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Abstract

Optical fiber biosensors have attracted

extensive research attention in fields such

as public health research, environmental

science, bioengineering, disease diagnosis

and drug research. Accurate detection of

biomolecules is essential to limit the

extent of disease outbreaks and provide

valuable guidance for regulatory agencies

to take timely measures. Among many

optical fiber sensors, optical fiber biosen-

sors based on specialty fibers have the advantages of biocompatibility, small

size, high measurement resolution, high stability and immunity to electromag-

netic interference. In this paper, four types interferometer biosensors based on

specialty fiber, namely Mach-Zehnder interferometer, Michelson interferome-

ter, Fabry - Perot interferometer and Sagnac interferometer, are reviewed in

terms of operating principles, sensing structure and application fields. The

fiber types are further divided into micro-nano optical fiber, thin core fiber,

polarization maintaining fiber, polymer fiber, microstructure optical fiber. Fur-

thermore, this paper evaluates the advantages and disadvantages of these

interferometer biosensors. Finally, main challenging problems and expecta-

tional development direction of specialty fiber interferometer biosensors are

summarized. This text clearly shows the huge development potential of optical

fiber biosensors in biomedical.
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1 | INTRODUCTION

With the rapid development of biology, bio-sensing is
important for many applications in public health
research, environmental science, biological engineering,
disease diagnosis and pharmaceutical research. At

present, there are many methods for biosensing, such as
optical, electro-chemical, thermometric, piezoelectric or
magnetic. Among them, optical fiber biosensors have
attracted wide attention because of their small size, supe-
rior biocompatibility and anti-electromagnetic interfer-
ence characteristics and have been developing rapidly in
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recent years. Kao KC found a glass fiber with a refractive
index (RI) higher than its surrounding area [1]. With the
development of optoelectronic technology [2], optical
fiber has been deeply developed in various fields [3]. In
medicine, optical fiber sensors are used to detect the pres-
ence or concentration of human biomass, such as DNA
hybridization detection [4], Escherichia coli detection [5,
6], glutamic acid [7], acetic acid [8], antibiotics [9], car-
diovascular diseases diagnosis [10]. In chemical detec-
tion, optical fiber is used to make chemical sensors, such
as H2S specific detection [11], NH3 detection [12], etha-
nol concentration [13], harmful substances [14], urea
[15], glucose [16, 17] and humidity [18]. The accurate
detection of these biochemical molecules plays an impor-
tant role in biomedical or clinical research. There is no
doubt that optical fiber sensor has great development
potential in biomedical or clinical research. [19].

Various methods for creating optical fiber biosensors
have been proposed, such as fiber Bragg-gratings [20–25],
long period fiber gratings [26], fiber interferometers [27–
30], Brillouin/Raman scattering [31], surface Plasmon
resonance [32–35], lossy-mode resonance [36], interfer-
ometer [37–41] and specialty fiber couplers [42]. Among
them, the biosensors based on optical fiber interferometer
are particularly attractive. Since the interferometer will
provide a large amount of time and spectral information
as its signal, it can quantitatively detect the measured
object through a variety of methods, such as wavelength
detection [43], phase difference [44], intensity [45], fre-
quency [46]. With the help of these sensor indicators, it
can be well applied in large dynamic range, high preci-
sion and high sensitivity sensing. Optical interferometry
is a well-established technique for analyzing changes in
optical thickness or RI and thus is a well-justified option
for use in label-free biosensing. Due to the complexity
and precision of biological organs, sensors used in bio-
medical or clinical research need to be miniaturized. The
current trend of optical fiber interferometers is the appli-
cation of micron level fibers. As a result, small optical
fiber devices enable sensors to operate on a fiber scale
[47]. As the effective choice for realizing miniaturized
fiber interferometers, the in-line structure with two opti-
cal paths in one physical circuit has been extensively
studied. The in-line structure has many advantages, such
as easy alignment, high coupling efficiency and high sta-
bility [48]. At the same time, the optical fiber interferom-
eter biosensor has the characteristics of simple design,
ruggedness, portability, anti-EMI, shockproof and non-
electrical operation. These are the functions required by
any clinical diagnostic tool used in the hospital
environment.

The optical fiber interferometer based on specialty
fiber has received extensive attention due to its special

structure and function [49, 50]. specialty fibers are the
optical fibers with special designs or materials. In this
paper, we only discuss silica fiber with special designs.
Silica fiber has good biocompatibility thus is more suit-
able for biosensors. These specialty fibers include micro/
nanostructured optical fiber (MNF), microstructured
optical fiber (MOF), photonic crystal fiber (PCF) [51],
polarization maintaining fiber (PMF), polymer fiber, hol-
low core fiber (HCF) [52], dual-core fiber (DCF). The
interferometer based on specialty fiber has some advan-
tages that other optical fibers do not have. For example,
MOF can be filled with sensitive materials due to its
unique air hole structure. [53]. In this way, closed mea-
surement and high sensitivity measurement can be real-
ized [54]. There are also advantages of MOF structure,
such as wavelength free single-mode transmission, dis-
persion controllable, strong nonlinear effect, strong bire-
fringence effect [55]. And these interferometer biosensors
can be well applied in biomedical or clinical research due
to their own advantages such as good biocompatibility.

This article aims to review and classify optical
fiber interferometric biosensors with their principles,
manufacturing methods of sensor probe and application
fields. Due to the variety of sensing schemes, it is difficult
to fully introduce all types of optical fiber biosensors in
this review. Therefore, only specialty fiber interference
biosensors are introduced.

