'*™*° without covering the field of fiber optic
interferometry. Hence, the present Review has a strong focus
on optical fiber interferometry along with a discussion on the
fundaments of advanced developments. Specifically in the case
of fiber optic interferometry, the advantages are higher
sensitivity (as it is sensitive toward the phase change of the
light propagating through the sensing layer), higher sensing
resolution (as the fwhms are comparatively lower than those of
conventional fiber sensors), and hence lower detection limits,
higher operating wavelength tunability (one can choose the
operating wavelength based on the application), and a wide
dynamical range. The recent decade has witnessed substantial
progress in optical fiber interferometric-based devices,
especially for biosensing and lasing applications.”"”> These
interferometric devices intrinsically can identify the analytes
with significantly zero selectivity based on the refractive index
variation of the surroundings, which limits their applications
toward biosensing applications that require high sensitivity
along with high detection specificity. To overcome this
challenge, an efficient method is to functionalize the
interferometric sensing platform using a highly specific
recognition layer toward the target molecule to be detected.
The selectivity for such a sensor can be improved by
immobilizing a variety of sensing materials, including antibod-
ies,”? aptamers,24 enzymes,25 nucleic acids,*® and molecular
imprinting polymer (MIPs),”” on the sensor surface.
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A working mechanism of a generic biosensor using a fiber-
based interferometric platform is as follows. The target
biomolecule interacts, covalently or noncovalently, with the
highly specific sensing layer immobilized over the interfero-
metric platform by changing its refractive index. This is then
translated through the change in the characteristics of the light
propagating through the fiber in terms of effective refractive
index (RI) variation, spectral absorption, phase, and polar-
ization. These parameters are then translated into optical
signals and measured at the output end of the fiber
interferometric platform using a spectrometer, optical spec-
trum analyzer (OSA), interrogator, etc. The sensitivity of these
sensors can be enhanced by several interferometric platforms™®
through increasing the loading capacity of the guest molecules
and incorporating nanostructures and absorbing 2D materials
such as carbon nanotubes,® graphene,30 nanoparticles,31
quantum dots.””~>* A broad range of interferometric-based
biochemical sensors have been successfully developed and
demonstrated by researchers, leading the technology toward
more reliable, sensitive, and industry-enabled devices.

The present Review covers an exhaustive survey of
fundamentals and technological advancements in fiber optic
interferometric sensors, especially for biosensing applications.
There are few review articles available in the literature, they are
but limited to the ph_;fsical measurements or some extent for
chemical sensors.”> >’ For fundamental aspects, five types of
interferometric-based biochemical sensors, namely Mach—
Zehnder interferometer, Fabry—Perot interferometer, Michel-
son interferometer, Sagnac interferometer, and biolayer
interferometer, are overviewed in terms of sensing structure,
operating principles, and biosensing application fields.
Furthermore, the advantages and disadvantages of these
interferometric-based biochemical sensors are evaluated in
this paper, covering examples of the various reported studies.
Later, a summarized overview of the paper along with
advancements in technology and future perspectives are
exploited.

2. A GENERIC BIOSENSOR

A conventional biosensor consists of three major segments.
The first is the target analyte that is to be detected, the second
one is the recognition layer or sensing element that binds with
the target analyte, and the last one is the transducing element.
When the target analyte is recognized and bounded by the
sensing element of the sensor through specific molecular
interactions, a change in its physical properties, such as color,
refractive index, mass, pH, and conductivity, or even in its
chemical properties takes place. A few examples of sensing
elements or receptors such as antibodies, enzymes, DNAs,
nucleic acids, aptamers, and molecular imprinting polymer
(MIP) have a selective interaction toward target molecules.
Transducer elements translate these changes in the sensing
region into some monitorable signal using some physical
methods including electrochemistry (identification of changes
in electrical properties), quartz crystal microbalance (QCM,
mass sensitive method), surface plasmon resonance (SPR, for
determination of RI changes), absorption, and scattering.
Hence, by observing these changes, one can identify the
presence of target analytes to achieve recognition. This is the
basic sensing mechanism of any biochemical sensor. Figure 1
presents a basic structural concept about general biosensors.
Depending upon the nature of sensing elements, biochemical
sensors can be classified into the following categories.
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Figure 1. A general pictorial representation of the biochemical sensor.

1. Immunosensors. Immunosensors are classified for the
identification of a selective immunoreaction between the target
antigen and corresponding antibodies via the formation of a
stable immunocomplex. In such sensors, one element acts as a
sensing agent, which is used to immobilize the transducing
platform, while another acts as a target analyte. The
transducing element converts an antibody—antigen binding
event to a measurable physical signal. The antibodies are
generally synthesized within the human body or any other
living animal called the host. In this synthesis process, the
antigen is inserted in the host body, and then the natural
immune system of the host fights to protect the body from the
guest antigen by producing the specific antibody.”® The
antigen—antibody interaction is highly specific, with high
affinity toward the target analyte. Due to the novel character-
istics of immunosensors such as selectivity, sensitivity,
reversibility, real-time performance, and miniature ability,
they have become popular for the measurement of different
pathogenic micro-organisms responsible for the diseases, such
as proteins, enzymes, viruses, bacteria, and hormones.

2.2. Aptamer-Based Sensors. Aptamers are some good
examples of functional molecules for the in vitro selection of
different biochemicals with high specificity. These recognizing
elements have been used mainly in electrochemical, optical, or
mass-sensitive analytical techniques for the development of
biosensors. In 1990, two groups independently developed in
vitro selection and amplification for the isolation of RNA
sequences that could specifically bind to target molecules.’
These functional RNA oligonucleotides were then termed
aptamers. Later, DNA-based aptamers were also found.
Aptamer technology has received tremendous attention in
the scientific and industrial communities for the development
of biosensors and bioassays due to its small size, cost-
effectiveness, and chemical stability. The aptamers can be
synthesized from commercial sources with high reproducibility.
Hence, for high specificity and affinity, they can be used for in
vitro detection of any given target, ranging from small
molecules to large proteins and even cells. This makes it
possible to develop a wide range of aptamer-based
biosensors.*”*'

2.3. Enzymatic Sensors. Enzymes are classified as
chemical reagents or analytical catalysts playing a pivotal role
in specific chemical interaction kinetics with the target analyte.
The combination of an enzyme as a recognition material with a

3039

transducer to obtain the outcome as a function of the target
analyte concentration is called an enzymatic biosensor. A few
examples of enzymes used for biosensor fabrication are glucose
oxidase (GOx) for glucose detection,*” cholesterol oxidase for
cholesterol sensing,”’ and acetylcholinesterase for neuro-
transmitter activity detection.”* The chemical interactions
between the enzyme and corresponding analyte are generally
highly specific, such as in the case of glucose, with glucose
oxidase (GOx), gluconolactone, and hydrogen peroxide
(H,0,) formed. Gluconolactone is hydrolyzed to gluconic
acid (gluconate™ and H* ions), while H,O, also dissociates to
oxygen molecules, H" ions, and electrons. This is a reversible
process, and only glucose can interact with GOx, which makes
the sensor specific.*’ The same stands for other enzymatic
biomolecules. The enzyme-based immunoassay is commonly
designated as an enzyme-linked immunoassay (ELISA).*
Efficient processing to optimize the immobilization and
enzyme concentration over the transducing surface leads to
increased catalytic performance and specificity. The immobi-
lization process follows several analytical techniques like
absorption, sol— %el method, polymeric film growth, or
covalent binding."”*® Out of these, the easiest technique for
immobilizing the enzyme around the sensing probe region is
absorption. This is done by simply dipping the sensing probe
surface into the enzyme solution. In this immobilization
technique, the enzyme coating is produced in an irregular
fashion that sometimes affects the efficient selective binding of
the target analyte. The sol—gel method is another approach to
increase the homogeneity of the enzyme-entrapped sensing
layer, which is done by adding enzyme in a sol—gel precomplex
during gel formation. As a result, the entrapped enzyme does
not lose its selective binding affinity, resulting in enhanced
binding sensitivity toward the target analyte.”” Currently, the
integrated approach of the sol—gel method and nano-
technology has proven to be an efficient probe functionaliza-
tion method in biochemical sensor fabrication.”” The probe
functionalization process using enzymes is also done through
covalent binding with an optical fiber surface. In this case, the
functionalization is done using a water-insoluble linking agent.
Amino acid is a good example of a linking agent that does not
affect the binding process of an enzyme. Hence, this covalent
binding technique itself shows very stable performance and
enhances the sensor’s shelf life significantly.

2.4. Cell-Based Biosensors. Another category for
biosensor characterization based on the sensing layer is cell-
based biosensors, which are fabricated through genetic
modification of living cells. The sensing surface is function-
alized using these modified cells. The sensing mechanism relies
on the interaction of the living cell with the target analyte,
resulting in adaptation and survival depending upon the
ambient atmospheric conditions. These functionalized cells are
very sensitive to any change in external analyte and produce
readable output in terms of shape and size of cells,
fluorescence, color change, and morphological modification
in the cell membrane. These sensors are compact, easy to
handle, cost-effective, highly sensitive, and selective toward
biological target analytes.”' These sensors facilitate the
collection of information about the sensing analyte based on
the morphological changes, and cell interactions through
attachment/detachment or even through cell death.>”

2.5. Molecular Imprinted Polymer (MIP) Based
Sensors. Molecularly imprinted polymers (MIPs) are artificial
molecular receptors having synthetically and complementarily
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Figure 2. Schematic diagram of an optical fiber-based MZL. (a) The basic structure of a dual-arm-based MZI. In-line fiber-based MZI for different
configurations using (b) long period grating (LPG), (c) fiber core mismatching, (d) air-hole collapsing of the photonic crystal fiber (PCF), (e)
multimode fiber (MMF) segment, (f) thin core fiber (TCF) segment, and (g) micro/nanostructured fiber combinations.

prepared molecular mimics in a special polymeric medium.
The synthesis procedure consists of mixing a certain amount of
template (target analyte) with the functional monomer, having
noncovalent/covalent molecular interaction in between. This
template—monomer complex is then polymerized in the
presence of a subsequent cross-linking agent and initiator.
The polymerization process ensures the template molecule is
frozen at a certain position within the polymer backbone. In
particular, when the solvent is removed (which can break the
template—monomer bond), the template detached from this
position leads to the formation of three-dimensional
complementary scaffolds of the template molecule within the
polymer structure. These void sites have a highly specific
binding affinity toward the target template and work as
receptors in the sensing medium. The sensing mechanism of
MIP-based biochemical sensors is similar to the previously
mentioned recognizing elements with comparable binding
affinity for the target analyte. However, these are more robust,
durable, cost-effective, reusable, and suitable for working in
harsh environmental conditions.'”"*

