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Surface plasmon resonance (SPR) technology has effectively bolstered optic fiber sensing in fields of life science,
clinical diagnosis, medicine, food safety and so on. The current review outlines the research status of fiber optic
biosensor based on SPR, and the merits of optical fiber sensor and the development of optical fiber sensor based
on SPR are completely covered. An in-depth review of four devices for generating SPR is presented, and optical
fiber is finally adopted for a substrate to generate SPR. Different prototypes of optical fiber biosensor based on

SPR are meticulously outlined: optical fiber grating biosensor based on SPR and optical fiber structured type
biosensor based on SPR, and representative instances from literature are presented to verify the latest ad-
vancements in this potentially valuable research avenue. In addition, the sensing performance of different optical
fiber structured type biosensor based on SPR are compared. What's more, simultaneous multi-parameter de-
tection and improvement of sensitivity are discussed and summarized. The article concludes identify key
challenges and develop orientation of optical fiber biosensor based on SPR.

1. Introduction

Real-time monitoring of living cells (Zhang, Y. et al., 2016), proteins
(Tu et al., 2018; Xu et al., 2019), toxins, viruses (Ji et al., 2016), bac-
teria, glucose, and various chemical gas (Wang, H. Z. et al., 2019) is
significant in food hygiene (Zainuddin et al., 2018; Srivastava et al.,
2012), cytobiology (Shi et al., 2016), microbiological detection (SlaviK
et al., 2002), pharmaceutical research and development (Perlette and
Tan, 2001), and so on (Updike and Hicks, 1967; Wang, M. et al., 2018;
Boruah and Biswas, 2018). In 1967, Updike and Hicks proposed the first
biosensor (An et al., 2014). At present, there are many methods for bio-
sensing, such as optical, electro-chemical, thermometric, piezoelectric
or magnetic. Among them, optical fiber biosensor based on SPR are the
most accepted by researchers which exhibit impressed commercial
value in chemistry, life sciences and other fields (Liu et al., 2013;
Shrivastav et al., 2015). In 1983, Liedberg proposed the first sensor
based on SPR (Liedberg et al., 1983). However, traditional prism sen-
sors based on SPR suffer from bulky sensing device, which limits the
practical application in point-to-point detection (Sergiy et al., 2003; Dai
et al., 2018). But optical fiber sensor possesses great advantages, such
as small bulk (Yong et al., 2018a), light weight (Zhang, Y. N. et al.,
2018), anti-electromagnetic interference (Yong et al., 2018b), long
distance transmission (Yu et al., 2018), in situ monitoring (Ruijie et al.,
2018) and so on, which have attracted much attention in bio-sensing. In

1996, Kao studied the transmission characteristics and loss of light
quartz optical fibers in detail (Kao and Hockham, 1966), and proved the
possibility of making low loss optical fibers in theory. In 1970, Corning
Corporation of the United States successfully developed the word's first
low-loss quartz optical fiber, which proved the practicability of optical
fiber as a medium of light transmission (Jorgenson and Yee, 1993). In
1993, Jorgenson first proposed the fiber optic probe based on SPR
(Jorgenson, 1993). Objectively speaking, due to various sensing struc-
ture of optical fiber, optical fiber biosensor based on SPR has attract
much attention and achieved satisfactory results (Lee et al., 2009;
Caucheteur et al., 2015; Gupta and Kant, 2018).

The current review presents a supremely distinguished and hugely
promising research avenue of optical fiber biosensor based on SPR.
Different devices for generating SPR are systematically introduced and
optical fiber coupling prototype is adopted for optical fiber biosensor
based on SPR. Different geometrical of fabricating optical fiber sensing
probe and corresponding sensing principle are in-depth discussed, and
instances are provided to verify feasibility of proposed plan. In addi-
tion, detection of multiple parameters and improvement of sensitivity
are meticulously studied. Finally, key challenges and develop orienta-
tion of optical fiber biosensor based on SPR are identifying.
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Fig. 1. (a) Otto configuration, (b) Kretschmann configuration.

2. SPR sensing configuration

SPR is generated by the excitation of surface plasmon polaritons,
which is generated by the combination of free electron density oscil-
lations and electromagnetic waves on the surface between dielectric
medium and metal film. Surface plasmon wave or surface plasmon
polaritons is another form of SPR, and belongs to transverse magnetic
or p-polarized light wave that is a vector wave perpendicular to the
incident plane and propagates along the upper surface of metal film
(Guo, 2012). According to different excitation model, the types of SPR
sensors are prism coupled sensor, waveguide coupled sensor, grating
coupled sensor, and optical fiber coupled sensor.

2.1. Prism coupling

In 1950s, Ritchie theoretically introduced surface plasmons in detail
(Ritchie, 1957). In 1968, Otto studied prism coupled SPR with Otto
configuration, which was based on attenuated total reflection (Otto,
1968). The sensing configuration is shown in Fig. 1(a), the analyte se-
parates the prism and plasmonic metal layer, which makes the sensing
device complex (Kretschmann and Raether, 1968; Kretschmann, 1971).
And then, Kretschmann upgrades the Otto configuration that can be
seen in Fig. 1 (b), where the metal film is between prism analyte, and
the resonance condition can be described as (Schasfoort and Tudos,
2008):

w EmEd w .
ko, = — —m=d =kd=_ g, sin 6
P C(Em+8d) c P

@

Where c is defined as the speed of light propagation in vacuum, ¢; and
em present dielectric constants of dielectric and metal film, respectively,
w is the angular frequency. kg, is propagation constant of surface
plasmon, 6 represents the incident angle, and k; is propagation constant
of evanescent wave that can be given by:

w
kg = — /e, sin b
4= g sin @

The free electrons will resonate when the frequencies of incident
electros and surface electrons are same, and propagates along the
metal-dielectric interface.

