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1. Introduction 

A biosensor is an analytical device that couples 

biological recognition element with a transducer to 

enable rapid, accurate and sensitive detection of 

target analytes. Biosensors have wide applications, 

including biomarker detection for medical 

diagnostics and pathogen and toxin detection in food 

and water [1]. Fiber optic biosensors (FOBs) are 

analytical devices in which a fiber optic device 

serves as a transduction element. FOBs have been 

widely investigated because of their potential 

sensitivity, fast detection, biocompatibility and 

adaptability to a wide variety of assay conditions [1, 

2]. Sensing in the FOBs is based on two 

fundamental concepts, namely spectroscopy 

(fluorescence and absorption) and evanescent wave 

field (EWF) interaction. The second concept is 

based on the partial overlap of the evanescent 

guided electromagnetic wave with a medium whose 

refractive index (RI) is measured. In a standard 

optical fiber, the intensity of the EWF decays to 

almost zero at the outer surface of the cladding. 

Thus, light propagating in these fibers is insensitive 

to the surroundings. With the introduction of the 

low-loss biconical tapered optical fiber (BTOF), 

light can be guided along the tapered section for 

optical sensing within the visible and near infrared 

spectral ranges. Due to their extremely small 

diameters of BTOFs, the amount of the penetration 

depth and intensity of the EWF can be significantly 

enhanced [3–5]. This will make it highly sensitive to 

the index change in the surrounding medium. So far, 

a number of methods have been developed for 
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fabricating BTOFs. Sumetsky et al. [6] fabricated 

BTOFs by drawing a standard optical fiber in a 

micro-furnace comprising a sapphire tube heated 

with a CO2 laser. In 2006, Shi et al. [7] reported a 

new fabrication method for long and unbroken 

submicron-diameter optical fibers with a low optical 

loss of about 0.1 dB/cm which were fabricated with 

a new drawing process by heating the conventional 

single mode fiber (SMF) using a designed electric 

strip heater. In 2010, Zhang et al. [8] presented an 

etch method based on surface tension driven flows 

of hydrofluoric acid micro-droplets for the 

fabrication of low-loss, subwavelength-diameter 

BTOFs. Tapers with losses less than 0.1 dB/mm 

were demonstrated, corresponding to an order of 

magnitude increase in the optical transmission over 

previous acid-etch techniques. The etch method 

produced adiabatic taper transitions with minimal 

surface corrugations. In the same year, Pricking et al. 

[9] reported a model to accurately simulate the 

fabrication process of complex-shaped tapered fibers 

and fabricated tapered fibers with a sinusoidal 

modulated waist. 

Various BTOF-based photonic devices have 

been reported. In 2006, Minkovich et al. [10] 

reported a modal interferometer built with the 

tapered large mode area microstructured optical 

fiber (MOF). In 2009, Ju et al. [11] reported the 

fabrication of nonadiabatic tapers in air-core 

photonic band gap fibers. In-fiber Mach-Zehnder 

interferometers were formed by utilizing such tapers 

and experimentally demonstrated for strain and 

temperature measurement. The tapers allowed the 

coupling between the core and surface modes to 

occur over a broad wavelength range. Depending on 

the fabricating conditions, one can fabricate BTOFs 

with different shapes and properties. Fiber tapers 

may be divided into two distinct categories: 

adiabatic and non-adiabatic [12–14]. A tapered fiber 

can be considered as adiabatic if the main portion of 

the power remains in the fundamental mode and 

does not couple to higher order modes as it 

propagates along the taper. For this structure, the 

relative local change in the taper radius has to be 

very small (small taper angle), as shown in Fig. 1(a). 

It has been shown that the nonadiabatic tapered 

optical fiber (NATOF) as shown in Fig. 1(b) can be 

made so that coupling occurs primarily between the 

fundamental mode of the unpulled fiber and the first 

two modes of the taper waveguide, where, due to the 

large difference of the RIs of air and glass, the taper 

normally supports more than one mode. The result 

of back and forth coupling between the single mode 

of the fiber and the two (or more) modes of the taper 

is oscillation in the spectral response of the taper. 

Therefore, the NATOF behaves as a modal 

interferometer. 

 

 
(a) 

 

 
(b) 

Fig. 1 Photos of different structures of the BTOF:        

(a) adiabatic tapered and (b) non-adiabatic tapered [12]. 

Adiabatic tapered fibers have been used for 

coupling light in and out of other sensing structures 

for bi-chemical sensing such as liquid-core optical 

ring-resonators [15], micro-disks [16], and 

microspheres [17–19]. Also, the adiabatic tapered 

fiber has been used for the fabrication of the high 

sensitive surface plasmon resonance (SPR) sensor to 

the RI. 

Typical structures of BTOF sensors are shown in 

Fig. 2. Figure 2(a) depicts the simplest straight 

BTOF sensor, in which the thickness of the tapered 

section is usually close to or less than the operating 

wavelength. Since the high fractional guiding mode 

of the BTOF propagates outside the fiber, the 

transmission intensity of a BTOF depends on the 
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properties of the ambient medium, thus these fibers 

have been applied to the RI, humidity, and chemical/ 

biological sensing. Figure 2(b) shows a U-shaped 

tapered optical fiber, and Fig. 2(c) shows optical 

sensors based on BTOF loop/knot/coil resonators 

that are assembled by micromanipulation. 

