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Abstract: 

This paper presents the development of tapered optical fiber sensor to detect a specific 

Leptospira bacteria DNA. The bacteria causes Leptospirosis, a deadly disease but with 

common early flu-like symptoms. Optical single mode fiber (SMF) of 125 μm diameter is 

tapered to produce 12 μm waist diameter and 15 cm length. The novel DNA-based optical 

fiber sensor is functionalised by incubating the tapered region with sodium hydroxide (NaOH), 

(3-Aminopropyl) triethoxysilane (APTES) and glutaraldehyde. Probe DNA is immobilized 

onto the tapered region and subsequently hybridized by its complementary DNA. The 

transmission spectra of the DNA-based optical fiber sensor is measured in the 1500 - 1600 nm 

wavelength range. It is discovered that the shift of the wavelength in the SMF sensor is 

linearly proportional with the increase in the complementary DNA concentrations from 

0.1 nM to 1.0 nM. The sensitivity of the sensor towards DNA is measured to be 

1.2862 nm/nM and able to detect as low as 0.1 fM. The sensor indicates high specificity when 

only minimal shift is detected for non-complementary DNA testing. The developed sensor is 

able to distinguish between actual DNA of Leptospira serovars (Canicola and Copenhageni) 

against Clostridium difficile (control sample) at very low (femtomolar) target concentrations.  
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1. Introduction 

Thin, helically coiled and motile spirochetes Leptospira is a water borne bacterium that 

causes leptospirosis disease to human [1]. Human patients infected by Leptospira bacteria 

exhibit sudden onset of fever, chills, and headache [2]. In both mild and severe forms of 

leptospirosis, flu-like symptoms develop first. However, these signs and symptoms are 

nonspecific which may be indistinguishable with other diseases such as influenza, dengue or 

malaria[2-3]. The vague clinical signs make leptospirosis likely to be under-diagnosed, 

leading to delayed treatment. Without early treatment, the patient may enter a more severe 

stage, which could lead to kidney failure, meningitis, liver failure, respiratory distress, and 

even death [2, 4]. In one clinical study in Malaysia, the pervasiveness of leptospirosis surged 

from year 2004 to 2009 with the Ministry of Health Malaysia (MOH) reported an increase in 

number of cases from 263 to 1418. The number of deaths due to the disease is recorded at 193 

with fatality rate varying from 1.8% to 7.6% for the 5-years period [5-6]. In view of the fact 

that leptospirosis disease is spreading ruthlessly, the importance of a highly efficient 

Leptospira DNA detection system is at the utmost priority. 

Currently, culture and microscopic agglutination test (MAT) are gold standard methods 

for leptospirosis diagnosis [7]. However, these methods are inadequate for early diagnosis. In 

the case of Leptospira culture, the colonies are slow-growing bacteria and for MAT, the anti-

Leptospira antibodies can only be detected by the second week after onset of symptoms. 

MAT is also limited by its subjectivity, and require the maintenance of live Leptospira as well 

[8]. Therefore, an efficient laboratory diagnostic system on leptospirosis is required to 

eliminate clinical suspicion at the early acute phase of the disease. The presence of the 

Leptospira in the blood increases exponentially from day 0 to day 7 occurring in parallel with 

the onset of the symptoms [9]. Therefore, the existing effort for early leptospirosis diagnosis 

is directed towards the detection of Leptospira bacteria, its antigen or DNA. Out of these 

three, DNA is the intracellular property that is commonly investigated for high specificity 

detection [10–12]. In contrast, the extracellular properties of Leptospira bacteria or its antigen 

tend to lose their specific binding activity due to the fact that the conformation for most of the 

protein might probably be denatured after being removed from their natural environment [13, 

14]. Besides that, DNA-based detection can be performed in either live or dead cells and does 

not require microorganism isolation [15, 16].  

The key mechanism in the DNA-based detection is the binding between the single-

stranded DNA (or probe) immobilized onto a surface of transducing platform with specific 

single-stranded DNA sequence (or target). This binding event produces a measurable signal 
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that can be used as the detection parameter [17]. Common transducing platform for the 

biosensor system is electrical-based such as conductometric. Electrical-based biosensor 

system is low cost and sensitive. However, this conventional detection system is known to be 

prone to electromagnetic interference as well as poor specificity. The utilization of optical 

fiber becomes an alternative application in the biotechnology and molecular biology realm. 

The significant advantages of optical fiber technology such as compact size, light weight and 

electromagnetic interference immunity create strong interest towards biosensor based on 

optical fiber [18-19]. Its abilities to operate in situ, reduced setup dimension, minimal 

invasion for in vivo measurement while providing high sensitivity and specificity make the 

optical fiber biosensor an exciting prospect compared to the conventional electrical 

counterpart [19-20].  