Kretschmann and Otto configurations have been already mature for
SPR sensing, however, the sensor structure is large, the sensor system is
complex and the manufacture is troublesome, which isn't conducive to
remote monitoring.

2.2. Waveguide coupling

The sensing device is shown in Fig. 2, where the light propagate is
depends on total internal reflection. When the light transmits in the
waveguide coupling device, partially transmitted light exists in the
form of evanescent wave. In the case of resonance condition, evanes-
cent wave passing through metal film, which will be affected by analyte
(Wijaya et al., 2011). The principle of SPR generation in waveguide
device is the same as that in prism device, the only difference is the
configuration.
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Fig. 2. Optical waveguide coupling device.
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Fig. 3. Surface plasmon device by grating coupling.

2.3. Grating coupling

By inserting diffraction grating in sensing structure, the momentum
of incident optic wave will be enhanced, and the diagram of grating
coupled sensor is presented in Fig. 3. When incident light travels to the
metal dielectric interface at an angle of 6 (the resonant angle), dif-
fraction occurred in grating coupler can also enhance the energy of
incident light wave. The original x-component of wave vector of in-
cident photons k, can be improved by G and m= 0, +1, +2..., where G is
wave number of grating, and m is diffraction order.

The resonance condition is realized by m. Coupling condition can be
expressed by Eq. (3), where k; presents a constant value of diffracted
light, A is period of grating device, and ny represents the dielectric
refractive index (Wijaya et al., 2011).
kd=kx+mG=27nnd sin6+m27ﬂ 3)

Therefore, the propagation constant (k;) of the diffraction grating
can be expressed by integer multiple of the wavenumber of grating (G).

2.4. Optical fiber coupling

The large bulk of prism type, optical waveguide type and metal
grating type limit their application in narrow and long-distance mea-
surement. Optical fiber coupling has drawn researchers' attention due
to its compact structure that enables it applied in narrow space, real
time detection, and even in-situ measurement in vivo. For standard
optic fiber, the evanescent field is almost zero in cladding of optical
fiber, which can't excite SPR. In order to generate SPR, three conditions
need to be satisfied simultaneously: firstly, part of the energy in fiber
core leaks into fiber cladding. Secondly, the thickness of the metal
coating should be moderate, generally speaking, the thickness is
30-50 nm. Thirdly, polarization state of the cladding mode should be
controlled.

After the first optical fiber sensor based on SPR proposed, Liedberg
first applied SPR technology in biochemical detection (Liedberg et al.,
1993). The change of biomass will affect refractive index on the surface
of sensing structure, so as to realize the measurement of biomass
(Sharma et al., 2007; Mishra et al., 2015; Srivastava et al., 2016).

After 25 years of development, the fiber optic sensing technology
based on SPR has been quite mature. At present, there are two types of
optical fiber biosensor based on SPR: optical fiber grating biosensor
based on SPR and optical fiber structured type biosensor based on SPR.
In the following chapters of this review, optical fiber grating biosensor
based on SPR and the optical fiber structured type biosensor based on
SPR are introduced, respectively.
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3. Prototype and sensing mechanism of optical fiber sensor based
on SPR

Optical fiber sensors are multitudinous, considering the condition of
optical fiber core, optical fiber sensors based on SPR are divided into
two types: optical fiber grating biosensor based on SPR and optical fiber
structured type biosensors based on SPR. The clad of optical fiber
grating is intact, while that of optical fiber structured type biosensor is
worked. The most important is that the sensing principle is disparate.

3.1. Optical fiber grating biosensor based on SPR

Fiber grating, a kind of fiber device with permanent period change
of refractive index on the fiber core, can be made by laser lithography
technology, and Hill made an optical fiber grating with germanium
doped by standing wave writing for the first time in 1978 (Hill et al.,
2008). After forty years of development, the fabrication of optical fiber
grating has been mature and commercialized, and they can divided into
two categories: long period fiber grating and short period fiber grating.
Optical fiber grating not only has the advantages of small size, anti-
electromagnetic interference and anti-corrosion, but also can realize
distributed measurement (Weis et al., 1994; Zhang, J. et al., 2009; Luo
et al., 2015; Yong et al., 2019). Therefore, the combination of optical
fiber grating and SPR to measure biomass has become a hot research
topic and achieved good results (Shevchenko et al., 2011; Valérie et al.,
2014; Guo et al., 2016a). In this chapter, optical fiber grating biosensor
based on SPR are introduced according to grating period classification.

3.1.1. Short period optical fiber grating biosensor based on SPR

Short period fiber grating refers to its grating period less than 1 pum,
and short period optical fiber grating can be divided to fiber Bragg
grating (FBG) and tilted fiber Bragg grating (TFBG) by relationship
between refractive index modulation direction and fiber axis. Fig. 4 is
the diagram of FBG and TFBG. For FBG, direction of the refractive index
modulation is perpendicular to the axis of fiber. While, the refractive
index modulation direction of the TFBG and the fiber axis form a cer-
tain angle and the angle is less than 45.

In 1989, Meltz fabricated a FBG by ultraviolet laser (Meltz et al.,
1989). After decades of development, FBG has been widely adopted for
sensing (Kang et al., 2011; Wada et al., 2012), and the sensing principle
can be described/as: effective refractive index, length and the grating
period of FBG affect by the change of surrounding refractive index,
which will change the grating resonance condition, and then the re-
sonance wavelength changes. In addition, FBG has narrowband that is
good for reading correct data and reducing experiment error.