 

10120 m

 
Fig. 2 Typical structures of BTOF sensors: (a) straight 

BTOF, (b) U-shaped sensor based on the BTOF, and (c) optical 

sensors based on BTOF loop/knot resonators. 

Some of the NATOF sensors reported can 

measure the strain [20], temperature [12, 20, 21], 

humidity [22] and RI [12, 20]. As many unlabeled 

optical biosensors are essentially RI sensors, the 

NATOF sensor can be utilized as an unlabeled 

biosensor for numerous applications in health care, 

environmental protection, food safety, and 

petrochemical industries. From a detection 

standpoint, some advantages of the NATOF sensor 

include the exposure of the EWF beyond the surface 

of the sensing region, fast and real-time response. 

In the past few years, NATOF biosensors have 

been investigated in our laboratory as an alternative 

detection device for biomolecules. This review 

intends to describe the recent advances using the 

NATOF sensor in the biochemical application. 

Special focus will be given to the RI measurement 

and label free biosensor. 

2. Modeling of the evanescent wave 
sensor based on the BTOF 

A large penetration depth of an evanescent wave 

is the key to success for developing an ultra 

high-resolution, fiber-based evanescent wave 

biosensor. Several investigators have attempted to 

increase the penetration depth of the EWF and 

facilitate mode coupling. 

In 1981, Kawasaki et al. [23] performed the 

tapering of SMFs in the fabrication of most kinds of 

fused fiber couplers. 

In 1986, Burns et al. [24] showed that the 

ultimate loss mechanism in a fiber taper was due to 

the cutoff of the fundamental mode from the core. 

The lost power became a cladding mode guided by 

the air-cladding interface and could not be 

recaptured by the core. In 1990, Bobb et al. [25] 

reported the fabrication of biconically tapered SMFs 

for bending measurement. In 1991, field evolution 

along longitudinally nonuniform finite-cladding 

fibers of the circularly symmetric cross section was 

analyzed in terms of coupled modes by Gonthier 

[26]. 

In 1999, Moar et al. [27] reported fabricating 

tapered fibers using a flame elongation technique. 

The EWF distribution surrounding the taper region 

was measured directly using a scanning near-field 

optical microscope, and results were found to be in 

good agreement with predictions made using a finite 

difference beam propagation method. 

In 2002, Fielding et al. [28] investigated 

numerically and experimentally how a point source 

of radiation coupled light to the HE11 mode of a 

nonadiabatic and tapered single-mode fiber for the 

biosensor application. 

In 2003, a theoretical analysis of the coupling 

mechanism that took place inside a taper was 

studied by Matias et al., and a novel expression for 

the coupling coefficient was derived. The studies 

done by Bobb et al. showed an expression for the 

same coefficient, but only under static conditions. 

The expression derived by Matias et al. was a 

generic expression and was valid under static or 

dynamic conditions. It was demonstrated that the 

optical power coupled at the output of a taper 

depended on the time-dependent bending angle of 
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the taper, hence showing its usefulness for vibration, 

displacement sensors or modulators [29]. In 2005, 

Ahmad et al. [30] using a ray-tracing model showed 

theoretically that a large penetration depth of an 

evanescent wave was the key to success for 

developing an ultra high-resolution fiber-based 

evanescent wave biosensor. Tapering the fiber and 

launching light at an angle had the potential for 

increasing the penetration depth of evanescent wave 

manifolds. Evanescent wave penetration depths of 

the order of the size of living cells have been 

achieved by optimizing the parameters relating to 

the geometry of tapered fibers. 

3. RI sensor 

RI measurement in small volumes plays a vital 

role in many areas of biophysics, biochemistry and 

biomedicine. For example, the RI can be used to 

determine the concentration of sugar or proteins. A 

number of BTOF-based RI sensors were reported 

recently. The sensors can be classified according to 

the following categories: surface plasmon resonance 

sensors based on adiabatic BTOF and NATOF RI 

sensors. 

3.1 Surface plasmon resonance sensors based on 
the adiabatic BTOF 

In 1995, a novel SMF surface plasma wave 

sensor was employed which operated over an 

extremely broad spectral range reported by Tubb  

et al. [31]. This was achieved by coating a gradually 

tapering SMF. The gradual change in the taper 

cross-section resulted in distributed phase matching 

between the fiber mode and the surface plasma wave, 

which permitted a plasma wave to be excited over a 

spectral range from 600 nm to 1000 nm. The RI 

resolution of the sensor was about 5×10�4. In 2006, 

Esteban et al. [32] presented a configuration for SPR 

sensors based on uniform-waist tapered optical 

fibers and reflective elements. The fiber was tapered 

fulfilling the adiabatic criterion, coated with a 

multilayer asymmetrically on the uniform waist of 

the fiber, and a mirror was produced at the fiber tip. 