2.6. Deoxyribonucleic Acid (DNA) Based Biosensors.
DNA-based biochemical sensors have shown significant
potential as candidates for next-generation biochemical
detection devices due to their robust chemical properties and
customizable biosensing functions. The major advantages of
such sensors are their biocompatibility, thermal stability, cost-
effective small structure, wide detection range, and durable
lifetime. DNA and its assembly structure can be applied to
detect specific targets, including nucleic acids, proteins, metal
ions, and small biological molecules.”**° The basic principle of
these sensors is the interaction of the target analyte with DNA.
These interactions result in a structural change in DNA and its
base sequence, leading to a change in the replication of DNA.
Depending on the working mechanism, the DNA-based
sensors can be classified as functional DNA strand-based
biosensors, DNA hybridization-based biosensors, and DNA
template-based biosensors.”® In functional DNA strand-based
biosensors, the sensing probe is formed by the functionaliza-
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tion of DNA strands like DNA aptamer and DNAzyme. The
basic operation of a DNA hybridization-based biosensor is the
complementary coupling among the specific single-stranded
DNA (ssDNA) sequences (the target) within the analyte.
These biosensors are complementary tools for the study of
biomolecular interaction mechanisms and target nucleic acid
fragments. In DNA template-based biosensors, different
programmable structures as produced through DNA hybrid-
ization process are used for probe fabrication in order to
selectively detect the target analyte. These sensors show some
great application potential in disease detection and molecular
kinetics measurements

3. OPTICAL FIBER INTERFEROMETRY

During the last few decades, optical fiber interferometry has
emerged as an extensively adopted technique in several
applications, ranging from biochemical engineering to nano-
science and technology, due to its highly sensitive in situ,
contactless, and hassle-free measurement potential. Addition-
ally, the integration of fiber optic interferometry with the
advancement of computational analysis has made it possible to
achieve an accurate and excellent sensing platform. The
sensing mechanism using these types of sensors depends on
the accurate identification of intensity, phase, wavelength, or
polarization of propagating light passing near the domains of
the sensing region. A variety of interferometric sensors have
been developed for detecting several physical, chemical and
biological entities.'”**>” Conventionally, four types of fiber
optic interferometers are available, namely Mach—Zehnder,
Michelson, Sagnac, and Fabry—Perot interferometers.>®
Among them, Mach—Zehnder and Michelson’s interferometers
are used frequently for multiparameter sensing purposes due to
their compact, flexible, and reconfigurable structure. Apart
from the sensitivity enhancement facility of these sensors
through functionalization of the probe, the use of the sensing
material makes them popular in many application fields.

In the case of optical fiber-based interferometry, the
performance of sensors depends on the interference between
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higher-order cladding modes with a fundamental core mode.
This modal interference can be expressed by two-beam
interferometry, where two coherent light beams interfere
with each other and produce constructive and destructive
interference depending upon the phase difference between
them. If I} and I, correspond to the intensities of two coherent
interfering beams, the resulting interference intensities can be
shown by the following relation”

I=1L+1I,+ 2/LI,cos ¢

Here, ¢ denotes the phase difference between the two
interfering beams and can be obtained as

Nrn gL

$==

Here, N is an integer whose value depends on the adopted
interferometric technique. In the case of Fabry—Perot
interference (FPI), the value of N is equal to 4, while in the
Mach—Zehnder interferometer (MZI) its value is 2. n.4 is an
effective refractive index as seen by two propagating interfering
beams, and L is the length of the sensing region. Thus, any
perturbation in the external sensing medium alters the value of
n which subsequently shifts the interference dip wavelength.
Hence, through precise monitoring of this shift, any change in
the external medium can be measured.

This is a basic principle of optical fiber-based interferometry
for sensing applications. The following section of the Review
will address the discussion of several types of such transducing
platforms covering the fundamentals and workflows for
biosensing applications. In this category, the first type of
interferometric platform is the Mach—Zehnder interferometer,
as discussed below.

3.1. Mach—Zehnder Interferometer-Based Biochem-
ical Sensors. Mach—Zehnder interferometers (MZIs) are
frequently used in a broad spectrum of sensing application
fields due to their miniaturized configuration, easy handling,
and simple fabrication processes. In a conventional era, MZIs
consisted of two independent arms, namely, the reference arm
and the sensing arm, as illustrated in Figure 2a. The input
incident light propagating through the fiber gets divided into
two arms through a fiber coupler, followed by recombination at
another end. At the recombination point, due to the optical
path change, a phase change occurs between the two different
arms that leads to interference after the superposition of these
two coherent light beam, propagating through the arms. To
utilize this mechanism for sensing applications, the reference
arm is kept isolated from the surrounding medium, and the
sensing arm is deposited with the specific biomolecule layer
and then exposed to the biochemical sample to be detected.
The binding of target biochemicals with the sensing arm
changes the effective refractive index (RI) of the sensing region
and induces an optical path difference (OPD) between two
interfering coherent light beams, resulting in a variation in the
interference signal. This basic scheme of using two separate
arms in the MZIs is rapidly replaced with the advent of long-
period fiber gratings (LPGs), micro/nanostructured optical
fiber, cascading of the heterocore fiber structure, offsetting the
fiber core, and combinations of specialty fiber. This structural
modification makes the sensor compact in structure and
miniature in nature. Fi%ure 2b—g shows different methods for
achieving in-line MZL™® A brief description of the working
principle of each modulation-based MZI is given as follows.
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3.1.1. Long Period Grating-Based MZI. One of the effective
ways of achieving MZI is by incorporating integration with
LPG. It is a periodic modulation of mode propagation constant
formed mainly through the modification of RI of the core of
the fiber. The MZI structure can be obtained by cascading
serially two LPGs along normal SMF, as shown in Figure 2b. In
this configuration, at the first point, the light propagating
through LPG provides the excitation of higher-order cladding
mode along with the fundamental core modes. Then, in the
second section of LPG, the core and cladding modes again get
coupled and, due to changes in effective refractive indices of
core and cladding modes, a phase difference occurs. The phase
difference results in the occurrence of an interference pattern.
The mode coupling depends on the following phase-matching
condition:

A = [n(2) = nj (DA

Here n,,(2) is the effective RI for core mode, n;(1) is the i"
cladding mode at wavelength 4, and A is the period of LPG.>”
Here, we would like to mention that the effective index of the
cladding modes is strongly dependent upon the surrounding
environmental changes since light is guided more near the fiber
surface. Any change in the refractive index of the surroundings
leads to a shift in the interference patterns and results in its
applications in the sensing field. The LPG’s period plays a very
crucial role to obtain a high-contrast interference pattern.

3.1.2. Offset Fiber-Based MZI. Figure 2c represents the in-
line fiber-based MZI structure, which was fabricated through
offset splicing of a small section of SMF between two SMFs
pigtails. The light initially propagating through the fiber’s core
gets split between the core mode and higher-order cladding
modes at the first offset region. These two modes propagate
through the offset SMF and recombine with some phase
difference at the second spliced region. The superposition of
these two propagating modes produces a stable interference
pattern at the output. The shift in the interference dip
wavelength is sensitive to the external medium and thus can be
used for sensing purposes.”’

3.1.3. Single Mode Fiber (SMF)—Photonic Crystal Fiber
(PCF)—SMF-Based MZI. Another important technique to
obtain an in-line fiber-based MZI platform is to use a
heterofiber structure of specialty fiber along with conventional
SMF. One such specialty fiber is photonic crystal fiber (PCF)
used to make a compact in-line MZI. The schematic image of
this transducer is shown in Figure 2d. The PCF section is
spliced in between normal SMF using a fusion splicer. The
splicing of SMF and PCF fused the air channels around the
splicing points and produces collapsed regions. The first
collapsed region diffracts the input light and acts as a beam
splitter. The diffracted light enters the cladding region and
excites higher-order cladding modes. These cladding modes
propagate through the PCF and again recombine with the core
mode at the second collapsed region. The superposition of
these interfering modes produces interference. The shape,
length, and structure of PCF play an important role in
interference sensitivity and also application.’!

3.1.4. SMF—Multimode Fiber (MMF)—SMF-Based MZI.
The fiber-based in-line MZI can also be obtained using
multimode fiber (MMF) in combination with single-mode
fiber (SMF). The schematic image of the MMF-based fiber
transducer is shown in Figure 2e. In this case, two small strips
of MMFs are spliced in-line to obtain an SMF—MMF—-SMF—
MMF—SMF structure. Here first MMF splits the light and
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Figure 3. Different experimental procedures for the fabrication of optical micro/nanofiber. (a) Schematic image of the flame and brush technique.
(b) Fusion splicer-based tapering technique. (c) Schematic diagram of microfiber fabrication process using the chemical etching technique.

excites the higher-order cladding modes inside SMF. These
modes propagate through SMF and recombine with the
fundamental core mode at the second MMF. Finally, the
combined light produces interference spectra at the output.
This combinational fiber structure can be used for sensing
applications.”” The excitation of the higher order cladding
mode can be obtained using a thin core fiber (TCF) in
combination with normal SMF.

3.1.5. SMF—Thin Core fiber (TCF)—SMF-Based MZI. Figure
2 f shows the schematic view of an in-line fiber-based MZI
structure using a thin core fiber (TCF). The fundamental core
mode of light inside the SMF splits at the first splicing point
and excites higher-order modes. A small part of light
propagates through the core of TCF, and another part
propagates through the cladding region. At the second splicing
point the higher-order modes again recombine with the core
mode. This facilitates a stable interference spectrum at the
output.63

3.1.6. Tapering the SMF/Microfiber-Based MZI. In addition
to the above-discussed methods, a broadly used structure for
an in-line fiber-based compact MZI platform is microstructure
fiber, as shown in Figure 2g. This is usually obtained by
tapering the conventional SMF up to a certain diameter
(usually less than 10 gm). In normal SMF, the light propagates
through the core as a fundamental core mode. Now, if the
diameter of SMF decreases gradually, then in the down-tapered
transition region it starts to support higher-order excited
modes along with the fundamental core mode. The cladding
modes propagate through the clad of the microfiber and
recombine at the up-tapered transition region. This structure
gives a stable interference pattern for the superposition of these
modes. The interference pattern is very much sensitive to
external perturbations like RI, strain, and temperature. Hence,
this microfiber-based MZI transducer can be used for such
sensing applications.”* In these modified in-line compact
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MZIs, the sensing and reference arms have the same physical
path length. The modal dispersion of light occurs in these fiber
structures, which excites the higher-order cladding modes
along with the fundamental core mode. These modes
propagate through different dielectric regions of these fiber
structures and suffer from an extra path difference. Hence, the
superposition of these interfering modes produces a stable
interference fringe pattern at the output transmitted spectra.
Now, to use this modified structure for biosensing purposes,
the transducing surface is functionalized with different
recognizing elements. The binding of the target biochemical
with these recognizing elements effectively changes the
effective RI of the sensing region. This change in the effective
index alters the cladding mode propagation significantly. This
change in the effective index results in a shift in the output in
terms of wavelength and also in intensity. Thus, through
monitoring this spectral shift, the presence of a measurable
entity can be found.

To analyze the light-guiding properties in a specific
structure, researchers use several mathematical models based
on the finite element method (FEM) and finite difference time
domain (FDTD) methods for solving Maxwell equations
without any approximations using several software like
COMSOL and LUMERICAL. More detailed information on
this can be found in reports as well as during the special paper
discussion at several places in the manuscript.

3.2. Micro/nanostructured Fiber (MNF) Based MZI
Biochemical Sensor: Fabrication. Generally, a significant
portion of the light propagating through the fiber is confined in
its core and hence it is not able to produce any interaction with
surrounding environments, limiting its application for sensing
applications. The issue is usually resolved through the tapering
of the fiber, reducing its diameter in the range from
micrometers to hundreds of nanometers.’> Due to the reduced
diameter of the fiber, up to the micrometer order, such
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APTES modification on the cleaned fiber surface, and (3) after GO surface immobilization on fiber. Reprinted with permission from ref 75.