According to phase matching condition, the central wavelength Az
of FBG can be described as:

Ap = 2ngp A 4)

Where n,; is effective refractive index of FBG, and A is the periodicity
of FBG. But for standard FBG, the coupling only happens between core
modes that restrict the influence of external refractive index on the
transmission of light in fiber core. In order to adopt FBGs for bio-sen-
sing, the cladding of FBG must be reduced, and traditional methods are
etched, grinded and fine-drawn cone (Lyons and Lee, 1999; Liu, X.
et al., 2003; Iadicicco et al., 2004), after which, the transmitted light in
fiber core will be influenced by external refractive index (Chryssis et al.,
2005), and the resonance wavelength of cladding reduced FBG can be
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Fig. 4. (a) Sketch of the FBG, (b) sketch of the titled FBG.
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forecasted, and cladding etched FBGs can be adopted for biochemical
molecules detection by coating corresponding material film on the
surface of sensing region.

In 2016, Arasu proposed a sensor based SPR with gold film coated
on the surface of FBG (Arasu et al., 2016), and graphene oxide film was
coated on the surface of gold film with the thickness of 45nm to en-
hance sensitivity of the proposed sensor. Experimental results revealed
that the sensitivity of proposed sensor was up to 200 nm/RIU when it
tested anhydrodus ethanol aqueous solution, which is 2.5 times higher
than that without any GO film assisted, and repetitive experiment also
presented good result.

Although anhydrodus ethanol aqueous solution was not biomass,
this research revealed FBG had potential to be adopted for bio-sensing.

TFBG is first proposed by American scholar Meltz in 1990 (Meltz
et al., 1990). Unlike FBG, the modulation direction is inclined to the
axial direction of optic fiber, and the modulation period is generally
~500nm (Sipe and Erdogan, 1996; Guo et al., 2016b). As shown in
Fig. 4 (b), TFBG has the ability to couple the transmit light into back-
ward cladding. On the left hand side of the Bragg resonance which
corresponds to the core mode self-coupling, the amplitude of trans-
mitted spectrum presents dozens of narrow-band cladding mode re-
sonances (FWHM ~200 p.m. or even below). According to weak wa-
veguide approximate electromagnetic theory, the relationship between
effective refractive index of each cladding mode and its coupling wa-
velength can be expressed:

Aclad,i = (nclad,i + ncore)A/cos 0 (5)

Where i represents modulus, ner and nge; are effective refractive
index of fiber core and i order cladding mode, respectively. 6 is the
angle between the grid and the axial normal line of the optical fiber.

According to phase matching condition, the maximum sensitivity
will be obtained when effective index of corresponding cladding modes
is similar to surrounding refractive index. In 2001, Laffont first applied
TFBG for surrounding refractive index sensing (Laffont and Ferdinand,
2001), and then, Prof. Jacques Albert (working Carleton University of
Ottawa) first proposed TFBG sensor based on SPR (Shevchenko and
Albert, 2007). TFBG sensor based on SPR makes the detection of bio-
logical molecules become true by depositing biological molecules on
the surface of active golden film. Up to now, there have been a few
reports about TFBG sensors based on SPR for cells sensing. There are
not only transmission TFBG sensors based on SPR, but also reflective
TFBG sensors based on SPR made by coating mirrors at the end of
grating, which is more suitable for narrow measurement environment.

In 2017, Zhang, Y. proposed a neoteric label free TFBG biosensor
based on SPR for glycoprotein measurement (Zhang, Y. et al., 2017). In
the sensing diagram, a 10° TFBG coated with a thickness of 50 nm Au
film was adopted for SPR inspiring, the sensing probe was shown in
Fig. 5. Phenylboronic acid was immobilized on the sensing probe as
glycoprotein recognition molecule, the process was shown in Fig. 6: the
proposed sensor was cleaned by dipping into boronic acid derivative for
24 h, and then, molecules were transferred on the surface of the TFBG
sensor by self-assemble with. Finally, Con A solution with different
concentration (0.02, 0.1, 0.25, 0.5, and 1mg/mL) were tested. Ex-
periment results shown in Fig. 7 indicates that the amplitude decreased
as the concentrations increased.

i Surface Plasmon Wave
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Fig. 5. Sensing structure of TFBG biosensor based on SPR (Zhang, Y., 2017).
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Fig. 6. The process of the protein immobilization and protein specific identification (Zhang, Y., 2017).
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Fig. 7. Experiment results with different concentration of Con A (Zhang, Y.,
2017).

The inset in Fig. 7 presented the linear relationship between am-
plitude and the concentrations of sample. The sensitivity of protein was
2.857 dB/(mg/mL), and the detection LOD of protein was 15.56 nM,
the results were calculated by the IUPAC criteria (30/M). Considering
the advantages of the proposed sensor process, such as temperature
insensitive, compact size, good commercial prospects and so on, the
proposed sensor has the potential to be adopted for cell-to-cell inter-
action and recognition between biological molecules.

In 2018, Hu proposed a sensor with gold film coated on surface of
TFBG, and then, covered a layer of graphene to surface functionaliza-
tion (Hu et al., 2018), which was shown in Fig. 8.

After capturing dopamine molecules by aptamer molecules of DNA,
the macromolecular ssDNAs occurred, and the refractive index around
surface of optical fiber changed. Experiment results indicated that the

\ /
\. / Cladding

Au film
Graphene

LOD of proposed sensor was 1.6 x 10> M with concentration between
10®M and 10®M. What's more, accurate on-line measurement of
dopamine with sub-microliter volumes could be realized by combina-
tion of microfluidic channels with TFBG biosensor based on SPR. At the
same time, the aptamer for dopamine could be replaced by other ap-
tamer and corresponding molecules can be measured by proposed
Sensor.