In this way, the sensor operated in a reflective mode, 

more convenient for dip probes. When these sensors 

were spectrally interrogated, a high sensitivity of 

10–4
 RIU/nm was attained. In 2008, Verma et al. [33] 

reported a comprehensive theoretical model to 

evaluate the influence of the tapering ratio on the 

performance of a fiber optic SPR sensor, where a 

high taper ratio was recommended with an 

exponential-taper profile to design a highly sensitive 

fiber optic SPR probe. In 2010, Díaz-Herrera et al. 

[34] reported that multiple surface plasma waves 

could be excited in optical fibers at the 1.5-μm 

optical communication region for the range of RIs of 

aqueous media using doubly deposited tapered fiber 

structures. Figure 3 shows the experimental setup. A 

sensitivity about 5000 nm/RIU at 1500 nm was 

obtained, which was higher than the same setup 

operating in the 800-nm region, whose sensitivity 

was about 3000 nm/RIU. 

 
Fig. 3 Experimental setup for the characterization of the SPR 

sensors proposed by Díaz-Herrera et al.[34]. 

Later on that year, the same group reported using 

an adiabatic taper with a chemical treatment of the 

fiber for the SPR application, and an overall 

sensitivity of around 2400 nm/RIU was obtained 

[35]. 

3.2 RI sensor based BTOF 

In 1984, Kumar et al. [36] proposed a novel 

fiber optic refractometer using a tapered multimode 

fiber (MMF). It could measure RIs to a high degree 

of accuracy and required a very small amount of the 
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sample to perform the measurement. It was shown 

that, in principle, this refractometer could be 

designed to measure any RI less than that of the core 

with a better sensitivity than that of the earlier 

reported fiber refractometers. In 2004, Villiatoro   

et al. [37] presented a new fiber optic RI sensor. It 

was based on the radiation losses introduced by the 

sample medium in the tapered region of an MMF. A 

simple light transmission setup was used to test 

some samples. It was demonstrated that the sensor 

was suitable for measuring RIs in the range of 1.36 

to 1.46, as well as RI changes below 10–4. In 2011, 

Wang et al. [38] proposed and experimentally 

demonstrated an enhanced EWF fiber refractometer 

based on a tapered MMF spliced between two SMFs. 

For RI measurements within the range of 1.33 to 

1.44, a maximum sensitivity of 1913 nm/RIU was 

achieved with a 30-μm-MMF taper waist diameter. 

Polynkin et al. [39] reported a simple optical sensing 

device capable of measuring the RI of liquids 

propagating in microfluidic channels. The sensor 

was based on a submicrometer tapered fiber 

immersed in polydimethylsiloxane (PDMS). The 

sensor could operate both as a highly responsive 

on-off device and in the continuous measurement 

mode, with an estimated accuracy of 5×10–4 for 

measurement. In 2006, Kieu et al. [20] presented an 

SMF BTOF sensor for measurement of the 

displacement, temperature, and RI. A sensitivity of 

1.42×10–5 was achieved using tapers made from a 

standard single-mode fiber. In 2008, the behavior of 

tapered graded-index polymer optical fibers was 

analyzed computationally based on ray tracing and 

experimentally for different RIs of the surrounding 

medium by Arrue et al. [40]. In the same year, 

Leung et al. [41] reported the tapered fiber sensors 

at 1310 nm and 1550 nm were sensitive to glucose 

with the concentrations of 0.01 g/ml to 0.1 g/ml at 

0.5 ml/min, which gave a sensitivity in terms of 

dB/RIU. In 2010, Cohoon et al. [42] reported the 

doubling of sensitivity for these sensors with two 

passes through the tapered region, which became 

possible through the use of sensitive and 

high-dynamic-range photodetectors. 

Figure 4 presents the experimental setup. The 

sensitivity was improved from 0.43 dB/vol% in a 

single-pass case to 0.78 dB/vol% with two passes 

through the taper. The RI detection limit was 

estimated to be 1.2×10−5
 RIU and 0.6×10−5

 RIU in 

the single and double-pass schemes, respectively. 

 

PC

OSA

SOA
Isolator 22 coupler NATOF sensor

Power 
monitor Gold coated tip

 
Fig. 4 Experimental setup for doubling the sensitivity of the 

NATOF sensors with two passes through the tapered region, as 

reported by Cohoon et al. [42]. 

In 2011, Rahman et al. [43] reported a simple 

tapered plastic multimode (PMM) fiber optic sensor 

for continuous monitoring of salinity based on 

different concentrations of sodium chloride in 

de-ionized water. The tapered PMM fiber was 

fabricated using the heat-pulling method to achieve 

a waist diameter and a length of 0.187 mm and 5 mm, 

respectively. When the solution concentration 

changed from 0% to 12%, the output voltage of the 

sensor increased linearly from 0.109 mV to 1.142  mV, 

with a sensitivity of 0.0024 mV/% and a linearity of 

more than 98%. Beres et al. [44] reported 

sensitivities for the tapered plastic optical fiber (POF) 

in the RI range of 1.330 to 1.393. Sensitivities for 

straight tapers and U-shaped tapers were 

approximately 6.1 mV/10−3 RIU and 12.1 mV/10−3 RIU, 

respectively. The uncertainties in RI measurements 

were 12.2×10−3
 RIU and 1.42×10−3

 RIU, respectively. 