Copyright 2017 Royal Society of Chemistry.

configuration is called fiber optic microwire or microfiber.
Several experimental techniques have been used for the
fabrication of microfibers, such as the flame and brush
technique,66 fusion splicer method,®’” laser hea‘cing,68 and
chemical etching.”” In the case of the flame and brush
technique, the fiber is heated at the center using optimized
flame at its softening temperature, and both ends are pulled
simultaneously using two translational stages via a computer-
controlled automated system.”’ The length of the microfiber
can be controlled by changing the separation of translational
stages. The adiabatic or nonadiabatic nature of the microfiber
can be controlled by changing the speed of translational stages.
In fusion splicer-based microfiber fabrication, the fiber is
heated using an electric arc generated between electrodes, and
both ends of the fiber are stretched outward using two stepper
motors. However, efficient tapering using fiber is a bit tricky
due to the limited control of arc power and shifting range of
stepper motors in the splicer. Thus, using fusion splicer-based
tapering, the length of microfiber cannot increase beyond a few
micrometers. Apart from this, the thickness of microfiber
cannot be tailored to any desired value. The chemical etching
method can produce a very sharp microfiber by dipping the
fiber into hydrofluoric acid (HF). However, in this case the
fabrication process takes a long time, and it is not well
controlled or repeatable. Figure 3 shows the images of different
processes of microfiber fabrication.

When the fiber diameter gets reduced, the evanescent field
of the core mode propagating to the fiber optic core penetrates
the nearby surrounding environment, allowing the possibility
of light interaction with the sensing layer. Additionally, the
microfiber configuration is also used in several other
commendable applications, including low optical loss, out-
standing mechanical flexibility, and tight optical confinement.”*
To achieve sensing in these platforms, the specific receptor for
the target is immobilized over the microfiber surface. The
binding of a guest molecule affects its optical properties, which
in turn changes the effective refractive index of the cladding
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modes significantly. This alters the interference pattern
obtained compared to one before molecular binding. By
monitoring the difference in interference dips, one can easily
monitor the molecular interactions and hence the presence of
guest molecules to be sensed.

4. WORKS REPORTED ON VARIOUS MZI PLATFORMS

After understanding the sensing mechanism on several kinds of
interferometric configurations, we will discuss a set of studies
reported using these platform for biochemical sensing
applications. This will provide a brief state-of art of the
technology and will help to provide a detailed analysis of
translation of the sensing mechanism to a actual sensing
device.

4.1. Microfiber-Based MZI Biosensors. In 2015, Huang
et al. reported a microfiber-assisted MZI biochemical sensor
for the selective recognition of single-stranded DNA (ssDNA)
molecules with the help of a conjugated polymer as a sensing
agent.”> A tapered microfiber has a waist diameter of 7.5 ym
and a length of 1.4 cm. The transition regions have a length of
0.4 cm. The microfiber surface was functionalized using a
conjugated polymer membrane having a thickness of 200 nm.
The binding of the ssDNA has been characterized using the
wavelength interrogation technique. The sensing probe was
used to measure in situ ssDNA with a concentration range of
1072 to 107 M in PBS solution. This proposed sensing
method showed a sensitivity of 2.393 nm/log M with a very
good linear response. The sensor showed the lowest detectable
concentration of 107'® M. This sensor has a potential for broad
utility in biomedical and analytical applications. However, this
sensor suffers from poor mechanical instability for its fragile
microfiber structure and is not suitable for robust application.
A sophisticated mechanical casing is required for low-
concentration measurement.

Later in 2016, Song et al. proposed a microfiber-based
biosensor for label-free tracking of DNA hybridization kinetics
with ultrahigh sensitivity.”> The sensing probe was fabricated
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by preparing a U-shaped microcavity by simply in-line splicing
of a tapered microfiber with a small offsetting. The probe was
made with different cavity lengths and observed the free
spectral range (FSR) for each probe. For biosensing
applications, the microcavity region was functionalized using
monolayer poly-L-lysine (PLL), followed by probe ssDNA to
achieve selective detection of target ssDNA. The ssDNA
samples were made in PBS solution with concentrations of
0.0001—1 pmol/uL. The detection limit of the proposed
sensor is conservatively as low as 0.0001 pmol/uL. The sensor
showed the advantages of compact size, fast response, and high
reaction to the DNA hybridization process. However, its
suffers from fragility and mechanical instability due to
mismatch offsetting and the thin microfiber structure. Apart
from this, it is not easy to fabricate and use.

In the same year, Ding et al. represented a micro/
nanostructured fiber optic MZI for label-free, ultrasensitive,
and selective detection of the neurotransmitter serotonin (5-
HT). A modal interferometer was prepared by tapering the
conventional SMF with a 6.4 ym waist diameter and 1.5 cm
length. The tapered regime of the MZI was coated with silicon
dioxide nanospheres, acting as a selective sieve mesoporous
structure for the adsorption of 5-HT molecules. The sensitivity
of that sensor was 1.04 nm/log M for the target S-HT sample
with a wide dynamic detection range from 100 fM to 1 uM.
The proposed sensor shows potential for low-concentration
detection and gives great advantages in many application
aspects, including biomedical engineering, clinical testing, and
nanotechnology.”* In the following year Huang et al. suggested
a microfiber-based biochemical sensor for ultrasensitive in situ
measurement of ssDNA. The graphene oxide was coated over
the microfiber and provided a strong 7—7 interaction with the
detected ssDNA, producing the refractive index modulation
over the microfiber surface. Figure 4 shows a detailed pictorial
description of the study along with a fabricated probe, GO
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immobilization, and sensor characterization response. The
sensor was able to function over a wide range of DNA
concentrations, ranging from 107" to 107 M, with a
satisfactory pH spectrum of 4.3—8.5. The in situ ssDNA
measurement procedure provided a detection limit of 1072 M,
and a sensitivity of 0.94 nm/log M.”® However, this sensor is
again fragile due to microstructure and bent form. The sensor
is also temperature- and bending-sensitive. Therefore, proper
care should be taken for low-concentration measurement.
Huang et al. in the year 2017 proposed a tapered microfiber-
based ultrasensitive and label-free detection method for y-
aminobutyric acid (GABA).”® The sensing surface was
functionalized by Fe;0,@SiO,@mesoSiO, microspheres for
GABA size-specific adsorption to produce changes in the
optical properties of the sensing layer. The sensor was
characterized with the wavelength interrogation method over
a wide concentration range. The increase in GABA molecular
concentrations resulted in more adsorption in the sensing
layer, which was reflected by the RI change of the medium
around the tapered section of the optical fiber playing an
important role in realizing size-dominated GABA sensing. The
sensor showed a linear sensitivity of 0.94 nm/log M along with
a detection limit of 3.51 X 107" M. This study was then
improved by Jun et al.”’ in 2018 using a similar MZI structure
but changing the sensing medium using graphene oxide
followed by anti-GABA antibodies, as shown in Figure 5. The
improved sensitivity of the modified sensor was found to be
1.03 nm/logM along with an LOD value of 2.91 X 107"® M.
The sensor shows very high sensitivity and the potential for
trace-level concentration detection. However, this sensor
suffers from instability and fragility. The sensor is also sensitive
to temperature and bending. Therefore, it is not suitable
practically to measure low concentrations precisely without any
sophisticated precaution. Moreover, since the recognizing

https://doi.org/10.1021/acsomega.3c03970
ACS Omega 2024, 9, 3037-3069


https://pubs.acs.org/doi/10.1021/acsomega.3c03970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03970?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03970?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(a) (b) CCD

~_~
(]

) -—— Linear fit

1635 | Wavelength sensitivity:
N -38.9 nm/(mg/mlL)
1620 ~

1605 SN

1590 s

1575

Dip wavelength (nm)

1560

027 050 0:80 1 1.4 4T 20
Concentration (mg/mL)

Figure 6. Mach—Zehnder interferometric biosensor for BSA detection. (a) Schematic representation of a MZI-based biochemical sensor. (b)
Schematic diagram of the FS laser-based micromachining system utilized to fabricate the in-fiber structure. The system includes an attenuator
comprised of a polarizer (P) and half-wave plate (W) for controlling the laser power, a beam splitter (BS), a CCD camera, and an objective lens
(MO) to focus the laser beam onto the fiber. (c) Variation of the dip wavelength shift for different concentrations of BSA samples. Reprinted with
permission from ref 78. Copyright 2017 Optica.

(a) O Capillary (b)
e 3.04
#) Singlemode fiber e 20uM
£ 25+ o 2uM
‘@ e 200nM
2.0 e 20nM
£ o 20M
~ Fiber 0 45 s 200 pM
/ £ e 20pM
Fg} Flame D ,] ° 2pM
. ! Yo =2
B Capillary > Glutaraledhyd Qa0 °>) 0.54
. ©
' ~J Connectto OSA = Aminated H:Nmgnugr = 00
—— X
%_’ APTES [CkhO=she i - 0 10 20 30 40 5 6 70 8 90
’ | MIRNA: @S

Packaged‘ IRCORE OCzHs Time (min)
optofluidic sensor

Figure 7. Mach—Zehnder interferometric detection of microRNAs. (a) Schematic diagram of the probe construction process. (b) Functionalization
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material is an antibody, proper storage is required to use the consuming and not cost-effective. The sensing surface
sensor multiple times without affecting its sensitivity. functionalization process is also very challenging. In the same
In 2017, Li et al. reported a microcavity-based MZI year, Arjmand et al. proposed a new nonadiabatic tapered
biochemical sensor for label-free detection of bovine serum fiber-based optical MZI for selective detection of methyl
albumin (BSA).”® The microcavity was formed by a femto- parathion, an organophosphate pesticide.”” The tapered
second laser pulse on the surface of the SMF, allowing the section of the fiber was immobilized by an acetylcholinesterase
external media to interact with the core of the surface. The enzyme acting as a bifunctional cross-linker for guest methyl
sensing was achieved using BSA solutions with varying parathion to realize specific binding. The wavelength inter-
concentrations through microfluidics connected through the rogation principle is employed for the characterization using
microcavity and the sensor surface. The light split into two the aqueous sample solution of methyl parathion. The sensor
parts. One part propagates through the fiber core, and another showed a red shift in dip wavelength for varying methyl
part propagates through the cavity. This light interacts with the parathion concentrations from 107'% to § X 10™° M along with
analyte in the cavity and suffers from a phase difference and a LOD value of 2.4 X 107" M. This sensor is not durable and
hence produced a shift both in wavelength as well as the mechanically stable. The performance is temperature- and
intensity in the output. The proposed sensor possessed an bending-sensitive and thus not practically reliable for low-

ultrahigh RI sensitivity of —10 055 nm/RIU with a detection concentration detection.
limit of 3.5 X 107> RIU. Figure 6 shows the schematic Later, Liang et al. demonstrated a capillary-based optofluidic
representation of the proposed structure of the sensor and channel coupled with tapered optical fiber as MZI config-
fabrication steps along with the calibration curve toward uration to achieve microRNA(mRNA)-let7a (molecular weight
varying BSA concentrations. The sensing method for low BSA of 6.75 kDa) sensing.”’ The fabricated sensor involved the
concentrations showed promising sensing potentials for alignment of SMF and a laterally placed capillary tube,
biochemical applications such as DNA hybridization, medicine followed by tapering of the obtained structure to form a modal
examination, and environmental monitoring. The sensor has interferometer, as shown in Figure 7a. The capillary interior
very high RI sensitivity and a good linear response for BSA was modified by several chemical modifications using APTES,
detection. The sensor is mechanically stable as compared to glutaraldehyde, and animated NH, for mRNA binding (Figure
microfiber-based MZI sensors and suitable for industrial large- 7b). The biomolecular interaction that occurred between
scale manufacturing. However, the fabrication process is time- mRNA and animated NH, at the capillary interior induced a
3045 https://doi.org/10.1021/acsomega.3c03970
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with permission from ref 83. Copyright 2019 Elsevier.

red spectral shift of the interference spectrum. A log-linear
response for mRNA concentrations from 2 nM to 20 uM
(Figure 7c) with the lowest measurable concentration of 212
pM (1.43 ng/mL) was obtained by the prepared probe within
the response time of approximately 15 min. The sensor shows
very good temporal stability and is suitable for real-time
measurement. However, it is not mechanically stable due to its
fragile microstructure. The inner surface functionalization
process is not easy and requires time-consuming steps.
However, the fabrication process is easy.