An interesting method to improve the sensing performance in optical fiber sensor is by 

modifying the physical of the transducing platform. One of the most reliable optical fiber 

platform modification methods is tapering. The tapering process ‘shrinks’ the optical fiber 

core and cladding and thus, changing the light propagation in the tapered optical fiber [21]. As 

a result, the evanescent field interaction around the optical fiber is enhanced [22]. The 

transducing platform becomes highly sensitive to any changes of refractive index near to its 

surface. When the tapered region is functionalised with a sensing layer, any reaction with the 

sample of interest will change the sensing layer properties and the evanescent field. Therefore, 

the detected light propagating in the tapered optical fiber is proportionally changed according 

to the sample concentrations [23]. Some of the well-established works on tapered optical fiber 

were reported by Brambilla and Wang et al [24, 25]. In general, these works focus on the 

modification of single mode fiber via tapering as well as its sensing applications for physical 

parameters such as humidity and temperature. The advantages of optical fiber tapering for 

various sensing applications in physical, chemical and biomolecule detection have been 

presented in [24-34].  

Tapering offers simpler and more controlled modification than other fiber fabrication 

techniques such as grating. The fiber modification via grating requires extra processes such as 

bending, polishing and chemical etching. In contrast, fiber tapering only involves heating and 

pulling which is highly controllable with the use of glass processing workstation. Some 

studies have also reported higher sensitivity achievement in refractive index based sensing for 

the optical fiber modified via tapering. For example, the tapering-based sensor  in [37] and 

[38] produced sensitivity around 1500 nm/RIU and 19212.5  nm/RIU, respectively, as 
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compared to  the gratings-based sensors in [35] and [36] with 1.1nm/RIU and 660 nm/RIU, 

respectively. 

 In case of biosensor and DNA detection, some development using gratings-based optical 

sensors have been reported. Bertucci et al. [6] utilised PNA-based microstructure optical fiber 

(MOF) Bragg gratings to detect unamplified genomic DNA. High performance is reported 

with minimal concentration detected of 0.3 ng/ml at very low sample volume (10 µL). The 

developed sensor used gold nanoparticle as a catalyst. Another interesting and advanced 

Bragg gratings based sensors is presented by Candiani et al. [39] for label free DNA detection. 

Double tilted fiber Bragg gratings are employed to create modified Fabry-Perot core-cladding 

closed-loop cavity. This approach is demonstrated to be independent from external 

interferences such strain and temperature. The sensing performances also show high 

specificity with mismatch DNA strands at 100 nM and 10 nM concentrations. Both studies 

indicate an opportunity for sensing improvement using taper-based optical fibers which are 

able to detect DNA and protein at lower concentrations than 10 nM without any gold catalyst 

[40-42].  

Resonator is also another optical device commonly used for biosensing applications by 

exploiting the surrounding refractive index. Some published works [43] and [44] have 

reported on the optimization of whispering gallery resonator to achieve high sensing 

performance via refractive index change. Franchois et al, successfully optimised refractive 

index change in 10 µm dye doped polystyrene microsphere resonator upon lasing excitation 

(FWHM ~80 pm at 600 nm and produced sensitivity of 50 nm/RIU [44].  However, 

alternative excitation scheme have to be optimised if the resonator size is reduced below 10 

µm because the value is  too close to the lasing threshold damage. The sensitivity optimisation 

is less complicated for tapering based modification. The sensitivity achieved in tapered fiber 

is also typically much higher in the range of 1000 – 1900 nm/RIU with smaller taper 

dimension. 

In this work, a leptospirosis biosensor system utilizing a tapered and functionalised optical 

fiber is developed to detect Leptospira DNA sequence. The Leptospira capture probe DNA 

was uniquely designed and aligned based on rrs gene of Leptospira spp. Therefore, this novel 

optical fiber based biosensor produces different wavelength shifts upon exposure to solely 

Leptospira DNA with several concentrations. The developed biosensor also shows high 

sensitivity and specificity towards different actual Leptospira bacteria DNA samples. The 

findings here are noteworthy as well as providing new insights in leptospirosis diagnostic. 
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2.2 Functionalisation of tapered optical fiber 

The functionalisation process is crucial to promote conjugation between inorganic materials 

like the tapered optical fiber surface with organic biomolecules. This process is the first step 

in the biosensor preparation to hybridize the Leptospira DNA onto the transducing platform. 

The functionalization of the tapered optical fiber region is performed through covalent 

modification using bi-functional linkers [46]. In this process, the chemicals/linkers involved 

are sodium hydroxide (NaOH), 3-aminopropyltriethoxysilane (APTES), and glutaraldehyde 

(Sigma-Aldrich). The function of NaOH is to improve the attachment of APTES with the 

fiber surface by enriching the hydroxyl groups (-OH) on the surface. The use of NaOH is 

well-established in biosensor as reported in some previous works [47, 48]. APTES is a 

silanization reagent and highly important to convert hydroxyl group into amine group so that 

the surface is susceptible for the bonding with the aldehyde group [46]. Finally, 

glutaraldehyde as a bifunctional aldehyde is deposited onto the fiber surface to form an arm 

linker, which makes it possible for probe DNA to be covalently bonded with fiber surface 

[49]. This technique has been successfully demonstrated in several studies [50-54]. 