U-shaped POF tapers are being used for detection of 

target cells. 

In order to diversify the applications, complex 

tapered fiber structures have been developed. In 
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2005, Ding et al. developed a refractometer based 

on a pair of long period gratings (LPGs) into two 

sides of the taper region, with a RI resolution of 

±5.8×10−6 for a measurement system with a normal 

spectral resolution of 1 pm and a RI in the range of 

1.3333 to 1.3624 [45]. In a follow up study, Allsop 

et al. fabricated a single LPG into a BTOF. A limit 

of the resolution of the RI, ±8.5×10−5, was obtained 

for solutions with the RI in the range of 1.330 to 

1.335 [46]. Some fiber Bragg gratings-based tapered 

fibers were used to measure the RI changes in the 

ambient environment as low as 2.5×10−5 [47]. As 

shown in Figs. 5(a) and 5(b), Liang et al. [48] 

reported two different FBG technologies with a 

chemical etch-erosion procedure and demonstrated 

two types of RI sensors using SMFs. The first RI 

sensor device was an etch-eroded single FBG with a 

radius of 3 μm. The second RI sensor device was an 

etch-eroded fiber Fabry-Pérot interferometer (FFPIs). 

Both configurations had a narrow spectral feature, 

however the FFPI sensor had a higher sensitivity 

than the FBG sensor and could detect a RI variation 

of 1.4×10–5. Fang et al. [49] fabricated FBGs in 

BTOFs using femtosecond laser pulse irradiation. 

Such a grating could be directly exposed to the 

surrounding medium without etching or thinning 

treatment of the fiber, thus possessing high RI 

sensitivity while maintaining excellent reliability. 

 
Fig. 5 Schematic view of a NATOF: (a) single fiber Bragg 

grating sensor and (b) FFPI sensor. 

Depending on the fiber diameter, the micro fiber 

grating supported a number of propagation modes, 

and the higher-order mode offered the higher RI 

sensitivity. The highest sensitivity obtained was 

231.4 nm/RIU with a RI of 1.44 when the fiber 

diameter was about 2 μm. In 2010, an SMF NATOF 

sensor was utilized for sensing the variation in the 

RI with the concentration of D-glucose in de-ionized 

water and measuring the RI of amino acids (AAs) in 

carbohydrate solutions by Zibaii et al. [22]. Figure  

6 presents the setup used for measuring the AAs’ RI. 

The NATOF was fabricated by the heat pulling 

method, using a CO2 laser. A typical NATOF is 

shown in Fig. 7 with a tapered length of around  

843 μm. 

 

BBS
Isolator

NATOF sensor

GPIB cable 

OSA 

Fiber holder
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Fig. 6 Instrumentation setup for measuring the RI of 

α-amino acids in the aqueous D-glucose and sucrose solution 

[12]. 
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Fig. 7 A non-adiabatic tapered fiber with a taper length of 

843 μm and a waist diameter of 11 μm. 

Figure 8 shows the output spectrum from the 

tapered fiber. The limit of detection of the NATOF 

sensor was 55 ppm for a D-glucose concentration 

ranging from 0 to 80 mg·ml–1, and the limit of 

detection of the RI measurement corresponding to 

these concentrations in the range from 1.3330 to 

1.3447 was 8.2×10–6 as a refractometer sensor. This 

method showed a rewarding ability in understanding 

the basis of biomolecular interactions in biological 

systems. Later on that year, the same group 

proposed inserting the NATOF sensor into a fiber 

loop mirror (FLM) for tuning its sensitivity towards 

the RI [50]. Figure 9 illustrates the experimental 

setup which consisted of an optical broadband 
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source, a fiber loop mirror, a NATOF and an optical 

spectrum analyzer (OSA). 
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Fig. 8 Output spectrum from the NATOF for C=0 mg·ml�1 

and C= 10 mg·ml–1 for the D-glucose solution at 23 ℃. 

 
Fig. 9 Schematic of a NATOF inserted in the fiber loop 

mirror [50]. 

The taper-fiber loop mirror (TFLM) was formed 

by a 3-dB optical coupler with the low insertion loss, 

two-polarization controllers (PCs) and a NATOF 

which was placed between PCs. The PCs were used 

to optimize the visibility of the fringe pattern of the 

interferometers and to excite the high order cladding 

modes. The beam traveled towards the 3-dB coupler 

at port 1, and the incident beam was split into two 

propagating beams. Fifty percent of the incident 

optical power was directed to port 3 and traveled 

clockwise around the loop; the remaining fifty 

percent was directed to port 4 and traveled 

counterclockwise with a phase difference of π/2. The 

two beams contrarily passed through PCs and 

NATOFs, and the transmission beam exited the 3-dB 

coupler through port 2. 