In the year 2018, Zainuddin et al.*' proposed a MZI-based
sensor using a tapered microfiber to detect Leptospira bacterial
DNA. The highly specific complementary DNA was
immobilized over the tapered section of the microfiber probe
through several functionalization steps. The sensitivity of the
proposed sensor toward DNA was measured as 1.2862 nm/nM
with a detection limit of 0.1 fM.*' The proposed method was
able to distinguish between actual DNA of Leptospira serovars
(Canicola and Copenhageni) with respect to Clostridium
difficile (control) even at femtomolar concentrations. In the
same year, Li et al. proposed another MZI-based biosensor
through tapering a multimode fiber for quick and label-free
detection of Escherichia coli (E. coli) bacteria. The sensing
probe was fabricated by the immobilization of T4 bacter-
iophage to capture E. coli selectively. The concentration
changes of E. coli and its binding with T4 bacteriophage
resulted in a RI change of the medium around the sensing
surface, which was then translated as a shift in interference
wavelength dip. The sensor was able to detect E. coli with a
LOD value of 10° CFU/mL along with a dynamic detection
range of 10107 CFU/mL.** The sensor gives a fast and
linear detection performance. However, it is not independent
of temperature and strain. It needs proper encapsulation for
reusable applications. A concatenated structure of single-mode
tapered microfiber can be used to observe dual inference. The
first microfiber region as a reference channel is used to
maintain a stable interference pattern, while other microfiber
regions are used as sensing channels. Thus, this concatenated
form provides a stable interference pattern irrespective of the
RI of the sensing material. Shrivastav et al.* first proposed and
experimentally demonstrated this structure combined with
MIP as recognition agent for selective detection of organo-
phosphorus pesticide parathion methyl (PM), as illustrated in
Figure 8. The simulative intensity distribution of this
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concatenated optical microfiber has been analyzed using the
FEM technique. This simulative analysis showed that the
intensity of the evanescent electric field was enhanced due to
the immobilization of the sensing material. The experimental
results of this reported sensor showed a broad dynamic
detection range and hypersensitivity of 1.3 X 10'* nm/M for an
aqueous PM sample with highly repeatable performance. The
essential selectivity property of the biochemical sensor was
addressed through the functionalization of the sensing channel
with artificial molecular receptor MIP nanoparticles (MIP-
NPs). The performance of the sensing probe was optimized via
a three-stage optimization process. The presence of MIP-NPs
enhances the sensitivity due to the high aspect ratio. The
sensor showed an ability to detect a concentration of PM as
low as 79.43 fM with high accuracy. The performance of the
sensor using a real water sample with a satisfactory recovery
rate proved the commercial application possibilities of that
sensor.” This dual channel microfiber provides a good stability
over the functionalized sensing layer's RI. However, the
microfibers should be identical in nature, in terms of length
and diameter, otherwise there may be a chance of cross-talk
between the individual response. In this case, though the
sensor is stable from bending due to proper casing, it is not
stable from temperature fluctuation.

In 2019, Guan and Huang proposed a microfiber-based
biochemical sensor for the detection of y-amino-butyric acid
(GABA), an important neurotransmitter, and cellular cyto-
chrome c.®* For dual-target analyte detection, the microfiber
surface was sensitized with two different functional materials.
The sensitivity of the sensor is improved by functionalization
and interfacial modification of the microfiber surface by a Ag@
reduced graphene oxide (RGO) nanocomposite, providing
high sensitivity and ultralow detection limits of 1.65 X 107"
and 6.82 X 1077 M for neurotransmitter y-amino-butyric acid
and for cellular cytochrome c, respectively. The sensor is not
durable and suffers from bending and temperature instability.
The performance of the sensor fluctuates and hence is not
reliable for low-concentration applications. In 2019, Hu et al.
reported a novel MZI-based biochemical sensor by utilizing a
special type of liquid crystal integrated with a specialty fiber
PCE.* The MZI structure consisted of an optimized tapered
PCF sandwiched between two SMFs. The PCF was function-
alized with pH-sensitive material, 4'-pentyl-biphenyl-4-carbox-
ylic acid (PBA)-doped 4-cyano-4’-pentylbiphenyl (SCB), for
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penicillinase detection. The pH-sensitive element PBA
changed the special orientation of the liquid crystal around
the tapered PCF through the enzymatic interaction with
penicillinase that produced H* ions and hence changed the pH
value, altering the effective RI of the sensing region. Ling et al.
developed a tapered hollow core microfiber-based optical
sensor for selective detection of human chorionic gonado-
tropin (hCG) hormone. Experimental observation showed the
shift of 0.5 nm in interference dip wavelength for a
concentration change of 0—5 mIU/mL hCG, equivalent to
the limit of detection (LOD) value of 0.6 mIU/mL. The
sensing method possesses a high degree of selectivity and
reproducibility and proves its potential for biomedical
employment.”® The sensor is free from fragility and stable.
The sensing transducer is significantly less temperature
sensitive. However, proper storage is required for multiple
uses. An optical fiber interferometric platform as an
immunosensor was proposed by Wang et al. for the selective
detection of human IgG in 2018. The sensing probe was
fabricated by highly offsetting the core of an SMF segment and
splicing between two standard SMFs using a commercial
fusion splicer. The sensing region of the sensor was
immobilized with staphylococcal protein A, followed by a
covalent interaction with goat antithuman IgG antibody. The
reported immunosensor showed a highly selective binding
affinity for human IgG with a LOD of 2.3 ng/mL. The sensor
showed a reusability facility and potential for biosensing
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applications.”” The sensor was stable over the microfiber-based
sensor and easy to fabricate. The sensor can be made
insensitive for bending after proper casing. However, it was
not insensitive for temperature. Therefore, proper shielding is
required during low=concentration sensing to avoid unwanted
fluctuations.

The high sensitivity, compact and small size, and high fringe
resolution of MNF-based MZI biochemical sensors have
attracted extensive research and attention. On the other
hand, the micro- and nanometer order of the fiber increases
the biocompatibility and applicability for in vitro application if
managed to minimize the fiber damage risks. However, this
configuration has certain limitations, most notably the fragile
structure due to the micrometer-ordered fiber diameter. Apart
from this, the MNF-based biosensors are very much sensitive
to bending as well as temperature. Therefore, these sensors
require proper casing and shielding to make the sensing
structure sensitive only for RI to use for low-concentration
detection with good reliability.

4.2. Thin Core Optical Fiber-Based MZI Biochemical
Sensor. The thin core fiber (TCF) based MZI is also an
extensively used sensing platform for the development of
different biochemical sensors. Such fiber consists of a much
thinner core compared to conventional single-mode fiber; this
leads to the high accessibility of the evanescent wave with the
surrounding interface, which makes the fiber applicable for
sensing applications. The main advantage as compared to the
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tapered fiber is its higher mechanical stability, facilitating broad
commercial application in various fields.

A TCF-based optical interferometer for selective detection
of DNA hybridization was proposed by Yin et al. in 2013.%
The sensing probe was fabricated by splicing a 1.5 c¢m long
TCF (2.5 yum core, 125 pm cladding) between two standard
SMFs, leading to modal interference, as shown in Figure 9.
The light from SMF is easily coupled to the core as well as the
cladding region of TCF. The subsequent superposition of
these two modes produces a stable interference pattern at the
output. The sensing transducer was functionalized by a
multilayer film of poly(ethylenimine) (PEI), poly(acrylic
acid) (PAA), and complementary ssDNA through layer-by-
layer deposition over the sensing region for selective DNA
detection. The sensing probe was characterized using different
types of ssDNA having a concentration of 1 uM. The
experimental results showed that the sensitivity of the sensor
was about 0.27 nm per matched base. This sensor was easy to
fabricate and showed good mechanical stability compared to
MNF-based sensors. Moreover, this sensor is not too sensitive
to bending, though it is sensitive to the temperature fluctuation
of the surrounding medium; hence, proper precautions should
be required to avoid unwanted noise during low-concentration
measurements.

A similar type of SMF—TCF—SMF structure was utilized for
the label-free detection of streptavidin by Yu et al. in the year
2016.*® The sensing probe was developed by sandwiching
TCF between two SMFs, and the electrostatic self-assembly
(ESA) technique was used for probe fabrication. For probe
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functionalization, diallyl dimethylammonium chloride
(PDDA) and styrenesulfonate sodium salt (PSS) were utilized
as polyelectrolyte self-assembled multilayers (PSAMs) depos-
ited on the TCF surface. The probe was used for selective
label-free detection of streptavidin. Further, the specificity of
the probe was verified by gelatin and bovine serum albumin
(BSA) solutions. The sensor showed a minimum detection
limit of 0.02 nM. Another TCF-based modal interferometry
technique was used for the selective detection of immunoglo-
bulin-G (IgG) in a study reported by Zhang et al, as shown in
Figure 10.” The sensing probe was constructed by in-line
splicing a 20 mm long TCF with conventional SMF. The bare
sensing probe was used for RI sensing and showed a RI
sensitivity of 82.7 nm/RIU. To use this fiber structure for
biodetection purposes, the sensing probe region was function-
alized by APTES. To achieve the selective recognition nature,
the probe region was further immobilized with goat antihuman
IgG antibody on APTES via covalent bonding. The fabricated
probe was then used for selective detection of IgG. The probe
was characterized using different concentrations of IgG ranging
from 0.1 to 1.0 mg/mL. The sensor showed a good linear
response in the given range and sensitivity of 10.4 nm/(mg/
mL). The reported sensor showed a very high degree of
selectivity. Similarly, Zhang et al. proposed a biochemical
sensor using TCF sandwiched by dual s-tapered fiber for label-
free selective detection of DNA hybridization.”” The sensing
probe is constructed by splicing a TCF segment with a length
of 645 pm in between two normal SMFs. The two joints were
then tapered using a commercial fusion splicer to make s-
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tapered regions. To use the probe for biosensing applications,
the fiber surface was functionalized using monolayer poly-L-
lysine (PLL) and single-stranded DNA (ssDNA). The sensor
was characterized by a ssDNA sample having a concentration
from 0.001 to 1 pmol/uL. The DNA hybridization process was
monitored by observing the real-time temporal evolution of the
interference spectrum contrast ratio with a detection limit of 1
nM. The proposed sensor shows very good detection
specificity. However, this sensor was fragile and very much
sensitive to bending for the s-tapered shape. Hence, proper
packaging of the sensing probe is required for lower-
concentration measurement.