2 | THE PRINCIPLE AND
APPLICATIONS OF BIOSENSORS
BASED ON SPECIALTY FIBER
INTERFEROMETER

The famous Young double slit experiment was publi-
shed in 1805 [56]. Young greatly promoted the develop-
ment of light wave theory. Experiments have shown
that light from a point light source passing through two
closely spaced slits will produce an interference pattern
at the terminal, which has been effectively used as a
Young's interferometer in biosensor science [57]. In
physics, interference is the phenomenon that two or
more waves overlap in space, resulting in the formation
of new waveforms. In this paper, four typical types of
optical fiber interferometers are used to classify the
biosensors of specialty fiber interferometers. They
can be categorized into four types: Mach-Zehnder
interferometer (MZI), Michelson interferometer (MI),
Fabry - Perot interferometer (FPI) and Sagnac interfer-
ometer (SI).

For these four types of interference, the interference
spectrum can be modeled by a simple two-mode interfer-
ence equation,
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Iout = I1 + I2 + 2
ffiffiffiffiffiffiffiffi

I1I2
p

cosφ, ð1Þ

is the phase difference between them. When RI of the
surrounding medium changes, the phase difference of
the two beams will also change and the interference spec-
trum changes accordingly. The detected light signal can
be demodulated to realize sensing. The majority of these
interferometer configuration biosensors are based on the
RI change induced by a molecular binding event on the
sensor surface, which is directly related to the sample
concentration. For example, the measurement of protein
mainly depends on the combination of protein and prote-
ase to change the liquid RI. The measurement of DNA
mainly relies on the combination of two complementary
ssDNA to form double-stranded DNA to change the liq-
uid RI. In general, most biomolecule measurements are
due to the change of the RI of the liquid due to the com-
bination of the test liquid and the functionalized film,
which in turn causes the change of the spectral response.
Thus, sensors with high RI sensitivity usually have high
biological sensitivity after surface functionalization.

2.1 | Mach-Zehnder interferometer
biosensors

2.1.1 | The principle of Mach-Zehnder
interferometer

The basic structure principle diagram of optical fiber MZI
is shown in Figure 1 and the basic principle is double
beam interference principle [58]. The light is split into
two beams via a coupler or splice point. A net phase dif-
ference is accumulated as the beams through the length
of the fiber leading to Mach-Zehnder interference when
the two beams are recombined.

2.1.2 | Mach-Zehnder interferometer
biosensors based on micro/nanostructured
optical fiber

MNF is a kind of specialty fiber with the diameter micron
or even nanometer. MNF is widely used in detection,
medical treatment, communication and other fields
because of its high sensitivity. In 2015, Huang et al. pres-
ented a sensitive optical fiber biosensor based on a
tapered fiber interferometer for in-situ detection of
unlabeled single-stranded DNA (ssDNA) targets, as
shown in Figure 2 [59]. The tapered fiber was coated with
a high ordered pore arrays conjugated polymer to catch
ssDNA. The polymer coating captures ssDNA molecules

through π-π conjugate interaction and changes the sur-
face RI of the tapered fiber, thus the output interference
spectrum changes. Experimental results show the DNA
concentration sensitivity of the sensor is 2.393 nm/log M
and the minimum detection limit is 10−10 M or even
lower.

Similarly, in 2016, Song et al. presented a label-free
DNA biosensor based on the microfiber-assisted MZI for
real-time detection of DNA hybridization kinetics [60].
Poly-L-lysine and probe ssDNA gradually form a sand-
wich coating on the surface of the tapered fiber, as shown
in Figure 3. The interference transmission spectrum will
change with the concentration and by using a U-shaped
microcavity with a length of 176.88 μm, the detection
limit is conservatively reduced to 0.0001 pmol/μL. The
DNA biosensor proposed by this test has the advantages
of small size, easy manufacture and strong reaction to
DNA hybridization, which makes it well used in such
aspects as medical diagnosis, cancer screening, drug
inspection and environmental engineering.

In addition to DNA hybridization detection, MNF can
also effectively detect other biological molecules and has
broad application prospects. In 2016, Ding et al. pres-
ented a label-free micro-nano fiber interferometer biosen-
sor for high-sensitivity detection of neurotransmitter
molecules (5-HT) [61]. In the experiment, the fused
biconical method was used to fabricate MNF and the sil-
ica nanospheres used in the experiment form a meso-
porous structure on the surface of the fiber, so as to
achieve the purpose of effectively collecting 5-HT mole-
cules, as shown in Figure 4, the results show that the bio-
sensor has a linear response with the sensitivity of
1.04 nm/log M in the concentration range from 100 fM to
1 μM. The method provided by this experiment has great
benefits in many aspects including clinical diagnosis, bio-
medical engineering and nanotechnology.

In biomolecular detection, when the same sensor is
used repeatedly, the maximum sensor intensity will grad-
ually decrease (about 7.5% per cycle). Each time the
functionalized microspheres are removed from the sur-
face during the washing process, degradation of the

FIGURE 1 Structure diagram of typical fiber Mach-Zehnder

interferometer
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FIGURE 2 A, DNA strand

and conjugated polymer coating

interact through π-π stacking; B,

Scanning electron microscope

(SEM) image of the optical fiber

surface [59]

FIGURE 3 Stepwise functionalization procedure [60]

FIGURE 4 A, Experimental setup; B, Surface functionalization process [61]
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sensor surface occurs. The microfluidic channel does not
need to remove the microspheres, but is cleaned by the
flow of cleaning fluid. So, the degradation can be reduced
or avoided.