When varying any of the PCs, various cladding 

modes were excited in each arm of the TFLM and 

resulted in different phase interference for clockwise 

and counterclockwise beams. Figure 10 shows the 

results for three settings of the PCs and considers the 

excitation of different cladding modes. It showed 

high order cladding modes had a low visibility 

because of the low mode power. Figure 11 shows a 

wavelength shift in the transmission peak 1 versus 

the RI in the 1.3380 to 1.3510 range for three 

different positions of the PCs in Figs. 10(a), 10(b), 

and 10(c). It is apparent that the peak linearly shifts 

toward longer wavelengths as the RI increases. For 

peak 1, the sensing curves have good coefficients of 

determination of 0.99466, 0.99299 and 0.99801 with 

the corresponding sensitivities of 876.24 nm/RIU, 

1023.96 nm/RIU, and 1233.07 nm/RIU for the PC 

settings in Figs. 10(a), 10(b), and 10(c) , respectively. 

The sensitivities for the cases in Figs. 10(b) and 10(c) 

are compared with the case in Fig. 10(a), and a 

change of more than 14% and 24%, respectively, is 

found. It showed high order cladding modes were 

more sensitive to the RI. The sensitivity of the 

sensor was enhanced about 80% and compared to 

the previous work using a Hi-Bi FLM with the 

chemical etched D-type fiber for the RI 

measurement [51]. In addition, the sensitivity of the 

TFLM could be controlled, and it showed a great 

potential for several applications, particularly to 

monitor chemical and biological parameters in 

natural environments. 
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Fig. 10 Spectral response of the NATOF in the water 

solution at room temperature for three different positions (a), (b), 

and (c) of the PCs. 
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Fig. 11 Wavelength shift in transmission peak 1 versus the 

RI for three different positions of the PCs in Figs. 10 (a), 10(b), 

and 10(c) [50]. 

4. Biosensor application 

Generally, there are two detection protocols that 

can be applied to optical biosensing: 

fluorescence-based detection and label-free 

detection. In fluorescence-based detection, either 

target molecules or biorecognition molecules are 

labeled with fluorescent tags. The intensity of the 

fluorescence indicates the presence of the target 

molecules and the interaction strength between 

target and biorecognition molecules. Even though 

fluorescence-based detection is extremely sensitive, 

with a detection limit down to a single molecule [52], 

it has some disadvantages such as the challenges 

presented for quantitative analysis, difficulty of 

finding an appropriate label that functions 

equivalently for all molecules [53], negative effects 

on the biomolecules, the time-consuming 

pretreatment and high operation costs. 

In contrast, in label-free detection, target 

molecules are not labeled or altered and are detected 

in their natural forms. This type of detection is 

relatively easy and cheap to perform, and allows for 

quantitative and kinetic measurement of molecular 

interaction. Additionally, as discussed later, some 

label-free detection mechanisms measure RI 

changes induced by molecular interactions, which 

are related to the sample concentration or surface 

density. As a result, the detection signal does not 

scale down with the sample volume, which is 

attractive for the ultra small detection volume. 

Despite all these differences between 

fluorescence-based and label-free detection, both 

protocols are being widely used in optical biosensors 

and provide vital and complementary information 

regarding interactions among biomolecules, which 

makes optical sensors more versatile than other 

types of sensing technologies. 

4.1 Fluorescence-based biosensors 

In 1996, James et al. [54] developed a 

fluorescence tapered fiber sensor based on 

competitive assay for detecting lipopolysaccharide 

(LPS) endotoxin as an immune stimulant of sepsis. 

In the study, LPS from Escherichia coli (E. coli) was 

detected at concentrations as low as 10 ng/ml, in 30 s. 

The fluorescent labeled LPS was introduced to the 

fiber and attached to the Polymyxin B as a 

recognition molecule. The unlabeled LPS was then 

introduced and competed with the labeled LPS for 

the binding sites on the Polymyxin B. As the 

unlabeled LPS concentration increases, fluorescence 

decreases. 

In 1996, Hale et al. [55] developed a fluorescent 

optical fiber loop sensor to detect antibodies to IgG. 

A bent tapered fiber biosensor was used with a 

two-step sandwich assay. IgG was labeled with the 

fluorescent dyes fluorescein isothiocyanate or 

tetramethyl rhodamine. In the first step of the assay, 

the tapered fiber was silanized so that the unlabeled 

IgG was attached to the sensing region covalently. 

Then, the antibody to the IgG was bound to the 

sensing region due to the presence of the attached 

IgG. Finally, the labeled IgG was introduced, and the 

argon ion laser radiation entered the evanescent 

region to excite the fluorescent dye. The 

fluorescence emitted by the dye was coupled back 

into the fiber and was the direct measurement of the 

IgG concentration. A concentration of 75 pg/ml was 

detected with this method. 
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In 1997, Narang et al. [56] reported a fluorescent 
tapered fiber-optic biosensor for detecting ricin as a 
toxic protein at pictograms/ml levels with a 
sandwich immunoassay scheme. Firstly, an 
anti-ricin IgG was immobilized onto the surface of 
an optical fiber by silanization and avidin–biotin 
linkage. Then, ricin was introduced into the vicinity 
of the sensor. Finally, a Cy5-labeled secondary 
antibody was used to complete the sandwich 
immunoassay. The assay using the avidin–biotin 
linked antibody demonstrated the higher sensitivity 
and wider linear dynamic range than the assay using 
antibody directly conjugated to the surface. The 
linear dynamic range of detection for ricin in the 
buffer using the avidin–biotin chemistry was    
100 pg/ml – 250 ng/ml. The limit of detection for 
ricin in the buffer solution was 100 pg/ml, and in 
river water, it was 1 ng/ml. At concentrations of ricin 
greater than 50 ng/ml, there was strong interaction of 
ricin with the avidin due to the lectin activity of ricin. 
This interaction was significantly reduced using 
fibers coated with neutravidin or by adding 
galactose to the ricin samples. 