3.1.2. LPFG biosensor based on SPR

In 1996, Vengsarkar fabricated the first LPFG by amplitude mask
method using ultraviolet laser on Ge-doped fiber (Vengsarkar et al.,
1996b). Unlike short period fiber grating, the refractive index mod-
ulation period of LPFG is generally in tens to hundreds of microns
(Vengsarkar et al., 1996a; Bhatia and Vengsarkar, 1996). Fig. 9 is the
diagram of LPFG, which indicates the transmission direction of core and
cladding are the same.

There is no backward emission in LPFG, which means LPFG can act
as a transmission band stop filter. The spectrum of LPFG is composed by
a number of resonant peaks, which is larger than 20 nm and distributed
in the wavelength range of several hundred nanometers. According to
the theory of light-wave coupling film, the position of resonance peaks
correspond to the effective refractive index of fiber core and cladding
can be described as:

lclad,i (ncore - nclad,i)A

(6)

Eq. (6) indicates that 1,4, depends on the difference of refractive
index in fiber core and cladding. In addition, n.q,; is affected by sur-
rounding refractive index. Therefore, LPFG can be adopted for sensing.
At the same time, LPFG has low insertion loss and small backward re-
flection.

For LPFG, transmit light can couple the core mode into cladding
mode and surface plasmon polaritons (Heather et al., 1998; Chong
et al., 2004; Tsuda and Urabe, 2009), hence, the spectrum of trans-
mission light will be attenuation, and experiments have been verified
that the sensitivity can be improved by combination of LPFG and SPR
(Patrick et al., 1998). During the past decades, biosensor and chemo-
sensors based on LPFG with metal material covered have stepped into

32nm

5mm

Fig. 8. (a) Optic fiber sensing structure with gold film cover on TFBG; (b) SEM image of gold film covered on the surface of TFBG; (c) photograph of proposed sensor
(Hu et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. (a) Microscopic image of the LP23FG; (b) transmission spectrum of the
LPFG (Marques et al., 2016).

people's horizon.

In 2016, L. Marques proposed a biosensor with (PAH/SiO5: Au
NPs); film coated on the surface of LPFG for streptavidin protein sen-
sing (Marques et al., 2016). The diagram of adopted LPFG was shown in
Fig. 10, where the length and grating period were 40 mm and 110.7 um,
respectively.

In order to realize the measurement of specific biomass, corre-
sponding nanoparticles should be transferred on surface of LPFG, and
the process were shown in Fig. 11. Experiment results were shown in
Fig. 12.

In order to avoid the influence of solution volume on measurement,
the sensing region should be washed and dried after each measurement.
Experimental operation process was executed at 23 °C and 50 %RH.
Finally, the sensitivity and theoretical LOD were 6.88 nm/(ng/mm)>
and 19 pg/mm?.

3.2. Optical fiber structured type biosensor based on SPR

Surface plasmon wave is, generated by external radiations, a
transverse magnetic polarized electromagnetic wave, which propagates
along the metal-dielectric and decays in exponential form. For a fiber
optic covered with metal material, SPR effect can occur only part of
light transmitted in fiber core leak out into fiber cladding. After decades
of development, optical fiber biosensor based on SPR have been diffu-
sely researched. In this part, according to the different optical fiber
sensing structures, we introduce the fiber optic biosensor based on SPR
in six types: hetero-core sensing structure, unclad/etched sensing
structure, D-shaped sensing structure, tapered sensing structure, U-
shaped sensing structure and end-face reflected sensing structure.

KOH treated PAH

W Si0,:Au

LPG LPG LPG

! ! @ Biotin

LPG PG
. SIO AU feykPR PAH

Fig. 11. Transferring process of (PAH/SiO,: Au), film on the surface of LPFG
(Marques et al., 2016).
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Fig. 12. SEM images of LPFG with (PAH/SiO, (300 nm):Au)sz film covered
(Marques et al., 2016).

Hetero-core structure

Fig. 13. The diagram of hetero-core structure (Hosoki et al., 2013).

3.2.1. Hetero-core sensing structure

Hetero-core structure, presented in Fig. 13, has been widely re-
searched in recent years (Takagi et al., 2010; Wong et al., 2013; Hosoki
et al., 2013; Liu et al., 2017), and the core diameter of inserted optical
fiber should be smaller than that of two end optical fiber. When in-
cident light transmitted to the first junction of two optical fiber, most of
incident light leak out to clad of inserted optical fiber and form total
internal reflection on surface of inserted optical fiber, and then eva-
nescent wave occurs. After covering the surface of inserted fiber with
metal material, the resonant wavelength subjects to external refractive
index of inserted fiber. Therefore, the hetero-core structure sensor can
realize measurement of refractive index. The inserted optical fiber of
mismatched fiber-optic SPR sensor is mainly multimode fiber and
photonic crystal fiber. In addition, inserting a segment of single-mode
fiber between two segments of multimode fiber is also accepted.

In 2018, Qi Wang proposed a SPR sensor with SPA and graphene
oxide co-covered on photonic crystal fiber (Qi and Botao, 2018a). The
sensing structure was made by splicing a segment of photonic crystal
fiber between two segments of multimode fiber. Gaphene oxide with
large number of oxygen-containing functional had large specific surface
area, which was advantageous to the contact between Au film and
external medium, so as to improve the sensitivity of proposed sensor.
Fig. 14 (a)-(c) detailed express the amination process on the surface of
photonic crystal fiber, Fig. 14 (d) was the process transferring graphene
oxide on surface aminated photonic crystal fiber. The combination of
SPA and antibodies in Fc region was favorable to improve the degree of
antibodies capture, and the capturing process was presented in Fig. 14
(e)-(g). Fig. 15 was the experimental results, which revealed that the
human IgG detection limitation could be as low as 10 ng/mL.