5. OPTICAL FIBER MICHELSON INTERFEROMETER
(MI) BASED BIOSENSORS

5.1. The Sensing Principle. The optical fiber-based
Michelson interferometers (MIs) are structurally analogous
to MZIs. The fundamental approach of MlIs is a superposition
of light beams in two fiber arms. The configuration of an MI is
similar to half of an MZI. Therefore, the construction process
and operation mechanism of MIs are almost similar to those of
MZIs. The major difference in MIs is the presence of reflecting
arrangements. Figure 11a shows the basic form of a MI, where
the fiber coupler splits the input light and produces two
coherence beams. These coherent lights propagate through the
fiber arms and finally incident on the reflecting mirrors. The
light reflected from each reflecting end surface and again
coupled back into the fiber. The coupling of these reflected
lights produces interference at the output after superposition.”!
The utilization of reflection modes makes MIs compact and
suitable for practical applications. The multiplexing facility of
several sensing probes is another structural benefit of MIs. The
single-fiber-based in-line structure of MI is also possible as
depicted in Figure 11b, in which a fraction of the fundamental
core mode is coupled to excite higher-order cladding modes.
These modes are reflected from a common reflecting surface
placed at the end of the fiber and recoupled to the core of the
fiber. The superposition of these modes produces interference
spectra. The reflected interference spectra are monitored at the
output instead of transmission spectra as compared to the
fiber-based MZI sensor. The MI sensors are more compact,
durable in structure and, most importantly, capable of point of
care (POC) applications.”* "

5.2, Micro/nanostructured Optical Fiber-Based MI
Biochemical Sensor. The basic configuration of MI-based
biochemical sensors is quite similar to that of MZI-based
sensors, except for the addition of a reflected film at the fiber
end face. This MI-based sensing transducer can be obtained in
a compact in-line form using micro/nanostructured fiber. A
few examples are as follows.
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In the year 2018, Li et al. reported a glucose sensor by
combining a tapered microfiber-based MI as a transducing
platform and glucose oxidase as a specific receptor.”” A SMF
was tapered nonadiabatically to support the higher-order
modes. The microfiber was then bent in a U-shaped structure.
The second end of this fiber structure was coupled back into
the interrogator to observe the output. The pictorial
representation of the functionalization process and the
obtained results are summarized in Figure 12. The sensing
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Figure 12. Sensitive detection of glucose using a microfiber-based ML
(a) Schematic diagram of the GOD immobilization process on a
multimode microfiber. (b) Transmission interference spectra for
different concentrations of glucose solution. (c) Linear relationship
between wavelength shift and sample concentration. Detected
transmittance spectra for (d) horse serum and (e) calf serum.
Reprinted with permission from ref 95. Copyright 2018 Elsevier.

probe was a U-shaped microfiber immobilized with a graphene
quantum dot (GQD) for enhanced sensitivity along with
biocompatibility. The sensor possesses the linear detection
range of glucose concentration of 0—3.0 mg/mL with a
sensitivity of 1.74 nm/(mg/mL). The sensor can detect
glucose specifically from animal serum samples very accurately,
which indicates the suitability of the sensor in clinical
diagnostic sectors. However, the sensing transducer suffers
from fragility and is sensitive to bending as well as temperature
fluctuations.

5.3. Photonic Crystal Fiber (PCF) Based Ml Biochem-
ical Sensor. Photonic crystal fiber (PCF) is a special type of
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optical fiber that consists of using periodic stacking of air PCEF section with the SMF. The collapsed region diffracts the
channels along the length of the fiber. The core of the fiber light and excites higher-order cladding modes. These modes
may be hollow or solid silica. The hollow air channels and propagate through the PCF and are reflected from the cleaved
silica form an effective cladding region of the fiber. The in-line end face. A thin gold coating was made at the end face of the
fiber-based MI can be obtained using this specialty fiber PCEF to increase the reflection power. The sensing region was
(PCF). In 2016, Gao et al. reported a fiber optic biochemical made by making a microcavity in the collapsed region using a
sensor using MI interferometry for the identification of DNA high-power pulsed laser. The inner surface of the cavity was
molecules.”® The sensing probe was fabricated by splicing a functionalized by complementary ssDNA followed by a coating
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of a poly-L-lysine layer inside the inner surface of the
microcavity formed, as shown in Figure 13. The experimental
observations showed that the detection limit of the sensor was
S nM. This sensor was compact and very much stable as
compared to microfiber-based sensors. Moreover, it not
sensitive to bending. However, it is a little bit complex and
costly. Another group, Sandhu et al., reported an MI-based
biochemical sensor. The sensing probe was formed by
fabricating a long-period fiber grating (LPG) inside the core
of SMF near its end face. The light gets diffracted from this
grating and excites the higher-order cladding modes. These
modes are further reflected from the end face of SMF by the
gold mirror and finally recombine with the core mode and
produce interference. A thin film of nanocomposite polymer
was used as a recognizing layer as well as for enhancing the
evanescent electric field intensity of the cladding mode,
resulting in increased sensitivity with refractive index
resolution of 3 X 107 RIU.”

5.4. Dual-Core-Fiber (DCF) Based MI Biochemical
Sensor. Another configuration of MlI-based interferometry
uses DCF fibers. In such fibers, the multipath evolutions of
light through different core induces an interference pattern.
This can be used for measurement purposes. DCF is minimally
sensitive to short-range temperature variations for similar
thermal expansion coefficients of the core and cladding
material and has a good linear response, providing a high RI
sensitivity and proving itself a suitable candidate for biosensing
applications.”® Wysokinski et al. proposed a fiber optic MI
sensor for the detection of s})eciﬁc proteins, antigens, and
biologically relevant molecules.”” The interferometer was made
using DCF with a tapered form having two arms with a precise
length difference between them. This was achieved by splicing
a fragment of polarization-maintaining fiber (PMF) onto one
of the fiber ends. The schematic configuration and character-
ization curves of the sensor are shown in Figure 14. To
fabricate the sensing region, the DCF was tapered using a
fusion splicer. One end face of DCF was functionalized by
dipping the probe into an IgG antibody in rabbit serum
solution for surface immobilization. The sensor was used to
measure goat antirabbit IgG protein. The thickness of the
sensing layer increased due to the binding of guest IgG protein.
The small change in thickness due to this binding with IgG
antigen was measured using all-fiber interferometry. The
sensor showed good mechanical stability.

6. SAGNAC INTERFEROMETRY (SI) BASED
BIOCHEMICAL SENSORS

6.1. Sensing Principle. Fiber-based Sagnac interferom-
eters (SIs) are ring-shaped or fiber loop configurations, where
a 3 dB coupler is used to split the input light into two coherent
beams. The light beam propagates through the fiber and is
superposed with the counter-propagating beam.'*’ Due to this
superposition, a stable interference pattern is produced at the
output. Generally, a small section of polarization-maintaining
fiber (PMF) or birefringent fiber is inserted within the fiber
loop, causing polarization-dependent interference between two
counter-propagating light beams.

The transmitted intensity of the SI sensor can be expressed

as
1
—(l — cos
2

Ig

27BL ]
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where L corresponds to birefringent fiber length, B (= nl; —
nlg) stands for modal birefringence, where nl; and nly
represent the x- and y-polarized mode indices, respectively.
Figure 15 represents a schematic of a generic optical fiber SI

r
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Figure 1S. Schematic representation of a fiber-optic Sagnac
interferometer.

interferometer. Sensing using a SI relies on the change in
effective the refractive index contrast between the slow and fast
axis birefringence, as the refractive index around the
birefringent fiber changes due to molecular binding. This will
cause a change in the interference pattern. In other words, the
change in interference pattern depends on the phase difference
introduced due to the additional birefringent fiber, which is
expressed as @ = (277/4)BL. Any change of the external RI may
change the refractive index difference between the fast axis and
slow axis of the birefringence (B) via the evanescent field and
hence shift the interferometric wavelength determined by ®.

The phase difference between the polarization can be
approximately expressed as @ = (2z/A4)BL. Additionally, the
wavelength sensitivity (S) for a small RI change of the
surrounding medium is given by S = dA/dn = (1/G) (0B/on).
Here n is the external RI and G = B — 1e(dB/0d]) stands for
the group birefringence. Hence, one can conclude that the
sensitivity of the sensor depends one the light wavelength (1),
group birefringence (G), and Rl-induced birefringence
variation (0B/0n). The main advantages of these sensors are
ease in the fabrication process, input polarization insensitivity,
and minimal insertion loss. These SI-based sensing transducers
show good RI sensitivity to the external analyte medium and
thus have been used by many research groups to fabricate
different biosensors after functionalizing them with biorecog-
nizing materials. Some examples are given in the following
section.

6.2. Microfiber-Based Sl Biosensors. In the year 2017,
Gao et al. proposed a high-sensitivity, label-free SI-based
optical fiber sensor for ssDNA detection using a high-
birefringence (Hi-Bi) micro/nanostructured fiber.'”" The
details pictorial description of the proposed sensor is shown
in Figure 16. The sensing probe was constructed with a small
segment of Hi-Bi microfiber sandwiched between the SMFs.
The sensing probe region was encapsulated in a microfluidic
chip having an inlet and outlet that enable the analyte sample
to interact with the recognizing layer. The intensity
distribution of this microfiber has been studied using the
FEM technique, showing the enhancement of the evanescent
light as for the tapering. The detection specificity of this sensor
was achieved by functionalizing the microfiber region with
monolayer poly-L-lysine (PLL) and ssDNA having a
concentration of 10 M. The sensor showed a dynamic
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value of matched and mismatched (ssDNAA and ssDNAB) DNA. Reprinted with permission from ref 101. Copyright 2017 Optica.
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Figure 17. A high-birefringence (Hi-Bi) microfiber Sagnac interferometer biochemical sensor using the Vernier effect. (a) Schematic experimental
setup of measurement. (b) Transmission spectra of the sensor for different concentrations of BSA solutions. (c) Experimental data for the shift with
a linear fit. Reprinted with permission from ref 102. Copyright 2018 MDPL

detection range from 100 pM to 1 uM for the target ssDNA,
and the detection limit was 75 pM. The probe revealed a high
degree of detection specificity due to its complementary DNA
structure. However, due to the microstructured sensing probe,
the sensor was fragile.

The sensitivity of SI-based biochemical sensors can be
improved by cascading two Sls serially, which in turn forms a
single ultrasensitive sensor for biological sample analysis. In
2018, Wang et al. reported a similar type of Hi-Bi microfiber
sensor utilizing the Vernier effect to detect BSA.'"” Figure 17
shows the schematic experimental setup consisting of two
similar types of SIs in cascaded form. One sensing probe was
fabricated using a Panda polarization-maintaining fiber (PMF)
segment, and another probe was made via tapering a
birefringence fiber immobilized with a GO layer. The sensor
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possessed an ultrahigh refractive index sensitivity of 2429 nm/
RIU as well as a BSA detection sensitivity up to 9.097 nm/
(mg/mL). The proposed sensing probe showed a wide linear
detection range of 0—S5 mg/mL. The sensor was a little bit
bulky because of its cascaded form and also mechanically
unstable due to its microfiber structure. Since, the working
principle of this sensor is polarization dependent hence, a
costly PMF is required in this sensor.