Pilevar et al. presented an all-fiber hybridization 

assay sensor based on the fluorescence adiabatically 

tapered single-mode fiber probe for detecting 

Helicobacter pylori total Ribonucleic acid (RNA) 

[57]. Probe oligonucleotides were cross-linked to the 

tapered surface. Real-time hybridization of 

near-infrared fluorophore IRD. 41-labeled 

oligonucleotide at various concentrations to the 

surface bound probes was performed. Using 20-mers 

as probes, complementary oligonucleotides at lower 

concentration than nM were detected. Sandwich 

assays were performed with Helicobacter pylori 

total RNA to determine if the sensor could detect 

bacterial cells using rRNA as the target, and it was 

found that this sensor could detect H. pylori RNA in 

a sandwich assay at 25 pM. 

As shown in Fig. 12, Haddock et al. [58] 

developed a technique using the EWF of tapered 

fibers for rapid, convenient, and accurate sensing of 

biomolecules and cells using small volumes of 

analytes in the range of 0�150 μL. Using an 

analytical grade spectrofluorometer nicotinamide 

adenine dinucleotide (NADH), nicotinamide adenine 

dinucleotide phosphate (NADPH), and Chinese 

hamster ovary (CHO) cells at various concentrations 

were measured. The detection limit of the fiber for 

CHO was 0.1×106
 cells/ml. It was found that the 

limits of detection of the taper were 0.2 μM of 

NADH and 0.5 μM of NADPH. The limit of 

detection for the cuvette was 3μM for both NADH 

and NADPH. 

 Fluorescent analyte 

Nonfluorescent analyte 

Excitation signal 

Flourescent signal 

Evanescent wave  
Fig. 12 Illustration of evanescent field fluorescence sensing 

approaches. 

4.2 Label-free biosensors 

4.2.1 Bacterial growth rate 

In order to detect the growth of E. coli O157:H7, 

an intensity-based evanescent sensor was 

investigated by Ferreira et al. [59]. The sensor was 

fabricated by chemically etching an MMF, and the 

sensing was based on the interaction of the bacteria 

with the EWF as well as the attenuation light. The 

power loss was proportional to the intrinsic bulk 

absorption and scattering, which depended on the 

concentration of the bacteria. The sensitivity of this 

sensor was 0.016/dB/h/No, where No ranged from 10 

to 800 and was the initial number of the bacteria. In 

a follow up study by Rijal et al., E. coli O157:H7 

was covalently bonded to the surface of a tapered 

fiber via an antibody, and concentrations as low as 

70 cells/mL was detected by changes in the intensity 

[60]. 
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In 2006, Maraldo et al. used a tapered fiber 

sensor to detect the growth of E.coli JM 101 [61]. 

The tapered surface was coated with poly-L-lysine 

(PLL), and E. coli JM 101 expressing green 

fluorescent protein was immobilized. The growth 

was monitored by light transmission through the 

tapered fiber. The transmission decreased 

exponentially with the cell growth on the tapered 

surface. 

In 2010, Zibaii et al. [62] reported real-time 

monitoring of the E. coli K-12 growth in an aqueous 

medium by the NATOF biosensor. The bacteria 

were immobilized on the tapered surface using PLL. 

The experimental setup is shown in Fig. 13. It 

consisted of a distributed feedback laser (DFB) with 

the maximum rated output power of 20 mW and 

peak wavelength of 1558.17 nm. The laser beam 

which arrived at the tapered fiber sensor after 

passing a dual stage isolator and a 2×2 coupler was 

detected by photodiode 2 (PD2), which was the 

sensor signal. The reflected light of the coupler was 

then recorded by photodiode 1 (PD1) and labeled as 

the reference beam. Finally, the data obtained from 

the two identical detectors were delivered to an 

analog to digital converter and was processed by the 

LabVIEW software. 

 

PD2 

A/D

PD1

DFB

Core 

Isolator 22 coupler 

Fiber holder
Index

matching gel 

Cladding Taper region 
nsol

nw nint E.Coli 

 
Fig. 13 Real-time monitored bacterial growth rate schematic 

proposed by Zibaii et al. [62]. 

The measured specific growth rate by the 

NATOF biosensor and pour plate method as shown 

in Fig. 14 were found to be –0.17±0.01 h–1 and 

0.33±0.02 h–1, respectively, for a 1.6-h period at 

room temperature. When the bacteria were grown on 

the taper, the fiber optic biosensor exhibited strong 

transmission changes at 1558 nm, which was 

proportional to the variation in the cell concentration. 