3.2.2. Unclad/etched sensing structure

Unclad/etched sensing structure is made by removing part of fiber
cladding, and then coating sensing region with metal film (Semwal
et al., 2016; Li, L. et al., 2016a; Verma et al., 2018). Fig. 16 is the
unclad/etched sensing structure.

When incident light propagating in core of optical fiber arrives at
unclad region, part of light leaks out and forms evanescent wave.
Surface plasmon resonance wave occurs with the appearance of eva-
nescent wave. Assuming that the incident light angle is 6, the power in
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Fig. 14. The process for measuring immunoassay (Qi and Botao, 2018a).
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Fig. 16. Unclad/etched SPR sensing structure.

the end of output fiber is defined as dp, hence, dp can be described as
(Mishra et al., 2016; Shushama et al., 2017):

dp x p(6)dé @

p(©) is modal power, which is proportional to the incident light
angle 0 and can be described as:

nZ sin 6 cos 6
p(®) = %

(1 = ng cos? 6) (8)
Where n. is refractive index of optical fiber core. According to reflective
value, the normalized transmitted power of p-polarized light can be
described as:
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Here, Nref (0) = L/D tan 6 represents the total reflected light in SPR
sensor, L is the length of sensing region, D is the diameter of fiber core,
6. represents critical angle of total reflection in optic fiber and can be
defined as:

)

)

c)

Or = Sin_l(ncl/nc) (10)

Where n represents the refractive index of fiber cladding. The reflec-
tion is realized by four layer model analysis: fiber core, metal material,
sensing layer and sensing medium, where fiber core is the first layer,
metal material is the second layer and the complex dielectric function
can be described by Lorentz-Drude formula. Here, the sensitive area of
SPR sensor is generally far from light input fiber, hence, the polariza-
tion effect introduced by different launched rays can be neglected.

In optic fiber SPR sensor based on absorption, normalized trans-
mitted power (p,.,,) is affected by molar concentration (C) of the ab-
sorbing material. The transmitted power (8B,qys) altered with 6C, and
the sensitivity (S.) of optic fiber SPR sensor based on absorption can be
described as:

5Ptrans

S. =
°‘5c

an

In 2016, Shrivastav proposed a fiber optic sensor based on SPR with
enzyme entrapped gel and silver film coated on fiber core, respectively
(Shrivastav et al., 2016). Fig. 17 (a) was the sensing structure. The
sensing principle was shown in Fig. 17 (b): ERY imprinted sites in the
polymeric nanoparticle layer could combine with ERY molecules,
which would affect the effective index of MIP nanoparticles. Experi-
ment results shown in Fig. 17 (c) indicated that the sensitivity of pro-
posed sensor was inversely proportional to the concentration of ERY.
When the concentration of ERY was 0.01 pM, the sensitivity of proposed
sensor got maximum and was 205 nm/pM.

3.2.3. D-shaped sensing structure

Unlike unclad/etched sensing structure, D-shaped sensing structure
is made by removing partial cladding on one side of optical fiber, which
can be seen in Fig. 18. In 2006, Wang firstly proposed a D-shaped op-
tical fiber sensor based on SPR for refractive index sensing (Wang, S. F.
et al., 2006). At present, most of side polished fiber sensors are made by
SMF and MMF (Lo et al., 2011; Yue, 2013; Ubeid and Shabat, 2014). D-
shaped sensing structure presents exciting advantages: easy fabrication,
controllability of evanescent field, relatively higher robustness and so
on (Lin, Y. C. et al., 2008; Patnaik et al., 2015). The sensing principle of
D-shaped optical fiber sensor based on SPR can be expressed as:

When incident light enters into optical fiber at an angle 6; less than
critical angle, total reflection occurs, and the reflection coefficients of s-
polarization and p-polarization can be described as (Cheng et al., 2000;
Chen, K. H. et al., 2002):

i i, + rly exp(i2kgydy)
BT 4 ryrhy exp(iZkgdy) (12)

Where rj = (Ef — E})/(E{ + E}), d, represents the thickness of metal

material, and t = p, s, and
Wk, t= P
Ef=17"% s I=i,j,1# j,
T { ky t=s J J
iL,j=123 (13)

Where k; represents wave vector component of medium i in z direction,
and can be described as:
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Fig. 17. (a) Sensing structure of proposed sensor, (b) sensing mechanism, (c) the relationship between concentration of ERY and sensitivity (Shrivastav et al., 2016).
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Fig. 18. The diagram of D-shaped optical fiber sensor based on SPR.

ky = ko(n? — n2sin?6)"’? 14)
Where k, is the wave vector in vacuum, and the amplitude reflection

coefficients of r3; and r{,; can be defined as:

rs = Irfslexp (ig,) (15)

s = Irhslexp (i) (16)

Therefore, the phase difference (§;) between p-polarization and s-
polarization components can be described as:

Si=9,— @ a7

If length of sensing region in the D-shaped fiber biosensor is L, the
height of the fiber core in the D-shaped structure is 4. The variation of
phase difference introduced by attenuated total reflection can be ex-
pressed as:

@1 = M6 18)

Where m; presents the number of attenuated total reflections and can be
described as:

_ L
" 2h tan6; 19)

m;

As the incident light with angle (6,) is at the input side of the sensing
device, which will introduce phase-difference (§;/) between p-polariza-
tion and s-polarization on account of the total internal reflection effect:

§ =2 taLn—l{[Sin2 6 — (Neiaa/n)*]M? }
/=

tan 6; sin 6; (20)

Where n.,4 presents refractive index of fiber cladding, and the phase-
difference introduce by total internal reflection can be expressed as:

@, = m{ o/ 21

Where m; presents the number of total internal reflection, numerically
speaking, m; is equal to m;, and the explanation is following: when
incident angle is a fixed value, ¢,; is constant, and the total phase

difference can be described as:
P =01+ @ = mi(Gi + &) (22)

The existence of phase difference makes the spectrum change, thus
D-shaped structure can be adopted for biomass sensing.

