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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 pm diameter is
tapered to produce 12 um 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
0.1nM 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 pL). 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 um 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
um 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. Experimental

2.1 Fabrication and characterization of tapered optical fiber

The tapered optical fiber is fabricated using glass processor workstation (Vytran
GPX-3400). The machine modifies the optical fiber dimension by pulling the two ends of the
optical fiber while it is heated by a unique filament. The real-time control system allows a
customised dimension, uniformity and reproducibility of the fabricated taper by controlling
the pulling speed and heat at a constant value of 1 mm/s and 42 W, respectively. As displayed
in Figure 1, the tapered section is created at the center of 1 m step index single-mode optical
fiber (Lucent Allwave Fibre) with symmetric up and down taper transition lengths of 5 mm.
The optical fiber initial cladding diameter of 125 pum is tapered down to 12 um and the
tapered waist length is fixed at 15 mm. These dimensions have been optimized for ligand-
target protein interaction as reported in the previous work [45]. The featured dimensions are
validated under the machine’s CCD camera and examined using the optical microscope

(Motic BA210).
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Figure 1 Schematic diagram of single mode optical fiber tapered profile.

The optical properties of the tapered optical fiber are characterised by comparing its
sensitivity using sodium chloride (NaCl) solution. The 1 M of 10 ml NaCl (Sigma-Aldrich)
solution is diluted with deionized water (DI water) to desired concentrations for the
characterisation testing. In this study, several NaCl concentrations (0.2 M, 0.4 M, 0.6 M, and
0.8 M) with different refractive indices (RI) are employed. Prior characterisation testing, the
RI of each NaCl concentration is measured by using handheld optical refractrometer

(ATAGO B028977).
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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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Figure 2 Tapered optical fiber functionalization process.

2.3 Leptospira DNA immobilization and hybridization

At this point, the aldehyde-functionalised tapered optical fiber is available to be bonded with
the probe DNA. DNA detection can be achieved when a target DNA strand creates a tethered
nucleotide via hybridization process with the single-stranded probe DNA [33]. Therefore, in
this work, several synthetic single-stranded DNAs (Integrated DNA Technologies) were
employed. All the desired DNA concentrations are diluted using sterile ultrapure water. The
probe sequences adduced from [58] with their respective designed sequences targeting 16S
ribosomal RNA (1rs) gene are tabulated in Table 1 as well as with their non-complementary
sequence. In this work, non-complementary sequence that exhibits large difference in order
than the right complementary sequence is preferred as a control sample. Sequence variability
of 4 to 5 nucleotide bases occurs in the targeted gene from different pathogenic Leptospira.
Therefore, single-base mismatch oligonucleotide is not suitable to be used as a negative
control in this case because probe DNA is expected to bind to these sequences (even with
single-base mismatch) when it is used to test on various serovars or strains of Leptospira
DNA. Several studies in DNA biosensor also show the specificity testing relies on large
mismatched sequence towards probe sequence [59-61]. Therefore, this non-complementary

sequence used as a control sample in this work is appropriate for specificity test.
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Table 1 List of oligonucleotide sequences.

Type of synthetic DNA Sequence of DNA

Probe 5’-CTT CGG ATT GTA AAG TTC ADT-3’
Complementary 5’-AHT GAA CTT TAC AAT CCG AAG-3’
Non-complementary 5’-AGA GCG CAA TGC CAT AAG TAC-3°

Figure 3 summarises the process of hybridizing the target DNA onto the tapered optical
fiber surface. The aldehyde-functionalised tapered optical fiber is first immobilized with the
0.1 uM probe DNA for 1 hour and followed by rinsing three times using DI water and air-
dried. After the probe DNA is covalently immobilized, several concentrations of target
complementary DNA (0.2 nM, 0.4 nM, 0.6 nM, 0.8 nM and 1.0 nM) and 1.0 nM non-
complementary DNA are incubated for 1 hour. The tapered optical fiber surface is rinsed
three times with DI water after soaking in each concentration of target DNA and then air-
dried. For each concentration, the testing is performed with a new tapered optical fiber. The
transmission output spectra of immobilized probe DNA and hybridized target DNA are
recorded via optical spectrum analyser (Yokogawa AQ6331).