Therefore, it could be inferred that the transmission 

through the fiber was decreased by an increase in the 

average surface density of the cells on the tapered 

fiber. An increase in the average density of the 

bacteria changed the dielectric constant of the new 

cladding (E. coli in the glucose growth medium) and 

the RI of the tapered section, as well. 
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Fig. 14 Bacterial growth rate measurement: (a) plot of sensor 

response versus time during E. coli growth on the tapered fiber 

and (b) growth rate measurement with colony counting method 

[62]. 

The sensitivity of the current setup was 

measured to be 60 E. coli mm–2, which corresponded 

to 17×10–12
 g·mm–2 dry-mass loading or a total of  

10 bacteria bound to the tapered surface. The new 

bacterial growth measurement system provided 

numerous advantages such as the small size, rapid 

real-time and label free performance intended for 

small analyte volumes over other methods like plate 

counting, optical density, and dry weight. 
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4.2.2 Porotoein detection 

In 2007, Tazawa et al. [63] demonstrated fiber 

couplers to detect streptavidin. In this case, two 

identical optical fibers were fused together and 

tapered to a diameter of 9 μm. The transmission 

spectrum was sinusoidal and showed a RI sensitivity 

close to 70 nm·RIU−1 with a detection limit of 

4×10−6
 RIU. This sensor was then able to detect 

streptavidin with concentrations between 0.5 μg·ml−1 

and 2 μg·ml−1 using covalent surface chemistries. 

In 2007, Leung et al. [64] reported tapered fiber 

optic biosensors exhibiting strong transmission 

changes at 1550 nm when the antibody was bound to 

the surface and when the antigen bovine serum 

albumin (BSA) was bound to the antibody. The limit 

of detection of BSA was found to be 100 fg/ml. A 

sensing ability at 10 fg/ml was observed. The 

response of BTOF was found to be about 1 h for the 

antibody immobilization and about 30 min for the 

antigen binding. 

In 2008, Corres et al. [65] reported a new 

biosensor which has been developed by coating a 

tapered optical fiber with an anti-gliadin antibodies 

(AGAs) sensitive nanofilm using the electrostatic 

self-assembled (ESA) monolayer technique in order 

to aid the diagnosis of celiac disease. The minimum 

detection limit of the sensor was 1 ppm. 

In the same year, Leung et al. [41] reported the 

detection of a model protein BSA using 

antibody-immobilized tapered fiber optic biosensors 

at 1310 nm and 1550 nm under stagnant and flow 

conditions. In this study, the detection of the BSA in 

a flow cell configuration was examined because 

flow reduced non-specific adsorption of 

contaminating proteins, eliminated transmission 

changes due to mechanical movements, and allowed 

for quick switching between samples. Detection 

experiments were conducted by immobilizing 

antibody to the BSA on the tapered fiber surface, 

then exposing them to 1 pg/mL –10 ng/mL of the 

BSA at 0.5 ml/min and measuring the transmission 

at 1310 nm and 1550 nm. 

In 2010, Zibaii et al. [66] reported the real-time 

monitoring attachment of model protein bovine 

serum albumin to the antibody-immobilized surface 

of the NATOF biosensor. The surfaces of the tapers 

were modified, as shown in Fig. 15, with an amine 

group to allow for the formation of a covalent bond 

between the amine and one of the carboxylic groups 

of the antibody. The attachment of the BSA to the 

antibody-immobilized surface of the taper was 

monitored by transmission of a 1558.17-nm DFB 

laser through the tapered fiber. Figure 16 shows the 

experimental setup. The NATOF sensor was housed 

in a specially constructed holder in which exposure 

of liquid materials like Anti-BSA and BSA occurred 

in different parts of the experiment. Figure 17(a) 

shows the typical transmission response of the 

sensor for reaction of the anti-BSA with the 

amine-modified taper surface. It was seen that the 

transmission gradually increased and reached 

saturated levels. Saturation usually occurred within 

2 h. During the immobilization, bonding of the 

antibody to the fiber surface resulted in a small 

increase in the fiber diameter as well as the change 

in the RI on the taper surface. 

   

 
  (a)                       (b) 

Fig. 15 Chemical structure of (a) the activated anti-BSA with 

EDC and Slfu-NHS and (b) immobilization of the anti-BSA on 

the taper fiber. 

This type of surface reaction was analogous to 

adsorption of a protein onto a surface and could be 

modeled with the Langmuir model of adsorption. 

The size of the antibody was about 13 nm×6 nm, 

thus the taper diameter was likely to change 

non-uniformly by 12 nm to 26 nm, and such a change 
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was expected to alter the transmission 

characteristics. 
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Fig. 16 Experimental setup proposed for BSA-anti BSA 

interaction [65]. 