Using the same tapered fiber structure, by
functionalizing the surface, Arjmand et al. reported a
new optical biosensor for the detection of organophos-
phate compounds [62]. For methyl parathion, the con-
centration ranges from 10−10 M to 5 × 10−5 M and the
detection limit of the biosensor is found to be as low as
2.4 × 10−10 M. The tapered fiber biosensor shows excel-
lent repeatability for pesticides.

In addition to the detection of protein, MNF biosen-
sor also realizes the measurement of some bacteria, such
as the specific detection of E. coli. In 2018, Li et al. used
multi-mode microfiber probes for fast response and
label-free phage detection of E. coli [63]. Changes in the
concentration of E. coli and the binding of the
corresponding E. coli on the surface of the microfiber, as
shown in Figure 5, will cause the shift of the wavelength,
which can be used for biosensing research.

Experimental results show that the detection limit of
the microfiber-based E. coli sensor is almost 103 cfu/mL
compared with other works. Due to its advantages of
high sensitivity and fast response, the microfiber fiber
probes are excellently used in the fields of environmental
monitoring and food safety.

For the MZI biosensors based on tapered MNF, its
high fringe visibility, high sensitivity, small size and gen-
eral assembly components have attracted extensive
research and attention. However, there are still some
shortcomings in MNF, because of its fragile sensing struc-
ture, it is easy to cause fiber fracture.

This section introduces the sensing performance,
basic structure and functional method of MZI biosensors
fabricated on MNF. Due to the ultra-small diameter and
good biocompatibility of the micro-nano fiber, the sensor
based on the micro-nano fiber has the basis for real-time
monitoring in vitro, but it is necessary to solve the risk of
the fiber being easily broken in the body.

2.1.3 | Mach-Zehnder interferometer
biosensors based on microstructured
optical fiber

MOF is a new type of fiber. Its core or cladding is no lon-
ger a single structure like the traditional fiber, but some
micro-structures, such as periodic structure in the clad-
ding and defect structure in the core, are introduced in it
to obtain the performance different from that of the tradi-
tional fiber. MOF is very suitable for sensing because the
characteristic longitudinal pores can act as tiny sample
chambers and at the same time it can provide the effec-
tive RI required for light confinement [64]. Part of the
guided light located in these holes can be used to gener-
ate effective modes required for many optical fiber sens-
ing applications [65]. Unlike ordinary optical fibers, MOF
can be made of a single material and has an appropriate
cross-sectional design. This structure can provide most of
the optical characteristics required by the sensor [66].
The optical fiber sensor made by the combination of tra-
ditional optical fiber and MOF has many excellent char-
acteristics, such as filling characteristics, no cut-off high
birefringence, single-mode transmission, adjustable dis-
persion [67].

In 2019, Hu et al. proposed a new type of liquid crys-
tal biosensor based on optical fiber MZI [68]. Figure 6A
depicts a schematic structure of the proposed biosensor.
Figure 6B shows the cross section of the PCF, which
cladding consist of air holes. The PCF is coated with
40-pentyl-biphenyl-4-carboxylic acid mixed with 4-cyano-
40-pentylbiphenyl (5CB). The coating results are shown
in Figure 6C.

At the same time, the experiment has obtained a local
linear fit with a diameter of 50 μm and a pH range of 7.8
to 6.6. The pH measurement sensitivity is 1.21459 and R2

is 0.97761. Therefore, the enzymatic reaction of penicil-
linase can be detected by monitoring the movement of
the spectrum.

In addition to the measurement of pH by filling liquid
crystal in PCF, the PCF sensor also realizes the rapid

FIGURE 5 Scanning electron microscope micrograph of functionalized microfiber surface [63]
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detection of most antigens and antibodies. The same
year, Vladimir P Minkovich et al. reported a non-
adiabatic tapered PCF probe that can detect

biomolecules, as shown in Figure 7 [69]. The experimen-
tal results show that the detection limit of Bovine albu-
min (BSA) antibody concentration is 125 pg/mL.

FIGURE 6 A, Schematic diagram of the sensing probe of 5CB doped PBA in Mach-Zehnder interferometer; B, Scanning electron

microscope image of a photonic crystal fiber cross section; C, The coating results [68]

FIGURE 7 A, The scanning electron microscope of photonic crystal fiber (PCF) cross section (left) and diagram of tapered PCF

(right); B, Sensor response with anti-BSA concentration between 0.125 and 125 ng/mL [69]

FIGURE 8 A, Schematic diagram of sensing system; B, Schematic diagram of phase change of experimental results [70]
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As a specialty fiber, exposed core fiber (ECF) is also a
special MOF with two closed air holes and an open air-
hole. It allows the external fluid to come into contact
with the core of the ECF. At the same time, the core of
this fiber allows multiple modes to spread. Due to the
asymmetry of fiber structure, this fiber is also a birefrin-
gent fiber. According to the theory of evanescent wave,
this kind of fiber will have higher RI sensitivity.

In 2015, Nguyen et al. presented a biosensor using
multimode interference effect in ECF [70]. As shown in
Figure 8A, biotin molecules are attached to the exposed
surface of ECF to capture streptavidin. As shown in
Figure 8B, when the highest intensity frequency of the
spectrum is 0.625 nm−1, the sensitivity is estimated to be
667 nm/RIU. The platform proposed in this experiment
is feasible and provides a potential label-free biosensing
detection method for clinical research.