Functionalised tapered optical fiber

. Rinsing with deionized water
- and air-dried

A J

Probe DNA immobilization
forlh

Rinsing with deionized water
and air-dried

"l

A J

Complementary/non-
complementary/genomic DNA
hybridization
forlh

Rinsing with deionized water
and air-dried

"l

A J

Tapered optical fiber with
hybridized DNA

Figure 3 DNA immobilization and hybridization process.
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Following that, genomic DNA from different bacteria were used in the cross-reactivity
study. The genomic DNA tested were from the pathogenic Leptospira interrogans serovar
Copenhageni and Canicola whereas the non-target control was Clostridium difficile (C.
difficile) bacteria. The genomic DNA were acquired from Virology Laboratory, Universiti
Putra Malaysia. The genomic DNA was thermally denatured at 95°C water for 2 minutes and
rapidly cooled in ice water prior application to the system. This physical denaturation process
was used by several previous studies[62, 63] to separate the double strand DNA into two

single-stranded DNA and preserve the single-stranded prior use [64, 65].

2.4 Optical DNA detection system setup

The optical DNA detection system employed in the experiment is presented in Figure 4. The
tapered optical fiber region is positioned within the straight groove of customized sensor
holder. The immersion of analytes took place by carefully pipetting them to the vacant
groove. Both ends of the tapered optical fiber are connected to the single mode FC/PC patch
cords using the optical fiber fusion splicer machine (Sumitomo Electric Industries Ltd). The
input end of the patch cord is fixed to the broadband light source (Amonics ALS 18-B-FA)
with wavelength ranges from 1500 - 1600 nm while the output end is fixed to the optical
spectrum analyser (OSA) (Yokogawa AQ6331). The OSA displays the transmission output

spectrum which recorded by a customised LabView'™ program in the computer.

Optical spectrum analyser Broadband light source
(AQ6331 Yokogawa) Computer (Amonics ALS 18-B-FA)

Single mode patch cord

Single mode patch cord Micro-channel groove

Tapered region
Single mode optical fiber (SMF)

Figure 4 Experimental setup of the tapered optical fiber sensor.
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2.5 Principle of optical biosensing in tapered fiber

In this work, optical biosensor is operated by utilizing the evanescent wave (EW) of
propagated light in optical fiber as displayed in the schematic figure (Figure 5). The light
propagates through optical fiber is owing to principle of total internal reflection where a core
has higher refractive index than a cladding refractive index (ngere>nclag). Under this condition,
the standard single mode optical fiber (SMF) only allows the fundamental mode and its EW
amplitude is exponentially decayed in the cladding.

cladding tapered
cc;lre : region with
transmitted increase EW
i output

light

1 multimode
fundamehtal mode representation

representation

Figure5 Schematic diagram of light propagation in tapered optical fiber.

The EW of the standard SMF is typically very low at core-cladding interface which
almost no interaction with the external environment. Therefore, by tapering waist diameter of
the SMF, the EW is extended beyond the normal core-cladding interface. As the light
propagates through an air—cladding interface at the tapered region, the down-tapered region
(as shown in Figure 1) allows the high-order mode. The tapered region is now converted into
multimode fiber as it able to supports more than one mode. This is due to the large difference
of the RIs of air and the silica (SiO,) based optical fiber. The coupling of modes transmission
occurs and then the EW portion increases at the tapered region [66]. This region is suitable for
sensing purposes due to strong EW interaction with the surrounding.

The cladding interface at the tapered region is now transformed as a new core and the EW
is enhanced on the new core-external medium interface. As a result, the interaction of the
transmitted light with the surrounding medium is enhanced at the tapered region. The efficient
interaction depends on the penetration depth (d) of evanescent wave and it is mathematically

described as [67]:
A

= (M

p— 2m(ngsin?0 i —nfq) /2
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where A is the wavelength of incident light, n; and n,, are the RI of new core and external
medium, and @ 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]

I = Il + 12 + 2111112COS(A(D) (2)

where [; and I, are the intensities of the fundamental and high-order modes, respectively, and

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

AD = [Zn(Aneff)Lw]

A

3)

where n.sr 1s the difference between the effective refractive index of the core and the effective

refractive index of the external surrounding (nif r_ nsg ) and Ly, is the waist length. The

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

A= 0

AngfrLy

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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intensity of the output. The same concept is applied when a functionalised optical fiber is

immobilized and hybridized with probe DNA and target DNA.