6.3. Specialty Fiber-Based Sl Biosensors. In the year
2017, An et al. suggested PCF-based biosensors for the
selective detection of glucose using the SI technique. The
proposed sensor was small in size, compact in structure, and
sensitive in performance.103 Figure 18 shows the schematic
experimental setup and characterization curves of the sensing
probe. The sensitivity achieved using this SI-based biochemical
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sensor was 22130 nm/RIU. The sensor showed a broad linear
detection range from 10 to 60 g/L. The sensor has good
biocompatible behavior with an easy operation capability and
simple structure, making it useful for commercial fabrication.

Li et al, . in the year 2018, presented an exposed core fiber
(ECF) based novel, label-free, and high-sensitivity SI
biochemical sensor to detect streptavidin.'”* ECF is a specially
designed microstructure optical fiber where one side of the
fiber core can interact directly with the surrounding analyte
medium, as shown in Figure 19. This makes ECF, with an
asymmetric structure in the fiber core, realize a birefringence
property in terms of output characteristics. This birefringence
property of ECF can be used for sensing purposes. When the
core of the fiber is in direct contact with a certain external
analyte, the RI distribution around the sensing probe becomes
particularly asymmetric, giving rise to polarization-based
interference. This phenomenon can be effectively used for
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biochemical sensing purposes.'” The study reported by Li et
al. demonstrates a RI sensitivity of 3137 nm/RIU using ECF-
based SI. For the detection of streptavidin, the sensing probe
was immobilized with biotin as the sensing material. Figure 19a
shows the schematic experimental setup and detailed probe
fabrication procedure. The interaction of light from the fiber
core with the external medium along the exposed side of the
fiber has been studied using the FEM technique. The sensor
has a compact and durable size as compared to micro/
nanostructured fiber. This sensor did not require any sample
holder due to the presence of an in-line exposed core.

The SI-based biochemical sensors have been used in various
application fields due to their structural robustness, ease of
fabrication, and label-free sensitivity in biodetection. For the
study of polarization-dependent biochemical detection, the Hi-
Bi fiber can be used as the sensing part. However, the
birefringence phenomena are strongly hampered by the high-
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temperature variation. Therefore, to study the temperature-
dependent biological activity, the Hi-Bi fiber can be replaced
by a simple microstructure fiber. However, microfibers are very
fragile. The SI-based biochemical sensors with some of the
newly developed fiber-based sensing transducers have the great
advantage of label-free detection. However, these types of
sensors have comparatively larger volumes, are bulky for the
formation of ring-type of structures, and are unable to be used
in vivo biological measurements.

7. FABRY—PEROT INTERFEROMETRY-BASED
BIOCHEMICAL SENSORS

7.1. Sensing Principle. Fabry—Perot interferometry is
another interesting interferometric technique that has been
used on a large scale for the fabrication of different fiber-based
sensing platforms. In general, the Fabry—Perot interferometer
(FPI) consists of two parallel reflecting surfaces separated by a
certain distance.'’”'”” The multiple reflections and their
superposition of the beam between the parallel surfaces
cause the interference. For optical fiber-based FPI config-
urations, the cavity is prepared by designing two reflectors,
either intrinsically or extrinsically, based on which the fiber
optic FPIs are categorized.'”® In the extrinsic FPI sensor, the
reflecting cavity is formed outside of the fiber, while the
intrinsic FPI consists of a reflecting cavity within the fiber.”*'*’
Figure 20a shows a schematic representation of an extrinsic
FPI, where an air cavity is created using a supporting structure;
due to the highly reflective surfaces, this structure provides a
high finesse interference spectrum.''’ Additionally, such
structure requires a comparatively easy fabrication process
without any high-cost equipment, but these types of FPIs suffer
from alignment refinement, low coupling efficiency, and costly
packaging.”® On the other hand, the intrinsic nature of FPIs is
fabricated by the creation of the micrometer dimension cavity
inside the fiber, as shown in Figure 20b. A few methods have
been utilized for the fabrication of such intrinsic FPI, namely
micromachining,“l_113 chemical etching,114 fiber Bra%%
gratings (FBGs),'"*™""” and thin film deposition."'*"
However, these methods are still limited due to the
requirement of high-cost instrumentation to create a cavity.

The resultant transmission or reflection spectra of an FPI
can be realized using the wavelength interrogation of the input
light spectrum and obtained due to the phase difference
between the reflected or transmitted beams. The phase
difference of the FPI may be expressed as

o= 2—]TZnL
A

Here, A corresponds to the wavelength of input light, n
represents the RI for material within the cavity, and L indicates
the physical length of the cavity. The peaks and dips generated
in the output spectrum are due to in and out of phase of light
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at that wavelength, respectively, in the modulus of 27. When
any perturbation is introduced through changing the cavity
dimension or via altering the RI of the cavity material, the
interference shift occurs in terms of the free spectral range.
Therefore, the influencing change can be predicted through
spectral shift observations. This basic principle of FPI has been
utilized for the fabrication of different biochemical sensors
after functionalizing the sensing region with suitable
recognition materials, as discussed in the following section.

7.2. Micro/nanostructured Optical Fiber-Based FPI
Biochemical Sensor. The optical fiber-based FPI sensor can
be realized by making an ultrasmall optical cavity on the fiber
surface. In 2017, Warren-Smith et al. demonstrated an FPI-
based biochemical sensor using an optical microcavity with a
diameter of 2.8 um."”" The cavity facilitates the ability of the
fluid analyte to flow easily into this cavity, thus modulating the
RI of the cavity and acting as an RI sensor for ultrahigh
sensitivity. The estimated sensitivity of the proposed sensor
was 57.3 rad/RIU while a minimum detection limit was of the
order of 107* RIU. The biological activity of that sensor was
carried out by coating the cavity surface using a polyelectrolyte
layer.

In the year 2018, Khan et al. suggested a single-mode fiber
tip-based FPI sensor for the selective detection of glucose and
pH with high sensitivity.">> The sensor was composed of a
highly polished uncladded SMF tip immobilized with gold
nanoparticles, followed by the deposition of a polymer
membrane mixed with three different glucose sensing dyes:
Nile red, rhodamine B, and 4-ANMP. In this sensor, when the
polar glucose solution comes in contact with the Nile red dye,
its sensitivity increases due to the abrupt change of dipole
moment of Nile red dye. This change of the dipole moment
occurs for large charge transfer between donor and acceptor
moieties. Hence, the energy gap decreases with the increase in
solvent polarity. For the change of the energy gap between the
ground and excited states, the permittivity and hence refractive
index of the dye molecule are altered. This produces the shift
in dip wavelength of the spectra that depends on the
concentration of glucose solution. The maximum pH
sensitivity obtained was 1.95 nm/pH, and the glucose
detection sensitivity was 3.25 nm/mM.

7.3. C-type Optical Fiber-Based FPI Biochemical
Sensor. A C-type fiber is one kind of specialty fiber where
one side is open to air, allowing interaction of the external
media with the fiber core and modulating the propagation of
light. In this type of FPI sensor, a section of C-type fiber is
spliced between two normal SMFs, thus the open side makes a
cavity between two SMFs. This cavity allows the fluidic
samples to enter into the gap. Hence, by proper functionaliza-
tion of this inner cavity surface, this sensing transducer can be
made sensitive to the desired analyte. In the year 2014, Wu et
al. fabricated a cavity-based FPI sensor by splicing a small
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section of C-shaped specialty fiber between two SMFs using a
fusion splicer.'** The RI sensitivity of that sensor was checked
using an ethanol—water mixture with varying concentrations.
The sensor showed a RI sensing response in the range of 1.33
to 1.36. Its RI sensitivity was obtained as 1368 nm/RIU for a
1600 nm wavelength of input light with negligible temperature
cross-sensitivity of 3.04 X 10~7 RIU/°C.

In the year 2019, Xie et al. adopted the same principle of C-
shaped optical fiber and proposed a dual cavity-based FPI
sensor for selective detection of streptavidin.'”* The sensing
probe was constructed by forming a dual cavity using two C-
shaped optical fibers through serially arranged in-line splicing
with conventional single-mode fiber. The lengths of the two
cavities were taken as 80 and 183 um. The first cavity was
taken as a reference cavity and the other one was used as a
target cavity for measurement or vice versa. The experimental
observations showed minimum cross-talk effect between the
two cavities, which confirmed the independent nature of both
probes. To use this sensing transducer for biosensing
applications, both cavity regions were immobilized with
layer-by-layer polymer nanofilms. The first cavity region, called
the control probe, was then immersed in PBS solution. The
second cavity was also coated with polyelectrolyte nanofilm
using the same technique, followed by functionalization with
biotin. The biotin—streptavidin binding property was utilized
for the detection of streptavidin with high specificity. Due to
this binding interaction, the RI of the cavity region of the
target probe changes. This alters the phase difference in the
output fast Fourier transform (FFT) spectra. The minimum
cross-talk effect showed the capability of the probe for
independent dual parameter sensing and also shows the
possibility of multiple biochemical sensing. This in-line cavity-
based sensor shows the potential of multiplexing more cavities.
However, this sensor was limited from separating the FFT for
different cavities. The light beam was divergent for the open
cavity and prevented the multiplexing of a greater number of
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cavities. This makes the output intensity lossy. Another
remarkable limitation of this sensor was the minimum cavity
length that supports the sensor. For a further decrease of cavity
length, the FSR increased. That makes it very difficult to
demodulate the signal using FFT.

In 2020, Li et al. demonstrated a C-type fiber-based all-fiber
all-optical biosensor for quantitative polymerase chain reaction
(gPCR) detection.'” In this sensor, the C-type fiber cavity
was used as a sensing transducer where the QPCR process was
performed and the real-time fluorescence was monitored, as
shown in Figure 21. The experimental results showed the real-
time fluorescence capability of the sensor for quantitative
amplification of DNA. The proposed sensing platform showed
a new strategy for remote diagnosis and real-time data
collection. The biochemical sensor based on the C-type
specialty fiber showed high sensitivity due to the direct
interaction of the fluidic analyte medium with the core of the
fiber through an open microfluidic cavity. Therefore, this type
of sensor allows on-site real-time measurements. However, this
type of sensor suffers from serious optical loss due to the direct
interaction of propagating light inside the resonating fiber
cavity. Moreover, this sensor is not suitable for any in vivo
biological observations.

7.4. Hollow Core Optical Fiber-Based FPI Biochemical
Sensor. The FPI phenomena can be achieved by forming
multiple cavities within the in-line fiber structure. This in-line
fiber cavity can be formed using a hollow core specialty fiber or
tube in combination with normal SMF. In 2005, Zhang et al.
reported a fiber optic in-line FPI sensor for selective
biochemical sensing using multicavity structures.'”® The
sensing probe was constructed by simple splicing of a hollow
core silica tube with an approximate length of 10 ym at the end
of an SMF. The inner and outer diameters of the tube are 50
and 125 pm, respectively.