The diversity of MOF structure makes it have some
characteristics that ordinary fibers do not have. For
example, the air hole structure of MOF makes it fillable.
The RI sensitivity of the ECF can be significantly
improved by the direct contact between the core and the
external environment. In the clinical, this kind of sensor
is more suitable for high sensitivity detection of some

biomolecules in vitro due to the filling property and high
sensitivity of the microstructural fiber. At the same time,
due to the existence of microstructure fiber air space, the
air hole can be used as a reaction container to achieve
the mixing of multiple solutions to be tested, which also
has a certain value in in vitro measurement.

2.1.4 | Mach-Zehnder interferometer
biosensors based on thin-core fiber

TCF is a kind of specialty fiber, which has a core struc-
ture much smaller than ordinary optical fiber. The eva-
nescent wave can easily reach the interface between the
TCF and the environmental dielectric. Therefore, the
good mechanical behavior of the optical fiber can be
maintained without special treatment of the TCF [71].

In 2013, Yin et al. proposed a high-sensitivity optical
fiber DNA sensor based on a thin-core fiber modal inter-
ferometer (TCFMI) [71]. Figure 9A shows the setup of
DNA sensor testing based on TCFMI. As shown in
Figure 9B, poly(ethyleneimine), poly (acrylic acid) and
ssDNA are used to prepare polyelectrolyte multilayer
membranes for DNA hybridization detection. As shown

FIGURE 9 A, The setup of DNA sensor test based on thin-core fiber modal interferometer (TCFMI); B, The principle of a TCFMI-based

DNA sensor; C, Experimental results of ssDNA detection of different targets based on TCFMI DNA sensor [71]

FIGURE 10 A, Schematic diagram of the sensing structure; B, polyelectrolyte self-assembled multilayers deposition process; C,

Schematic diagram of spectral wavelength shift [72]

LI ET AL. 7 of 19



in 9(c), different types of target ssDNA solutions with a
concentration of 1 mM were used in the experiment to
test the fabricated DNA sensor. The results show that the
sensitivity of the TCFMI-based ssDNA sensor at this con-
centration is 0.27 nm/matched base and can even detect
the number of matched bases in the ssDNA strand.

Meanwhile, using the same structure, the surface
functionalization shown in Figure 10B can be used to
measure BSA. In 2016, Yu et al. realized the detection of
protein by using SMF and TCF structure, As shown in
Figure 10 [72]. The result showed that the detection limit
was 0.02 nM. The experiment further verified the speci-
ficity of the structure by using BSA and gelatin. These
results prove that the sensor can be used in biology and
chemistry.

As a new type of optical fiber apparatus, the modular
interferometer based on TCF has been widely concerned
by researchers. The most studied structure is to weld a
piece of TCF between two SMFs. Optical fiber devices
made of thin core fiber usually show the advantages of

low cost, compact structure, good robustness, high sensi-
tivity to environmental parameters detection, anti-
electromagnetic interference, so it has been widely used
in many fields. This kind of sensor has high sensitivity
and at the same time it solves the fragile problem of
micro-nano fiber, which is also a solution for in vivo
sensing.

MZI optical fiber sensor based on specialty fiber has a
series of advantages. For example, biosensors based on
MNF and TCF have high sensitivity, but also have the
potential to achieve real-time measurement in vitro. Bio-
sensors based on MOF with microfluidic channels pro-
vide a solution for the measurement of multi-component
liquids. However, MZI interferometer is a transmission
type interferometer, so biosensors based on this type of
interferometer cannot achieve plug-in measurement,
which is a major obstacle to the application of such sen-
sors to in vivo measurements.

2.2 | Michelson interferometer
biosensors

2.2.1 | The principle of Michelson
interferometer

Compared with the MZI, the MI adds a reflecting surface
to the MZI in structure and observes not the transmission
spectrum but the reflection spectrum [73]. The light is
divided into two beams in the coupler and transmitted
along the fiber and then reflected at the reflective end face
of the fiber end, thus cause a Michelson interference

FIGURE 11 Structure diagram of typical fiber Michelson

interferometer

FIGURE 12 A, Functional schematic diagram of multimode tapered fiber; B, Experimental setup; C, Fitting graph of experimental

results [76]
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spectrum when the two beams are recombined in the cou-
pler. The structure of the classic MI is shown in Figure 11.

Compared with MZI, MI sensor has become compact
in structure and smaller in size. Parallel multiplexing of
multi-sensor is another advantage of MI [74]. In terms of
fabrication method, because of the similar structure,
many manufacturing methods of MZI are also applicable
to MI [75]. At the same time, it is easier to insert mea-
surement due to its reflective structure.

2.2.2 | Michelson interferometer
biosensors based on micro/nanostructured
optical fiber

Similar to Section 2.1.2, MI can also be realized by using
MNF. In 2018, Li et al. proposed an optical fiber biosen-
sor functionalized with glucose oxidase (GOD) for the
bioselective and highly sensitive detection of glucose [76].
As shown in Figure 12A, the experiment uses the free
amine group of 3-aminopropyl-triethoxysilane (APTES)
to fix the enzyme (GOD) on the tapered fiber probe
through covalent interaction. As shown in Figure 12B,
the tapered optical fiber sensor was immersed in glucose
solutions of different concentrations and the experimen-
tal results were recorded. Experimental results show that
the glucose concentration is linearly related to the reso-
nance wavelength shift in the range of 0 to 3.0 mg/mL
and the detection sensitivity is 1.74 nm/mg−1 mL−1. At
the same time, the sensor can accurately detect the glu-
cose content in animal serum samples, which proves the
practicability of the sensor.