Both the attachment and release responses are 

shown in Figs. 17(b) and 17(d) for three different 

concentrations of the BSA in 100 ng/ml, 100 pg/ml, 

and 100 fg/ml. When the BSA was injected into the 

 

sample holder, transmission decreased due to a 

change in the surface RI caused by the presence of 

the BSA. A low pH PBS-A was then added to 

change the conformation of the proteins so as to 

loosen the binding between the antibody to the BSA 

and the BSA. When the BSA was loosened and 

released from the antibody, transmission increased 

back almost to the starting value. Similar to the 

antibody attachment to the fiber surface, the binding 

of the BSA and anti-BSA appeared to follow the 

Langmuir adsorption model. Based on the obtained 

data, the rate constant for anti-BSA adsorption on 

the tapered surface was found to be 0.03 min–1. An 

estimate of the antibody/antigen surface coverage of 

the fiber could be made with a few simplifying 

assumptions. 
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Fig. 17 Attachment and release responses of the NATOF biosensor: (a) transmission change in dB vs. time for antibody 

immobilization, (b) BSA attachment and release of 100 ng/ml, (c) 100 pg/ml sample, and (d) 100 fg/ml sample. 
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Using a convergent length of 400 μm, the waist 

length of 100 μm, divergent length of 1000 μm, and 

waist diameter of 12 μm were estimated that it 

would require 6.8×109 molecules to completely 

cover the taper surface if the uniform coverage was 

assumed. A 200-µL sample containing 10 pg/ml of 

the BSA had enough BSA molecules to cover less 

than 0.03% of the taper surface. In the ideal case, it 

would require about 3.8 ng/ml of the 200-µl BSA 

sample to saturate the surface of the fiber. Due to the 

likelihood that the antibody coverage of the surface 

was likely to be less than 100%, it was suggested 

that the concentration required for saturation was 

less than 4 ng/ml. 

4.2.3 DNA detection 

In 2008, Leung et al. [67] reported detecting 

DNA hybridization using the intensity-based tapered 

fiber biosensor in near-IR wavelengths. The taper 

regions were coated with 50 nm of gold. The tapered 

fiber surface was immobilized with 15-mer ssDNA 

with a C6 extension and a thiol group. Then, the 

complementary 10-mer ssDNA samples were 

allowed to flow in from low concentration to high 

concentration (750 fM to 7.5 nM), and the resulting 

transmission changes were recorded. It was shown 

that 750 fM of complementary DNA could be 

detected. This sensor was able to distinguish 

between complementary DNA from DNA with a 

single nucleotide mismatch in the middle position. 

In 2010, Zibaii et al. [68] reported a NATOF 

biosensor-based RI measurement for studying of 

bimolecular interactions including the 

ssDNA-ssDNA interaction. The NATOF sensor was 

immobilized with 25-mer DNA with the PLL 

solution. The hybridization response of 

complementary strands was measured at three 

concentrations of 200 nM, 500 nM, 1000 nM of the 

ssDNA target solution. Figure 18 shows the optical 

response of the NATOF sensor for probe 

immobilization and DNA hybridization. The 

red-shifts and Longmuir behavior of the signal with 

time were due to an increase in the RI of the external 

media by hybridizing target ssDNA. As shown in 

Fig. 19 by plotting equilibrium response (Req) per 

target concentration (C) versus equilibrium response, 

a straight line was obtained, whose binding constant 

could be calculated. In this experiment, the binding 

constant for ssDNA-ssDNA interaction was 

measured to be 4.632×106
 M–1. 
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Fig. 18 Wavelength shifts with time for (a) probe 

immobilization, (b) washing process, and (c) DAN hybridization. 

 
Fig. 19 Plot of Req/C versus Req [68]. 

5. Future remarks 

BTOFs can serve as basic elements for optical 

sensing or for light input/output in miniature 

photonic sensors. Due to their favorable properties 

of high fractional EWFs, low loss, and high 

flexibility for optical sensing, NATOF sensors may 

offer advantages of high sensitivity, fast response, 

small footprint, high spatial resolution, and low 

detection limits. In addition, the micro scale sizes of 

these sensors make them possible to integrate the 
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NATOF biosensors with microfluidic or nanofluidic 

chips for practical applications that require very 

small quantities of samples. The adiabatic tapered 

fiber is also used for coupling light to other photonic 

devices. One area of the adiabatic tapered fiber 

research is the development of high sensitive SPR 

biosensors which are operated in longer wavelengths. 

The detection principle is another area of the fiber 

biosensor technology which was successfully 

explored: it appears that fluorescent-based sensors 

have been used to a limited extent in the detection of 

biological parameters. However, for protein and 

DNA detection, the use of the fluorescence tapered 

fiber optic biosensor is necessary to detect low 

levels of biomolecules at ultraviolet (UV) and 

visible wavelengths. NATOF biosensor is an 

attractive method for label free sensing because it 

does not require any labeling. As a result, there has 

been a shift in protein and increasingly DNA 

detection by using the NATOF sensor. After 

surveying the large number of studies on the tapered 

fiber optic biosensor over the past 10 years, it 

appears that detection of the pathogens, drug 

screening based antibodies, and DNA will continue 

to flourish along the advancement of medical 

diagnostics, clinical applications, a safe environment 

and food supply. As shown in this review, because of 

their miniature sensing probe, label-free direct 

detection and high sensitivity, NATOF biosensors 

will remain a popular choice among researchers and 

practitioners for detection of biological agents. 
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