Another segment of SMF was spliced at the end of the silica
tube and cleaved. Thus, two optical cavities are formed at the
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end of SMF. The incident light reflected from the front and
back walls of these two cavities and for superpositions of them
produced a stable interference pattern. This cavity-based
transducing platform was functionalized and used for selective
biochemical sensing applications. In this process, self-
assembled polyelectrolyte layers were immobilized for the
specific detection of immunoglobulin G (IgG). The compact,
flexible structure of the sensor gives the potential for in situ
sensing applications. However, this sensitive tip-based sensor is
difficult to fabricate. Moreover, proper storage is required for
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repeated use. A similar type of cavity-based FPI sensor was
reported in 2013 by Chen et al."”” The sensor was fabricated
by splicing a hollow core fiber (HCF) segment having an inner
diameter of 70 ym with a standard SMF, as shown in Figure
22. The end face of HCF was coated with a self-assembled
chitosan and polystyrenesulfonate membrane. This coated
membrane formed an optical cavity at the end of the fiber and
produced interference at the reflected output. The chitosan
membrane was immobilized with protein through a layer-by-
layer self-assembly technique. The surface modification of
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chitosan preserved the biospecific activity of the adsorber. This
FPI-based single-ended immunosensor was characterized for
specific label-free detection of anti-IgG. The effect of each step
of the immunoassay process was monitored. The experimental
results confirmed the negligible response for unrelated anti-
IgG. The sensitivity of the fabricated sensor was found to be
0.033 yum/(pg/mm?) with a limit of detection of 0.005 nM.

Hollow core PCF (HCPCF) is an exclusive type of specialty
fiber that can be used with normal SMF to make FP-based
biochemical sensors. In the year 2016, Liu et al. developed an
FPI-based biochemical sensor for the detection of micro-organ
activities.'*® Here, HCPCF was used with conventional SMF
to fabricate the FP cavity at the end of SMF, as shown in
Figure 23. This cavity supports multiple reflection-based
interference spectra. The proposed sensor showed a very
high refractive sensitivity of —136 dB/RIU. The single-ended
sensing probe was functionalized and immersed vertically into
the liquid culture medium to detect the growth of yeast.
However, this cavity-based sensor suffered from insertion loss
due to the leakage of light.

The above examples show that, in comparison with MZI,
MI, and SI-based biochemical sensors, the FPI-based
biochemical sensors are more compact in terms of volumes
and lengths. The typical size of this type of biochemical sensor
is only a few tens of micrometers or even a few micrometers.
Therefore, these sensors require very low amounts of analyte
samples for measurement. The single-ended sensors are more
convenient to use for long-distance monitoring and remote
biosensing applications. Moreover, these are very suitable for
insertion in in situ and in vivo measurements. Besides, these
microcavity-based FPI biosensors facilitate the microresonance
phenomenon inside the in-line cavity, achieving PCR
amplification. Apart from this, the cascading facility of such a
biochemical sensor provides simultaneous measurement of
multiple biochemicals.

8. BIOLAYER INTERFEROMETRY (BLI) BASED
BIOCHEMICAL SENSOR

Another important interferometric technique that is widely
used for the detection of different biological elements is
biolayer interferometry (BLI). This technique was first
developed by ForteBio, focusing on qualifying and quantifying
the protein—protein interaction. This BLI technique analyzes
the real-time biomolecular interaction kinetics without any
requirement of fluorescent labeling of the sensing
probe.”””~"*" It is based on thin film interference as produced
by two reflecting surfaces at the tip of the sensor. To construct
this BLI sensor, the free end of the sensor tip is first
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immobilized with the ligand that will bind the desired analyte.
Due to the immobilization of the ligand molecule, a thin film is
formed at the end of the sensor tip. Now, when the white light
is incident on this thin film, part of the light gets reflected from
the first surface of the film while another part of the light as
transmitted light is again reflected from the second face of the
thin film. Thus, these two reflected lights with different
intensities propagate through the sensor and produce an
interference pattern at the detector.'”” The interference
wavelength shift depends on the thickness of the sensing film
instead of the RI of the external medium. To use this BLI
sensor for biosensing applications, the sensing tip is dipped
into the sample solution containing the desired analyte. The
analyte from the sample binds with the ligand at the tip of
sensor. Due to the association of the target analyte, the
thickness of the biological layer increases. This will shift the
interference dip wavelength toward the high-wavelength
region, while for dissociation of the target analyte a blue
shift occurs. Thus, any shift in output spectra is directly linked
with the association or dissociation of the desired analyte. The
schematic construction and working principle of a BLI sensor
is shown in Figure 24. Here the wavelength shift A4 shows the
interference shift for increasing the biological layer thickness
due to association of the target analyte. This interferometric
technique allows for real-time monitoring of biological
interaction. In order to suppress any nonspecific molecular
interaction, the sensor tip can be functionalized with specific
biorecognizing elements like enzymes, antibodies, aptamer,
and cells that improve the binding specificity of the
sensor.*”'*¥"3* The BLI sensor has been used extensively in
the pharmaceutical industry for drug characterization, molec-
ular interaction kinetics monitoring, and characterization due
to its easy construction, small compact structure, label-free
performance, and disposable nature.

9. BIOCHEMICAL SENSORS BASED ON
OPTOTHERMAL EFFECTS

Optothermal-based biosensors correspond to identifying the
change in the refractive index of the sensing material through
varying the temperature at the surface, which is then
transferred to a readable signal through any refractive index
sensing method such as interferometry,135 whispering gallery
modes,'® etc. This surface heat can be changed through the
effects of laser irradiation, the chemical interaction between the
a sensing layer and target analyte,"”” etc. Recently, Yang et al,,
reported one such sensor, where a MZI-based fiber optic probe
is proposed to identify the optothermal effects of ionic liquids
by laser illumination.'” The sensor consists of a U-shaped

https://doi.org/10.1021/acsomega.3c03970
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Table 2. Critical Comparison among Different Interferometric-Based Biochemical Sensors

working fiber
principle configuration advantages disadvantages refs
MZ1 MNF ultrasensitive, high resolution, small size fragile structure, temperature, and bending cross- 74
reference
MOF high sensitivity, stable configure complex fabrication, temperature, strain cross 83
reference
TCE easy fabrication, stable structure, easy to use low sensitivity, temperature cross-reference 88
MI MNF compact size, reflective type structure, high sensitivity fragile structure, temperature, bending cross 95
reference
PCF compact size, reflective type structure, high sensitivity complex fabrication 96
DCF compact size, stable structure complex fabrication 99
SI MNF ultrasensitive, fine structure fragile structure, temperature, bending cross 101
reference, lossy
ECF ultrasensitive, compact size complex manufacturing, lossy 104
FPI MNF ultrasmall size, reflection-type probe structure, high sensitivity, complex fabrication, lossy, poor repeatability 121
MOF cascading facility 124
HCF 128
BLI SME/MMF ultrasensitive, point-of-care application complex manufacturing, lossy 132

microcavity between two laterally shifted coreless fiber optic
segments, which helps to improve the refractive index
sensitivity as well as the visibility of the interference. Through
changing the refractive index of ionic liquid, the sensitivity of
the sensor was found to be able to be —9.6525 nm/(mW-
mm2) for laser irradiation power from 0.00 to 11.67 mW/
mm? Although only a few studies have reported interfero-
metric and optothermal-based fiber optic biosensors, this
technique holds several potential applications, such as thermal-
functionalized applications like temperature-dependent bio-
sensing, ionic-liquid-functionalized applications, optical tweez-
ing, wavelength tuning, etc.

A comprehensive comparison of all interferometric-based
biochemical sensors is summarized in Table 1, in terms of the
sensing probe configuration, nature of the sensing layer,
detection range, and limit of detection.

10. COMPARISON OF DIFFERENT
INTERFEROMETRIC-BASED BIOCHEMICAL
SENSORS

A summarized critical comparison among different fiber optic
interferometric-based biochemical sensors is given in Table 2.
Here one can see a brief classification of the four types of
interferometric sensors based on the category of optical fiber
that is used for sensing probe fabrications process. The optical
fiber interferometric-based biochemical sensors have the
potential to provide very sophisticated experimental data
consistent with theoretical analysis. These biochemical sensors
have the advantages of being label-free and biocompatible,
along with allowing real-time measurements. MI and FPI have
smaller and more compact sizes as compared to MZI- and SI-
based biochemical sensors. Apart from this, the reflective
structure of MI and FPI sensors has potential for online in vivo
measurements. In addition, owing the cascading facility of the
FPI sensors, simultaneous measurement of multiple analytes
can be realized. The MNF-based interferometric biosensors
have high sensitivity, but they have fragile structures and very
poor temperature cross-sensitivity. The MOF-based interfer-
ometers have the advantages of high sensitivity and fast
response, but they suffer from a more complex fabrication
process. All these optical fibers based biochemical sensors have
a significant role in label-free, sensitive biochemical detection
with high specificity.
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11. CHALLENGES AND POSSIBLE SOLUTIONS

The main challenge to develop these sensors for transfer to real
devices is the sensitivity toward mechanical fluctuations such as
bending, stretching, and and temperature variations. The
reason for this cross-sensitivity with external fluctuations is the
change in the effective index of the higher-order modes
propagating across the sensing layer, which depends on the
refractive index of the sensing layer and the optical and
structural properties of the optical waveguide. These unwanted
noise signals can easily alter the actual result, especially in the
case of low-concentration measurements or evaluating the
sensor’s detection limit. Therefore, in the current scenario,
these sensors should be fabricated in such a way that any
unwanted bending effect as well as the temperature
fluctuations cannot influence the sensor’s performance
significantly during biosensing measurements. Considering
the existing techniques, the most broadly used method is using
fiber optic distributed sensors, which are sensitive to
temperature, stress, and and with vibrations.'”® To minimize
these effects, herein we propose a few possible solutions. First
solution is that, after the sensor fabrication, one should fix the
sensing regime within a thin cylindrical casing made of Teflon,
PDMS, or PMMA having the facility of a microfluidic channel
to ease transportation of sensing molecules. The casing will
help to minimize the temperature fluctuations/mechanical
vibrations and other external influences. Several properties
such as flexibility, hardness, and temperature coefficient are
important while designing such a casing. One of the possible
solutions, which researchers have utilized broadly in fiber-
based configurations, is where a fiber bragg grating is fabricated
very near to the sensing region and the temperature response is
recorded.’””™'®" After the measurements, with a correlation of
temperature change in sensor response, one can easily diminish
the response obtained due to the temperature fluctuations. A
similar study has also been performed using dual fiber bragg
grating on the tip of microfiber. Chen et al. reported a
temperature compensation enabled refractive index sensor
where two different fiber bragg gratings were fabricated using
ultrashot pulses on a microfiber platform.'® The grating
showed the response toward changes in the surrounding
refractive index and also showed a response with changes in
the surrounding environments. Hence, by compiling the
results, the authors succeed in minimizing the temperature
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cross-talk.'®® In a similar manner, a number of studies can be
found in the literature."*'®* However, this method has not
been utilized yet in the case of optical fiber interferometry-
based refractive index or biochemical sensors. The reason may
be the fabrication of FBG on microfiber platforms, PCF,
especially designed microstructure fiber is tricky. Hence, it will
be interesting to fabricate such sensor where FBG and
interferometry are integrated toward compensating the
external influence. The designed FBG should have fabricated
on/very near to the sensing channel and as well as the
operating wavelength should not overlap with the operating
wavelength of the fiber optic interferometer.