2.2.3 | Michelson interferometer
biosensors based on photonic crystal fiber

In 2010, Pawan et al. used a polymer nanoparticle com-
posite film to enhance the evanescent field of the clad-
ding mode, thus increasing the sensitivity of all-fiber MI

to RI sensing [77]. As shown in Figure 13A, the use of
layer-by-layer polyelectrolyte deposition and metal nano-
particle synthesis technology in the polymer composite
film allows us to accurately form the thin RI coating
required for the reorganization of the coating pattern. As
shown in Figure 13B, the minimum detection limit is
3 × 10−3 RIU. As a high RI cover layer, polymer film also
provides an ideal foundation for immobilization of bio-
logical reagents in biosensing applications.

In addition to using polymer nanocomposite film to
improve the sensitivity of MI, MI can also be realized
through other structures. In 2016, Gao et al. proposed an
optical fiber biosensor to detect DNA hybridization and
methylation, as shown in Figure 14 [78]. As shown in
Figure 14C, the probe ssDNA is bound to the surface of
the optical fiber through the poly-L-lysine layer and is
detected by hybridization of the short probe ssDNA with
the complementary target ssDNA. The reflection spec-
trum has edge visibility. Experimental results show that
the detection limit reaches 5 nM.

The PCF biosensors based on MI have the advantages
of high sensitivity, fast linear response and small volume.
It simplifies the structure of MZI to some extent and
makes it better used in biomedical.

2.2.4 | Michelson interferometer
biosensors based on dual-core fiber

The DCF interferometer is not sensitive to temperature
in a small range and has good linearity. So, it has poten-
tial application in biochemical sensing. However, the RI
sensitivity is very high, so it can be used as an all fiber
biochemical sensor.

In 2018, Wysoki�nski et al. presented an optical fiber
protein sensor to achieve specific detection of specific
proteins [79]. The results show that the optical fiber
interferometer sensor detects the protein antigens in the
solution by coating with specific antibodies. The wave-
length shift measured by the spectrum analyzer or spec-
trometer can reach 0.6 nm. The detection system can be
used as a template to detect various antigens, so it can be
well used in medical diagnosis (Figure 15).

From the above examples, we can see that the optical
fiber biosensors based on MI have the advantages of flexi-
ble structure, simple, easy to implement and can realize the
parallel multiplexing of multi-sensor. Its good biocompati-
bility makes it widely used in biomedicine and other fields.

While MI biosensor has all the advantages of the MZI
biosensor, it also adds the significant advantage of
pluggable measurement, which lays a good foundation
for the application of such sensors to real-time measure-
ment in the body.

FIGURE 13 A, Diagram of an in-fiber MI; B, Experimental

results [77]
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2.3 | Sagnac interferometer biosensors

2.3.1 | The principle of Sagnac
interferometer

The structure principle diagram of fiber SI is shown in
Figure 16. Light from a broad-band source is split into
clockwise and counterclockwise beams via a coupling
zone as it enters the loop. A net phase difference is accu-
mulated as the two polarization fundamental modes (ie,

I1 and I2) through the length of the birefringent fiber,
leading to Sagnac interference when the clockwise and
counterclockwise beams are recombined at the coupling
zone [80].

Compared with other interferometers, SI has the
advantages of convenient manufacturing and strong envi-
ronmental robustness [81]. However, it needs to form a
loop, so it usually has a larger volume. Due to the ultra-
high sensitivity of some SI, it has significant advantages
for in vitro trace biological detection.

2.3.2 | Sagnac interferometer biosensors
based on micro/nanostructured optical
fiber

The combination of high RI sensitivity of SI and bio-
sensing technology has great advantages in nucleic acid
detection. In 2017, Gao et al. used the relative mode RI

FIGURE 14 A, The schematic diagram of the photonic crystal fiber interferometric biosensor; B, Schematic diagram of experimental

device; C, Surface functionalization process [78]

FIGURE 16 Structure diagram of typical fiber SI

FIGURE 15 A, Monitoring

system installation diagram; B,

Wavelength shift of the optical

fiber biosensor [79]
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change of the high birefringence (Hi-Bi) micro-nano fiber
to propose a high-sensitivity, label-free optical fiber bio-
sensor to specifically detect DNA molecules [82], as
shown in Figure 17A. Compared with the traditional
hybridization-based optical fiber acid sensor, this inte-
grated biosensor has a 1000-fold increase in molecular
sensitivity. As shown in Figure 17B, the target ssDNA
concentration ranges from 100 pM to 1 μM and the detec-
tion limit is 75 pM. By modifying the sensor with conju-
gated polymer or graphene oxide, the functionalization
efficiency can be further improved.

On the basis of one SI sensor, the cascade of two SIs
is realized, which greatly improves the sensitivity of the
sensor. In 2018, Wang et al. proposed a high birefringent
microfiber biosensor based on the Vernier effect [83]. As
shown in Figure 18B, the experiment uses two cascaded
SIs to improve sensitivity. The experimentally measured
RI sensitivity is 2429 nm/RIU. As shown in Figure 18B,
the detection sensitivity of BSA can reach 9.097 nm/
(mg × mL−1). Experimental results show that the struc-
ture has the advantages of good biocompatibility and
large specific surface area.