In 2016, Zhao, X. proposed a D-shaped optical fiber sensing probe
based on SPR for avian influenza virus subtype Hg sensing (Zhao, X.
et al., 2016). A section of MMF with graded index was adopted for
sensor, the core diameter and the thickness of cladding both were
62.5 um. In order to get higher sensitivity, polished surface with special
length, breadth and depth were designed, and they were 5mm,
62.5um, and 62.5 um, respectively. After side polished structure was
completed, transferring gold film with the thickness of 40 nm on the
surface of polished region. The diagram of the sensing probe is shown in
Fig. 19.

Finally, EDC/NHS was covered on the film of gold to realize the
measurement of avian influenza virus subtype Hg. For A/chicken/

Evanescent‘wag; wave Gold film

Sensing region

Fig. 19. Sensing structure of D-shaped optical fiber sensor.
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Taiwan/2838V/00, experiment results revealed that the limitation of
the proposed sensor was up to 5.14 x 10° EID5o/0.1 mL with 10 min
average response time.

3.2.4. Tapered sensing structure

At present, most of the tapered fibers are made by stretching optical
fiber along axial direction while heating optical fiber over a flame (Ding
et al., 2017; Verma, 2018). With stretching, the diameter of optical
fiber decreases gradually, and eventually, the part of light in fiber core
leaks out of optical fiber to excite SPR (Maria-Cruz et al., 2014; Al-
Qazwini et al., 2015; Goswami et al., 2016).

In tapered optical fiber sensing probe, the diameter of tapered op-
tical fiber is usually several microns, and after incident light entering
into tapered region, the angle of ray decreases gradually, and ap-
proaches critical angle of total reflection, where part of incident light
leaks into optical fiber cladding. After coating tapered region with
metal material, the evanescent field maximize coupling between sur-
face plasmon wave and the evanescent, hence, the spectral intensity of
tapered sensor can be improved. After decades of development, tapered
sensing probe has been applied in optical fiber sensor due to its ability
to enhance the sensitivity (Natalia et al., 2011; Cennamo et al., 2014).

The sensing structure of tapered fiber optic sensor based on SPR is
presented in Fig. 20, and the sensing principle can be explained as
(Verma et al., 2008):

When incident light enters into the tapered region, transmitted light
will be refracted and reflected. Refractive index and dielectric constant
of the tapered region covered with metal material are defined as n; and
€m» €m can be expressed as:

A

em(A) = Er + fem =1 — ———C
" " m AM@Ac + iR) 23)

Where 1, and 4, represent collision wavelength and the plasma wave-
length, respectively, which are determined by coated material, for gold
material, 1, and A, are 1.6826 x 107 m and 8.9342 x 10°°m (Ordal
et al., 1983), respectively.

If the following condition is satisfied, SPR occurs.

2 \1/2
2—ﬂn1 sin 6 = Re Zi( s 2)
A A Em + Ny (24)

Where n; represents refractive index of fiber core. The right side of
equation (24) is real part of surface plasmon propagation constant (Kp).
In tapered fiber sensor based on SPR, sensitivity is characterized by
wavelength, therefore, set the incident angle to a fixed value. According
to analysis, it is obvious that resonance wavelength (4,) is affected by
refractive index (ng) of environment. If dng is the change of refractive
index, then the change of resonance wavelength shifts can be described
as 8l,;. Hence, the sensitivity (S,) of tapered fiber sensor based on SPR
can be defined as:

Ores
ong (25)

Sy =

Where 4, is the resonance wavelength of tapered optical fiber sensor
based on SPR.

)

i
cladding 1|

1

core

Fig. 20. Schematic diagram of proposed tapered optical fiber sensor based on
SPR.
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During the past few years, many tapered optical fiber sensor based
on SPR have been proposed, and the sensitivity of tapered probe could
be up to 12000 nm/RIU by enhancing the interaction of propagating
modes with metallic coating (Oscar et al., 2011). In order to realize the
measurement of biomass or chemical content, some intermediaries
should be adhered on sensing region. However, the fragility of tapered
probe restricts the application of it on biometric.

3.2.5. U-shaped sensing structure

Compared with tapered sensing structure, the evanescent field of
the U-shaped sensing structure can be enhanced by bending the fiber
optic in sensing region, which makes it popular in SPR based fiber optic
sensor to increase sensitivity (Sai et al., 2009; Zhang, C. et al., 2017;
Ariadny et al., 2018).

When the incidence light propagates in a U-shaped optical fiber, all
light rays will be reflected at the core-cladding interface, and total re-
flection occurs when the incident angle is larger than critical angle
which defined as:

6, = sin‘l(ﬂ)
Neo (26)

Where n, presents refractive index of fiber cladding and n,, presents
refractive of fiber core. When the propagation angle is greater than 6,
some light leaks into optical fiber cladding. What's more, the amount of
lost modes are positively correlated with outside medium refractive
index. For U-shaped sensor based on SPR, the light leaks to the external
medium means the enhancement of the evanescent field, which is more
conducive to the realization of SPR, and the resonance spectrum will be
more sensitive to refractive index of medium changing. In addition, the
change of measured biomass will cause the change of refractive index.
Therefore, the U-shaped fiber sensors based on SPR can be adopted for
measurement of biomasses.