 Figure 2 summarises the process to functionalise the tapered optical fiber surface. At 

first, the tapered optical fiber region is treated with 0.1 M NaOH for duration of 45 minutes. 

After the duration to generate –OH, the tapered optical fiber region is silanized with APTES 

for 45 minutes to obtain the amine-modified surface. Subsequently, the tapered optical fiber 

region is cross-linked with glutaraldehyde for 1 hour. Both concentrated APTES (98%) and 

glutaraldehyde (50%) are diluted to meet 2% v/v in deionized water which equivalent to 0.09 

M and 0.43 M solutions, respectively. The concentrations of the mixed solutions are specified 

based on the previous studies [55–57] in order to get stable covalent bonding layer on the 

solid surface [49].  

After each chemical treatment, the tapered optical fiber region is rinsed with deionized 

water (three times) and air-dried. The morphologies of the linkers on the fiber surface are 

characterised and observed by Hitachi S-3400N Scanning Electron Microscopy (SEM) and 

their transmission output spectra are recorded via optical spectrum analyser (Yokogawa 

AQ6331). 
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where λ is the wavelength of incident light, n1 and naq are the RI of new core and external 

medium, and θ is the incident angle (°) measured from the normal at the interface of the new 

core and external medium.  

Upon reaching up-tapered region, both fundamental and high-order modes begin to couple 

back together at the untapered region but with reduced intensity. As the fundamental and 

high-order modes are not in phase anymore, the result of back and forth coupling between the 

modes produce oscillations in the spectral response. The oscillations or periodic behaviour of 

the output spectrum is known as interferometric pattern (Mach-Zehnder interferometer) and 

can be observed via optical spectrum analyser (OSA) [68]. The output spectrum response of 

the tapered optical fiber can be explained in term of the output intensity expressed as [69] 

ܫ  = ଵܫ + ଶܫ + 2ඥܫଵܫଶcos	(∆Φ)                                                   (2) 

 

where I1 and I2 are the intensities of the fundamental and high-order modes, respectively, and 

ΔΦ is the phase shift between the two modes, which can be calculated using   

ߔ∆  = ቂଶగ(∆௡೐೑೑)௅ೢఒ ቃ                                                     (3) 

 

where neff is the difference between the effective refractive index of the core and the effective 

refractive index of the external surrounding (݊௖௘௙௙ − ݊௘௫௧௘௙௙) and Lw is the waist length. The 

fringe spacing (ʌ) between two interference patterns is given by  

 ʌ = 	 ఒమ∆௡೐೑೑௅ೢ                                                            (4) 

 

These equations mathematically support the idea that any manipulation of RI at the external 

surrounding or the cladding would affect the phase shift, fringe shift, as well as the resulting 

intensity of the output. Hence, when a sample of interest or a targeted analyte is introduced to 

the system, the occurrence of change in refractive index will be shown as the shifting of 

interference pattern between the spectra, as well as the difference in output intensity. The 

above equations mathematically promote the idea to characterize the tapered optical fiber by 

using different concentrations of NaCl. This is due to the fact that any manipulation of RI at 

the external surrounding would affect the phase shift, fringe shift, as well as the resulting 
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Figure 15 The wavelength shift of several DNA concentrations. 

 

3.4 Sensor selectivity towards non-complementary DNA 

Figure 16 illustrates the comparison result for wavelength shift of cDNA, non-complementary 

DNA and sterile ultrapure water  after testing with the immobilized probe on tapered optical 

fiber sensor. Even though there is a slight shift when the sensor is tested with non-

complementary DNA and sterile ultrapure water, the wavelength shift with complementary 

DNA is much stronger and produces a distinct response which indicates the high specificity of 

the proposed sensor.  

In hybridization, hydrogen bonds are significant in determining the duplex formation of 

complementary base pairs [83]. The orientation of the bases must be just right for the 

interaction to take place [84]. However, the non-complementary DNA bases are not 

complementary in structure, thus, not all of these bonds can be simultaneously replaced by 

hydrogen bonds between the bases. In other words, duplex formation between non-

complementary DNA and the probe DNA partially lacks specificity in terms of 

complementary Watson Crick (WC) base pairings [85]. 
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approximately 150 min. It is believed that the process can be significantly improved by 

implementing UV irradiation that takes only 10 min as reported by some studies [90-92]. 

Combining the UV irradiation method for quick probe functionalisation with the high 

sensitivity and specificity tapered fiber, the proposed optical sensor will be highly feasible for 

early and in-situ Leptospira DNA detection system. 
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