The sensitivity of traditional optical fiber biosensor
is very limited. Because light is strictly confined to the
core of the fiber, the interaction between light and
biomolecules is limited. The sensitivity is further

limited. The MNF biosensors based on SI can over-
come these shortcomings and take advantage of its
high sensitivity. This makes it brilliant in the field of
biochemistry.

2.3.3 | Sagnac interferometer biosensors
based on microstructured optical fiber

In 2017, An et al. proposed a compact glucose sensor
using short length PCF [84]. Figure 19A shows an experi-
mental setup for glucose detection using a PCF-based
optical fiber SI sensor. As shown in Figure 19B, the RI
response to glucose solution is achieved with a high aver-
age sensitivity of 22 130 nm/RIU and the glucose detec-
tion limit is 0.76 mg/dL, which is less than the effective
detection line for hypoglycemia of 70 mg/dL. The sim-
plicity of the fiber structure greatly reduces the produc-
tion cost of the sensor.

ECF is a special type of MOF in which one side of the
core is exposed to the surrounding medium. The open
side causes an asymmetry in the fiber core, resulting in a
birefringence effect. When the core is in direct contact
with the object under test, the RI distribution becomes
particularly asymmetric, so it can be effectively applied to
biosensing [85].

FIGURE 18 A, Schematic

diagram of sensing system; B, The

experiment of the cascaded SI loop

to measure BSA solutions [83]

FIGURE 17 A, Schematic diagram of experimental setup; B, Experimental result spectrum; C, DNA hybridization test response [82]
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In 2018, Li et al. presented a novel, high sensitivity SI
biosensor based on ECF [86]. As shown in Figure 20B,
the novel sensor uses biotin molecules to be immobilized
on the surface of the ECF as capture probes to perform
label-free detection of biomolecules for streptavidin
detection. As shown in Figure 20C, the experiment mea-
sured that the sensor has an RI sensitivity of −3137 nm/
RIU and the experiment proved that it can be used as a
label-free biosensor.

SI has attracted great attention in various sensor
applications due to its simple structure, easy fabrication
and environmental robustness. In order to make full use
of the polarization dependence of SI, birefringent fiber is
usually used in the sensing part. However, in the

measurement of biological parameters, due to its strong
dependence on temperature, its high birefringence will
reduce the sensing ability. In order to solve this problem,
micro structured fiber is introduced as sensing fiber. The
optical fiber SI sensor is a newly developed biomedical
sensor, which has obvious advantages as a medical
device.

As mentioned above, this type of sensor usually has a
relatively large volume due to the need to form a ring
and it is also unable to achieve insertion type in vivo
measurement. However, due to its ultra-high sensitivity,
this type of sensor has significant advantages for in vitro
trace biological detection.

2.4 | Fabry - Perot interferometer
biosensors

2.4.1 | The principle of Fabry - Perot
interferometer

The concept of multi beam interference in optical fiber
was proposed by Cielo et al. in 1979 [87]. This idea was
implemented 2 years later by Petuchowski et al. The
main structure of fiber FPI is an optical fiber interference

FIGURE 19 A, Experimental

setup of the Sagnac

interferometer; B, Fitting graph of

experimental results [84]

FIGURE 20 A, Schematic diagram of the sensing system; B, Detailed procedures of the surface-functionalization and biosensing; C,

Fitting graph of experimental results [86]

FIGURE 21 Structure diagram of typical fiber Fabry - Perot

interferometer
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cavity [88]. The basic structure principle diagram of FPI
is shown in Figure 21. The light is reflected at the two
reflective surfaces, then FP interference occurs due to the
existence of the optical path difference.

2.4.2 | Fabry - Perot interferometer
biosensors based on micro/nanostructured
optical fiber

In 2017, Smith et al. demonstrated the process of using
focused ion beam milling to write ultra-small FPI cavities
into optical microfibers [89]. As shown in Figure 22A, the
test has produced a cavity as small as 2.8 m for sensing
bulk RI and thin layer coating. In the center wavelength
range of 610 nm, the estimated sensitivity of Figure 22B
for a 5.0 μm cavity is 97.5 rad/RIU and the estimated sen-
sitivity for a 2.8 μm cavity is 57.3 rad/RIU and the detec-
tion limit is on the order of 10−4RIU. The detection limit
of thin polymer coatings is on the order of 1 nm.

In the future, the sensor can add biochemical func-
tions through polyelectrolyte coatings. For example, by
appropriately attaching antibodies, specific detection of
antigens can be achieved. The sensor system can also
reduce costs and make it miniaturized.

MNF FPI sensor has been widely used for its high
sensitivity and high precision. The optical fiber has excel-
lent anti-EMI ability, which can monitor physiological
acoustic signals in real time while using magnetic reso-
nance imaging or other inspection procedures. Mean-
while, it is small and biocompatible, so it is safer for
patients and easier to sterilize.

2.4.3 | Fabry - Perot interferometer
biosensors based on C-type fiber

C-type fiber is a kind of specialty fiber with open side. As
an open FP cavity, C-type fiber allows liquid samples to
fill the gap between two SMFs. In 2014, Wu et al. pres-
ented an open cavity optical fiber FPI sensor by splicing a
small piece of C-shaped optical fiber between SMFs, as
shown in Figure 23 [90].The RI response of FPI is in the
range of 1.33 to 1.36 and the RI sensitivity is 1368 nm/
RIU at a wavelength of 1600 nm. Due to the all-glass
structure of FPI, it has a very low temperature cross sen-
sitivity of 3.04 × 10−7 RIU/�C.