In 2017, Zhang proposed a U-shaped plastic optic fiber sensor based
on SPR for detection of aqueous glucose (Zhang, C. et al., 2017). The
sensing structure was made by plastic optic fiber with the length of
30 cm, and then the plastic optic fiber was put in a manual device to
form a U-shaped structure with inner diameter of 1 mm, after which the
laser-induced deposition of the AgNPs and the dip-coating of graphene
were executed (as shown in Fig. 21). Experiment results revealed that
the shifts for the resonance wavelength were respectively up to 32 and
16 nm for the 90% aqueous ethanol and 20% aqueous glucose, corre-
sponding refractive index (RI) 1.3657 and 1.3557. These results implied
that this graphene/AgNPs U-bent fiber optic SPR sensor would provide
a promising method for the detection in the field of medicine, bio-
technology and food safety.

Laser-introduced
deposition

Fig. 21. The making process of U-bend plastic optic fiber sensor based on SPR
(Zhang et al., 2017a,b).
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Fig. 22. The diagram of end-surface optical fiber sensor. (a) flat tip, (b) tapered

tip, (c) angle polished tip.

3.2.6. End-face reflected sensing structure

The sensing structures introduced above are all transmission.
Compared with transmission-based optical fiber sensor, the end-surface
reflected sensing device is more convenient to insert into measured
object (Yanase, 2010; Sannomiya, 2013; Zhao, C. et al., 2017). At
present, there are two types of end-surface sensor probes: flatness of
reflective end surface (shown in Fig. 22 (a)) and inclination of reflective
end surface (shown in Fig. 22 (b) and (c)). At the end of the optic fiber,
the cladding is removed and coated with metal material to generate SPR
effect. Moreover, when incident light passes through reflected interface
to the incident point of light, the optical path doubles, which increases
the resonance effect and produces more effective sensing area.

After decades of development, end-face reflected sensor has devel-
oped well in bio-sensing field. In 2015, Se proposed a fiber optic sensor
based on SPR for immunoassays detection (Se et al., 2015). And then
the sensing region covered with gold film with the thickness approxi-
mately 56.3 nm. The fabrication process of ELP and modification pro-
cess of PDA for immunoassay were shown in Fig. 23.

The scanning electron microscopy (SEM) after gold plating was
shown in Fig. 24. After transferring goat anti-human IgG antibodies on
the surface of polydopamine-modified gold film, the resonance wave-
length shifted 66.21 nm. What's more, the LOD of the proposed sensor
was low to 2 pg/mL with the sensitivity of 0.41 nm per pg/mL, where
the sensitivity and LOD of the proposed sensor were about four times
and seven times than that of mercaptoundecanoic acid-modified gold
film surface to human IgG, respectively.

Biosensors and Bioelectronics 142 (2019) 111505

Fig. 24. (a) SEM images of the surface cross-section (b) SEM images of gold film
(Se et al., 2015).

3.3. Comparison of different sensing structure

From the above analyses, it is clear that many efforts have been
made to develop optical fiber biosensor based on SPR, and have been
adopted for detection of DNA, living cells, proteins, viruses, bacteria,
glucose, and so on (Li et al., 2015; Wu, J. et al., 2015; Chen, Y. et al.,
2015; Christina et al., 2018). Detection of biomass mainly depends on
the combination of analyte target and corresponding biological re-
cognition element. In addition, response time, sensitivity and mea-
surement range of these biomass mainly depend on their corresponding
bio-sensitive membranes. Hence, different sensing structures have no
comparability in response time, sensitivity and measurement range.
While, the inherent characteristics of different sensing structure are
compared, which is presented in Table 1.

As shown in Table 1, the first six sensing structures are transmission
sensing structure and the last one is reflection sensing structure. Dif-
ferent sensing structures have their merit and demerit. Optical fiber
grating is a moderation choice. Hetero-core sensing structure is rela-
tively simple making, the structure is stable and economical. Unclad/
etched sensing structure is mainly made by corrosion method to remove
optical fiber cladding, the reducing of penetration depth of evanescent
wave can make evanescent wave reach the measurement quickly, and
improve the sensitivity of measurement. However, the reduction of
diameter of sensing area makes it fragile. For D-shaped sensing struc-
ture, although sensitivity is inferior, the mechanical strength is merit.
While for tapered sensing structure, the diameter of fiber core and
cladding reduced simultaneously. However, the sensing structure is
gotten by stretching optical fiber, which makes the length of sensing

\ Functionalization Deposition ’ Silver mirror
of <OH and -NH, of Au seeds il reaction
‘. | L Thermal g B . B
treatment
—» Haro opcal fiber APTMS Au seeds ~» Gold film
Bare optical fiber
“  Silver mirrore—
Piranha (gold film regeneration) A
L < L ’
Goat anti-human
Human IgG « 12G Y
| 10 mM NaOH ! y B
Antibody
regeneration

Fig. 23. The sensor making process (Se et al., 2015).
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Table 1
Comparison of different fiber optic coupled biosensor based on SPR.