Another kind of temperature compensation study for fiber-
based multimode interference was reported by Oe et al.'®’
Here, the authors used an optical frequency comb (OFC)
sensing cavity along with multimode interference (MMI) fiber,
with two different sensors enabling concurrent monitoring of
sample temperature and as well as material-dependent RI.
Then, by decoding the results, the authors were able to realize
the temperature compensation RI sensing with a precision of
1.6 X 10~* RIU along with a temperature stability of 0.08 °C.
Additionally, we feel that it is also worth trying with distributed
sensing, since this is also quite sensitive for measuring thermal
and mechanical fluctuations. Similar to FBG, the distributed
sensors could help to nullify the external influence, which can
obviously improve the performance of the fiber optic
interferometric sensors. The preference of distributed sensing
over the FBG will be due to the fact that in this case you do
not need many changes in the fiber configurations. Initially,
after fabricating the fiber, one should check the response with
respect to the external influences and characterize the sensor
one by monitoring these changes; using this method, one can
nullify the response corresponding to the external fluctuations.
Furthermore, one should also focus on the several works on
the acousto-optic devices'®* and elasto-optic devices with fiber
bragg grating,185 which have been used to find the effect of
mechanical fluctuations to apply them for biomedical
applications. Although, these works are not focused for
biochemical sensing applications, they show the potential
toward developing the fiber optic devices toward biomedical
devices. For example, the first papers184 provide the details of
using a fiber optic material and its components for acousto-
optic modulation applications where the mechanical fluctua-
tions modulate the light signal and one can identify the surface
changes on the fiber platform by monitoring the changes; it
may also provide an insight into identify the changes when an
interferometric platform is used. However, we would to like to
mention again that the solutions provided are still not reported
in the literature for incorporation with fiber optic interferom-
etry, but we believe in the recent few years the technology will
provide more options to diminish the external fluctuation
response from the signal. We believe that the most feasible
solution from above is the use of cylindrical sheath around the
sensing region to make it isolated.

12. SUMMARY AND FUTURE SCOPE OF RESEARCH

To conclude, a comprehensive survey on interferometry-based
fiber optic biosensors has been presented, providing fabrication
methods, sensing mechanisms, and advanced structures with
advantages/disadvantages. A variety of interferometric config-
urations such as the Mach—Zehnder interferometer (MZI),
Michelson interferometer (MI), Sagnac interferometer (SI),
and Fabry—Perot interferometer (FPI) are discussed funda-
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mentally along with their biosensing applications. A brief
description of generic biosensors is also provided for better
understanding for the readers. In the end, a tabulated
comparison of various reported optical fiber interferometry-
based biosensors is done, keeping in mind their performance
parameters such as sensing configuration and linear dynamic
concentration ranges, along with a comparison of the detection
limits. Finally, the drawbacks and advantages of several special
optical fiber interferometric structures have been tabulated to
predict the further needs and scope for the improvement in
bioengineering field. These critical examples employing optical
fiber-based biochemical sensors are demonstrating the huge
potential for these sensors for the biomedical industry, clinical
laboratories, online water quality monitoring, and many more.
This also shows the potential for high sensitivity, response
time, and biocompatibility. The high sensitivity, compact size,
and applicability of online monitoring and remote sensing
provide a huge advantage to these devices for biocompatibility
and in vitro and in vivo monitoring of biochemical entities, in
addition to the point-of-care (POC) applications for the case
of Fabry—Perot configurations. However, although several
investigations have been done utilizing fiber-based interfero-
metric structures, these are still limited to the laboratory
research level and still not fully developed for commercialized
devices. The first reason is the fragile nature of microfiber
structures that causes the huge possibility of sensor damage for
a slightly higher degree of bending, even occurring due to a
small fan. Hence, the efficient packaging of such a device is a
little critical, but it is not impossible to resolve this problem
using a specific sealing of the probe near the active regime. The
second critical point is the presence of several dips obtained in
the interference pattern, which happens due to interference
occurring at certain wavelengths realizing various dips, the
sensitivity of each dip not being the same as the effective index
contrast of core, and cladding mode changes with the
wavelength. In such a case, the dip wavelength corresponding
to the maximum sensitivity is traced, which is to be selected
wisely. The third and most problematic issue hindering the
commercialization of such sensors is the integration of these
devices with the microfluidic channels with the sensing channel
of the optical fiber due to fiber cylindrical geometry.

Apart from the discussion on several benefits and issues with
fiber optic interferometry-based sensors, we would like to put
thoughts while reviewing a broad range of sensors. While
talking about the performance of generic biosensors, a number
of reports agree with the physical and chemical laws of naturel;
however, due to a race for a high number of publications and
to prove their superiority, a large number of studies also claim
the false results. The reason is very clear that to claim a high-
performance sensor one should always take care of all the
aspects such as sensitivity, selectivity, interference study, signal
broadening, temperature effects, minimum detection limits,
etc,, and it can be easily found that many reports do not
perform all the studies and do not take care about the actual
surface effects such as the number of possible molecules at the
surface, numbers of unbound molecules on the surface, surface
affinity, molecular transport, mass transfer, and many more.'*’
Further, one issue arises from the several definitions reported
for calculating parameters; for example, in case of limit of
detection, there are a number of formulas available including
three times of standard deviation,'®” and it can also be
calculated by taking the ratio of the device resolution and the
sensitivity at minimum concentration.'”” Hence for each
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experiment, there is a possibility of different LODs which can
lead to the wrong numbers. Hence each definition has certain
limitations and cannot be applied to each experiment.
Additionally, one more possibility is that, while calculating
the LODs, researchers consider the resolution of the device
from the ideal case, which also in turn to the wrong claims
from the physically possible numbers."*® Hence, we would like
to conclude that researchers should always take care of the
formulas and definitions according to the practical application
and be advised to use the numbers obtained from the
experiments without considering the ideal case. To measure
the minimum detection limit of a sensing device, one should
take care of a few important things using the ideal instrument
as a benchmark: temperature drift and blank signal, nonspecific
binding, biomolecule dynamics, mass transfer, and optical
signal-to-noise ratio. Yang et al. reported a quite comprehen-
sive study on measuring the ultralow detection limit, and more
details on this can be found elsewhere."®’

On the other hand, it is quite challenging to take care of all
the experimental validations for real biosensors applied to
clinical diagnosis, sometimes due to experimental facilities
available and sometimes due to the fact that it is difficult to
find the actual situations where the study is feasible and shows
the best performance. There are several real hurdles while
working with these label-free technologies such as surface
plasmon resonance (SPR), localized SPR, interferometry, etc.
First is the action of the sensing device in complex media, since
the identification of a rare protein in the presence of hundreds
of other proteins may affect the sensor result. It is hard to
develop such surface chemistry that can bind only with one
specific analyte without nonspecific binding. The second issue
arises from the limited receptor affinity. Consider that a sensor
is able to enhance the surface sensitivity but the number of
molecules that can bind to the surface is limited. Therefore,
even if the sensitivity of the sensor is higher one cannot
improve the higher concentration to be detected, and one
needs to improve the surface chemistry instead of instrumen-
tation and methods. The next possible issue while working
with the real devices to control the temperature and
mechanical fluctuations in the sensing device, which is a
hard challenge faced to convert these in-lab devices to
commercial sensing devices. A more detailed analysis of
these issues can be found elsewhere.'*>'*’

Although there are several issues the technology is facing, as
discussed above, exponential technological growth will surely
find the solutions to these issues, and in the near future we
hope for the possibility of extending these devices from the
research level to compact biosensing industrial devices. In
addition to these possibilities, we would to add further possible
developments in the recent future. For example, in case of FPI,
there are two main challenges: first is the designing the cavity
in a manner such that the biosensing medium should deposit
uniformly along the sensing channel inside the FP cavity, while
the other issue stays with the limited size of the cavity, making
it less sensitive and as well as making it more difficult to pour
the sensing channel/analyte within the cavity. However, the
technological developments with the sophisticated liquid
input/output technique along with external auxiliary equip-
ment can better improve the issues. Further, the advancements
in the deposition methods and nanotechnology can improve
the uniform deposition as well. Solving these issues, FPI-based
sensors can prove themselves promising candidates in the near
future for biosensing applications. In case of MZI, as we
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mentioned earlier, the issue corresponding to the temperature
sensitivity is the big hurdle limiting its application as a
commercial device. Still, a few solutions have been suggested
by the researchers, such as two cascaded interferometers, but
the still the complete elimination of temperature cross-
sensitivity is still cannot be ignored. We hope that we can
get a better solution to the issue as one of most awaited works
in near future.

For the tapered interferometric configuration (microfiber),
we would like to mention that the evanescent field during the
tapered region plays a very important role to achieve sensing.
Thus, the sensitivity of the sensor can further be improved if
the shape of the tapered portion can be improved as such the
more the evanescent field comes out, and one such method is
to use the elliptical core. Further, integration with the
microfluidic platform, low mechanical strength, and external
environment sensitivity are the additional challenges, which
need to be rectified. We hope that in the near future the
technology will come up with a solution for these issues, since
microfiber is one of the promising candidate for future
biosensing. In addition to all above-mentioned challenges and
the possible solution in the technology, we would like mention
that despite the technology having several issues with
technological problems, with a modern day solution we will
sure find a way to make the interferometric platform a better
candidate, since optical fiber platform provides an extra edge of
advantages comparing to the conventional sensing methods in
terms of in vivo sensing, compactness, increased flexibility,
remote sensing, and online monitoring.

Apart from the sensing application, we also hope that the
rapid growth in science and technology will lead to the use of
microfiber-based techniques for quantum optics studies to
uncover the light—matter interactions.'”’ When the fiber
diameter is reduced from microlevel to the nanoscale (termed
as nanofiber), it offers unprecedented potentials for a wide
range of quantum applications like tight optical mode
confinement, intense evanescent fields, flexibility, low loss,
unique light geometries provided through fiber modes, and
diffraction-free propagation, promising improved atom-—light
interaction'”’™""* for a variety of quantum applications.'*>'*®
The evanescent field associated with guided modes of these
nanofiber/tapered fiber interferometers provides an intensity
gradient suitable for generating an optical dipole trap.'”"'"*
The development of atom traps around optical nanofibers
affords new avenues of research including loss-limited hybrid
quantum systems.'”””'** However, there are still several
competing realizations of such qubits (trapped ions, cold
atoms, electrospinning, etc.), and the research community is
still exploring the pros and cons of these processes for future
nanofiber-based quantum systems. For example, in the case of
trapped ions, atomic force interferometry is introduced, which
is used to measure the weak forces by employing time-
dependent spin-dependent forces.'”” In addition, an example
of miniaturized cold atom interferometry is proposed by Lee et
al.'”® The study successfully designed a compact and
customized titanium vacuum package incorporating a tetrahe-
dral grating magneto-optical trap (GMOT) chip using a single
cooling beam. Due to the ultrafast progressing research works
in this field, soon there will be studies utilizing the mechanism
for various biomedical applications, including optical tweezers,
molecular trapping, and single-molecule sensing.
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