Also using C-type optical fiber, in 2019, Xie et al. pro-
posed a multi-parameter optical fiber sensor based on
FPI, which is formed by continuous welding of C-shaped
and single-mode optical fibers [91]. It realizes the mea-
surement of biomolecules. The proposed sensor solves
the dual-parameter problem in biochemical sensing and
greatly reduces false positive measurements (Figure 24).

In addition to the measurement of Streptavidin, in
2020, Li et al. demonstrated an all-fiber all-optical qPCR
system based on C-type fiber [27], as shown in Figure 25.
In the paper, C-type fiber is used to construct the FPI and
measure the temperature of the PCR mix in the cavity. The
system can realize real-time and highly sensitive monitor-
ing of fluorescence during the qPCR process. Experimental
results show that the system can realize real-time fluores-
cence quantitative amplification of DNA and the platform
technology may provide new strategies for basic technolo-
gies in biochemical applications, such as immediate care
and remote diagnosis and on-site evidence collection.

FIGURE 22 A, Schematic

diagram of the optical

measurement setup; B,

Refractive index sensitivity

fitting graph [89]

FIGURE 23 Fabrication

process of the C-Fabry - Perot

interferometer [90]
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FIGURE 24 A, Schematic diagram of experimental device; B, Surface functionalization steps [91]

FIGURE 25 Schematic

diagram of the all-fiber qPCR

system [27]

FIGURE 26 A, Experimental schematic; B, The sensitivity response [92]

FIGURE 27 A, Experimental setup; B, scanning electron microscope micrograph of the Fabry - Perot interferometer optical fiber

sensor [93]
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The biosensor based on the C-type optical fiber has a
high sensitivity because it has an open microfluidic chan-
nel that allows liquid to directly enter it. Meanwhile, the
microcavity can be used as a microreactor. However,
because the liquid directly participates in the optical
path, this type of sensor usually has a large loss.

2.4.4 | Fabry - Perot interferometer
biosensors based on microstructured
optical fiber

PCF is also used in biosensor as a microstructure fiber. In
2013, Daniel et al. presented an intrinsic Fabry-Perot inter-
ferometer (IFPI) based on an air-microcavity [92]. As
shown in Figure 26A, the air microcavity fused to SMF has
a silica wall and is formed in a hollow photonic crystal fiber
(HCPCF). As shown in Figure 26B, when the RI varies
from 1 to 1.473, the measured fringe contrast changes about
4.7 dBm. The sensitivity to detect it can reach 9.94 dB/RIU.

Furthermore, the combination of PCF and SMF is
used to improve the RI sensitivity of the sensor. In 2016,
Liu et al. proposed a HCPCF-based optical fiber FPI for
microbial growth detection [93]. Figure 27A shows the
biosensing system. After the surface is functionalized, the
sterile FPI sensor is vertically immersed in the liquid cul-
ture. The result shows that the yeast growth was success-
fully detected by the FPI sensor.

2.4.5 | Fabry - Perot interferometer
biosensors based on hollow core fiber

In 2015, Zhang et al. designed a optical fiber sensor based
on multi-cavity FPI [94]. The sensor achieves the mea-
surement of surface functionalization of proteins such as
immunoglobulin G (IgG) by measuring the thickness of
self-assembled polyelectrolyte layers. For example, when
the RI is assumed to be 1.432, the thickness change is
5.7 nm. The comparison of the optical thickness changes
between different IgG bindings confirmed the specificity
of the immunosensor (Figure 28).

By processing the top of the HCF, the purpose of bio-
molecule monitoring is achieved. In 2013, Chen et al.
proposed a label-free optical fiber FPI immunosensor,
which is realized by layer-by-layer self-assembly of
chitosan and polystyrene sulfonate membrane suspended
at the tip of HCF [95], as shown in Figure 29A. At the
end of each immunoassay step, calculate and record the
changes as shown in Figure 29B. The result shows that
the sensor has the smallest response to unrelated anti-
IgG, achieving a sensitivity of 0.033 μm/(pg/mm2) and a
detection limit of 0.005 nM.

In short, part of the external FPI optical fiber sensor
is made of hollow fiber and fiber lens, which has a simple
structure and accurate measurement. It can be used for
real-time RI measurement of various liquid and protein
samples and other biosensors.

Compared with MZI, MI and SI sensors, FPI based
biosensor has an ultra-small volume and the length only
needs to be tens of microns or even a few microns, so it is
very suitable for inserting measurement. In addition,
because of its microcavity, the microcavity can be used as
a microreactor, for example, PCR amplification can be
achieved. At the same time, because the microcavities
can be cascaded, this type of sensor can theoretically real-
ize simultaneous measurement of multiple biomolecules.