Biosensors and Bioelectronics 142 (2019) 111505

Unclad/etched fiber

D-shaped fiber Tapered fiber U-shaped fiber End face reflect

performance Optical fiber grating Hetero-core structure

Sensor cost low Relatively low low
Sensor size moderate moderate moderate
Fabrication difficulty Relatively high Relatively low high
Mechanical strength Relatively high Low simple

Relatively high high low moderate
moderate large Relatively large small
Relatively high Relatively high low Relatively high
High Relatively high Low Relatively high

region increase. And for U-shaped fiber optic sensor based on SPR, the
bulk of U-shaped structure is largest, which limits it in practical ap-
plication in narrow environment. Moreover, end-face reflected sensing
structure, the incident and output of light are at the same end, the in-
cident and output of light are the same end, but the metal film coating
progress may increase the difficulty of the fabrication process.

Generally speaking, each has its own advantages. In practical ap-
plications, the corresponding sensing structures can be adopted ac-
cording to requirement.

4. Recent development

Practicality is the ultimate goal of any scientific research. While in
practical application, many kinds of biomass exist, so it is necessary to
realize the simultaneous measurement of multiple biomass, which is
also of great concern in recent years. Moreover, high sensitivity has
always been the goal of sensor researchers, and the emergence of na-
nomaterial brings alluring prospect.

4.1. Optical fiber biosensor based on SPR for multi-parameters detection

In practical applications, simultaneous detection of multi-parameter
is research hotpot in optical fiber biosensor based on SPR (Lin et al.,
2012; Li et al., 2016b). At present, multiple parameters detection sensor
is made by made by compacting different sensing regions on a single
fiber optic sensing probe. While, how to distinguish the spectrum cor-
responding to each sensing region is the key for multiple parameters
detection, and prospective methods are following: firstly, covering
sensing regions with different metal films, for instance, gold and silver
films have different surface plasmon resonance positions. Secondly,
covering a metal film with different thickness in different sensing re-
gions. Thirdly, coating the same thickness of metal film in the sensing
area, and then covering different high refractive index material on
sensing regions. However, controlling film thickness is difficult. Lastly,
adjusting the incident angle of resonance wave is an effective method.

For instance, in 2016, Tabassum proposed a sensor for simultaneous
measurement of two parameters, the sensor was made by cascading two
optical fiber sensors based on SPR together and adopted for the mea-
surement of VK; and heparin (Tabassum and Gupa, 2016). The sensing
structure was seen in Fig. 25 (a), where two parts of cladding were
removed on the optical fiber. The valley position of SPR resonance ef-
fect was different due to the excitation of different metal films.

Light in

Therefore, one part was covered with nanohybrid of multiwalled
carbon nanotube in chitosan on the surface of silver film and adopted
for VK; measurement, and the other part was covered with ZnO and
polybrene on the surface of copper adopted for heparin measurement.
The experiments results were shown in Fig. 25 (b), which indicated that
the spectrum shifted to long wavelength direction with the concentra-
tion of heparin and VK; from 0 to 103 ug/l. What's more, the LODs of
the proposed sensor for heparin and VK; are 2.88 x 10" mg/l and
2.66 x 10*mg/l, respectively. Such multi-parameters detection
method has been proved for clinical analyses and fulfill the need for
simultaneous detection of multiple parameters.

4.2. Nanomaterial applied in optical fiber sensor based on SPR

Sensitivity is an issue that biosensors must consider. Nanomaterial
includes nanoparticles, nanomembranes, nanorods, nanoflowers and
nanofibers, and possess higher surface of volume ratio (or the aspect
ratio) that enables an effective interaction of analyte molecules with the
entities on the sensing surface in comparison with bulk layers. Small
dimensions and unique physical properties combined with strong
plasmonic response are attractive and enable nanomaterial can be
adopted to improve sensor sensitivity (Kant et al., 2018). Antohe has
proved that the sensitivity improved 25% compared with the non-pat-
terned counterparts by covering periodic triangular gold nanoparticles
on the surface of optic fiber sensor based on SPR (Antohe et al., 2017).
In addition, the special functional groups on nanomaterial make it
better selectivity to biomass, which can improving the measurement
accuracy of sensors.

5. Conclusion and future prospects

This current paper minutely summarizes recent contemporary re-
search in the spectacular and highly promising field of optical fiber
biosensor based on SPR. Four implementation strategies to generate
SPR are systematically introduced, and optical fiber coupling sensing
structure has merit compared with other three devices and finally
adopted for biosensor. A comprehensive and mainstream classification
of optical fiber biosensor based on SPR is presented: optical fiber
grating biosensor based on SPR and optical fiber structured type bio-
sensor based on SPR. Each sensing structure has its own merits, befit-
ting sensing structure can be selected in practical application. Instances
consummately verify optical fiber sensor based on SPR has been

(b)

00 )0 g+ ogl
2)10°g/1+ 10°g/1
(3) 10%g/1+ 109 g/l
@107g1+ 1071

Mixture of VK, and heparin

(5) 10 g/1+ 105 g/1
(6)105g/+ 10N
(1104 g+ 104 g
(8) 103 g/l+ 103 g/

Normalized transmitted power

640 680 720 760 800
‘Wavelength (nm)
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Fig. 25. (a) The sensing structure of proposed sensor, (b) the experiment spectrum (Tabassum and Gupa, 2016).
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extensively applied in biosensing and has very wide popularization and
application prospects, while, existing optical fiber biosensors based on
SPR are only applied in laboratory environments at present, commer-
cial application successful is one challenge and should be one of the
future goal. Moreover, detection of multiple parameters and sensitivity
improvement are now compared, while, subsistent optical fiber bio-
sensor based on SPR is two-parameter, the ability to detect multiple
parameters within one optical fiber device is another challenge for
biosensor. Although sensitivity is satisfactory, response time and reuse
of sensor are lack of concern. Come what may, starting from academic
interests and innovative development ideas, hoping efficient optical
fiber biosensor based on SPR invokes the readers towards an un-
abridged understanding and appreciation.
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