3 | STATUS AND COMPARISON OF
BIOSENSORS BASED ON SPECIALTY
FIBER INTERFEROMETER

Table 1 shows a summary of the specialty fiber interfer-
ometer sensors. As shown in Table 1, We give the classifi-
cation of four kinds of interferometer sensors according
to the category of optical fiber. The optical fiber interfer-
ometer sensor has achieved most of the biomass mea-
surement and achieved good experimental results. Those
sensors have the advantages of good biocompatibility,
label free and real-time measurement. The MI and FPI
have a smaller size compared with MZI and SI. At the
same time, due to the reflective structure of these two
interferometers, they have the potential of inserting in-

FIGURE 28 A, Structure

of the multicavity Fabry -

Perot interferometer sensor; B,

The increase in the number of

polymer layers leads to an

increase in optical

thickness; C, Optical thickness

change diagram of fiber

membrane cavity [94]
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body real-time measurement. In addition, because the
microcavities can be cascaded, FPI based sensor can theo-
retically realize simultaneous measurement of multiple
biomolecules. The interferometers based on MNFs has
high sensitivity, but they have fragile structures and they
are affected by temperature cross sensitivity. This type of
sensor has significant advantages for in vitro trace biolog-
ical detection. The interferometers based on the MOFs
have the advantages of high sensitivity, but they suffer
the more complex fabrication process. In addition, due to
the existence of air holes or micro flow channels, MOF

can be used as a micro reaction chamber, such as qPCR
system. Sensors based on amplitude demodulation are
easily affected by the external environment, resulting in
noise and light loss, thus the demodulated result is diffi-
cult to achieve effective biomass measurement. However,
sensors based on phase and wavelength have better abil-
ity to resist environmental interference. At the same
time, it has the advantage of high demodulation
accuracy.

All of those optical fiber biosensors have good label-
free and specificity. At the same time, repeatability is also

FIGURE 29 A, Sensor structure diagram; B, Response of each experimental step [95]

TABLE 1 Overview of specialty fiber sensors with different interferometer

Principle
Fiber
type Sensitivity Advantage Disadvantage Reference

Mach-
Zehnder

MNF 2.393 nm/log
M

High sensitivity, superfine diameter. Fragile structure, poor repeatability,
temperature cross interference and
transmissive structure

[59]

1.04 nm/log M [60]

MOF 667 nm/RIU High sensitivity, strong structure. Complex optical fiber manufacturing
method, transmissive structure

[67]

1.21459 nm/
pH

[69]

TCF 0.55 nm/
(ng/mm2)

Easy to make and strong structure. Low sensitivity and temperature
cross interference

[72]

Michelson MNF 1.74 nm/
(mg−1 mL−1)

Small size, reflection-type probe
structure and high sensitivity.

Fragile structure, poor repeatability
and temperature cross interference

[76]

PCF 7253 dB/RIU Small size, reflection-type probe
structure, high sensitivity.

Complex optical fiber manufacturing
method

[77]

DCF High [79]

Sagnac MNF 13 488 nm/
RIU

Ultrahigh sensitivity, superfine
diameter.

Fragile structure, larger size, poor
repeatability, circle structure and
temperature cross interference

[82]

9.097 nm/
(mg�mL−1)

[83]

MOF 22 130 nm/
RIU

Ultrahigh sensitivity. Complex optical fiber manufacturing
method

[84]

Fabry-
Perot

MNF 97.5 rad/RIU Ultra-small size, reflection-type probe
structure, high sensitivity, can be
cascaded.

Difficult to manufacture, poor
repeatability

[89]

MOF 136 dB/RIU [93]

HCF 0.033 μm/
(pg/mm2)

[95]
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an important factor of biosensors. For optical fiber DNA
biosensors, the DNA double-strands can be separated by
high-temperature heating, thus optical fiber DNA biosen-
sors normally have a good repeatability. However, for
some protein sensors, the protein is combined with the
protease on the surface of the optical fiber to form a new
substance, which is not reversible and thus not reproduc-
ible. Therefore, the repeatability of the optical fiber is
closely related to the functionalized film of the optical
fiber biosensors. About the ability to resist temperature
interference, optical fiber biosensors normally have a
weak resistance to temperature interference. There are
two main reasons for this. First, the RI of the optical fiber
material (SiO2) is affected by temperature variations due
to thermo-optic effect and thermal expansion effect.
However, due to the mono-material nature of MOF, the
MOF itself is slightly better at resisting temperature inter-
ference than other types of optical fibers, such as MNF,
TCF and DCF. Second, almost all of the label-free,
specific-detection optical fiber biosensors are based
probe-target biological binding. However, their sensitivity
of biomolecule detection is influenced by temperature
tremendously [96] due to the insufficient bond of target
molecule and probe molecule at non optimal temperature
[97, 98]. Therefore, most biological experiments require
real-time temperature monitoring.

However, the existing optical fiber biosensors are nor-
mally used in laboratory environments, successful com-
mercial applications are a challenge, which also is one of
the goals in the future. In practical applications, there are
many types of biomass, so it is necessary to measure mul-
tiple biomolecules at the same time, which has also
attracted much attention in recent years. In addition,
high sensitivity has always been the goal of sensor
researchers. At the same time, the response time and
reuse of sensors are also future development goals.

4 | CONCLUSIONS

In this paper, the research progress of biosensors based
on specialty fiber interferometer is reviewed. We intro-
duced the working mechanism and biosensing principle
of MZI, MI, SI and FPI optical fiber systematically. Based
on the classification of specialty fiber types, the biosen-
sors of specialty fiber interferometer are reviewed in
detail. The main specialty fibers include MNF, TCF,
PMF, POF and MOF. Finally, by summarizing the exis-
ting shortcomings and future needs of optical fiber inter-
ferometer sensors to predict its future trends. The
examples fully verify that specialty fiber biosensors based
on interferometers have been widely used in biomedical
in the laboratory and show the potential prospects for

clinical area. The sensor has good sensitivity, response
time and biocompatibility, but the repeated use and
potential insert in vivo testing of the sensor need to be
improved.
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