2.6 Principle of surface functionalisation of tapered optical fiber

The development of Leptospira DNA biosensor involves surface functionalisation process in
order to graft the DNA biomolecules to the tapered optical fiber. The process exploits several
chemical crosslinking reactions as anchoring point to attach the DNA. Refer to the scheme in
Figure 6(a), the bare tapered optical fiber surface encounter hydroxylation process using
NaOH solution. NaOH treatment introduces abundant surface hydroxyl groups (-OH) so that
silanols on the fiber surface tend to form more hydrogen bond networks for further
crosslinking reaction. The subsequent process is silanized the hydroxylated optical tapered
fiber surface using APTES solution. Silanes are attached through the formation of a siloxane
(Si-O-Si) bond between the surface and the silanol groups [70]. The bridged hydroxyl groups
bonds with the Si-O-Si with free amine groups (-NH,) as shown in Figure 6(b) and thereby,
amine-modified optical fiber is produced. Ultimately, the amine-modified surface reacts with
the glutaraldehyde (Figure 6(c)) to form a Schiff base linkage [71, 72]. Schiff base formation
of both functional groups is significant to generate a stable and strong amino linkage for next

crosslinking with biomolecules [73].

OH éNHz OH
—OH — NH2
—OH w0~y _2‘;?/"\ AV
OH oH a
OH APTES o g'/\/\ NHz  Glytaraldehyde
_ on —>N
a) Hydroxylation oy bl silanization OH c) Aldehyde treatment

Figure 6 The process of a) hydroxylation by NaOH, b) silanization by APTES and
¢) crosslinking by glutaraldehyde on tapered optical fiber surface.

The hybridization of probe DNA and Leptospira DNA on the functionalised surface of

the tapered optical fiber will result in the change of fiber surrounding refractive index. This
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will eventually be detected and measured as the shift of interference pattern between the

spectra, as well as the difference in output intensity.
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3. Result and discussions

3.1 Optical characterization and functionalisation of tapered optical fiber response

In this study, SMF diameter was abruptly reduced by heating a portion of the fiber while
pulling its ends to generate the effects described in Section 2.5. The process changes the
physical of optical fiber to a biconical transition regions and a relatively long waist region.
The waist diameter can be modified about a few microns over a length of a few centimetres.
Figure 7 displays a standard SMF with diameter of 125 um (a) converted into the customised
12 pum tapered optical fiber (b). The figure clearly shows the transition of the standard SMF
into the tapered SMF with down/up tapered length configuration stated in Figure 1.

Figure 7 Microscopic image of a) untapered (standard) SMF and b) tapered optical fiber.

The tapered optical fiber is characterized by evaluating the responses of the tapered region
towards different RI. Several concentrations of NaCl from 0.1 M to 0.5 M are used in order to
induce the manipulation of RI. The spectrum is recorded when the tapered optical fiber region
is fully immersed by NaCl solutions. All the spectra are then plotted in a graph as shown in
Figure 8.

From the graph, the transmission spectra of the tapered optical fiber show the red shift and
obvious interval of wavelength shift for each increasing concentration. This is due to the
change of NaCl concentrations resulting in the change of RIs. The spectra support the
theoretical expression of Eq. 4 to determine the red spectra shifts and larger fringe gap when
the increases surrounding RI reduces the An.: Figure 9 illustrated the proportional

wavelength shift (AL) of transmission spectra towards refractive index of NaCl. From that, a
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good linear response is found with R? = 0.9776 while the sensitivity is achieved with 1905.7
nm/RIU which is comparable with previous study of same tapered profile dimension [45]

within the same range of RI.

Output power (dBm)

—56 ] I T T 1
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Figure 8 Transmission spectra of immersion NaCl into the tapered optical fiber region.
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Figure 9 Relationship between wavelength shifts against refractive index of NaCl.
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SEM is employed to observe the surface morphologies of untreated and each
functionalised tapered optical fibers. The untreated bare optical fiber (Figure 10(a)) shows a
smooth clean surface while the hydroxylating process by NaOH reveals there are some
defects spotted on the tapered fiber surface (Figure 10(b)). The hydroxylation process by

NaOH etches the tapered fiber and makes the surface coarser. The modified fiber surface is
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suitable for the APTES attachment. The hydroxylated tapered optical fiber surface is fully
covered with a rough coating after treatment with saline layer of APTES as shown in Figure
10(c). The figure indicates that the coating of APTES is homogeneously distributed around
the tapered fiber surface. Subsequent reaction of aldehyde group with glutaraldehyde, the
fiber surface texture becomes rougher as shown in Figure 10(c). Therefore, it can be seen that

the surface modification is successfully carried out via these three chemical treatments.

Figure 10 The surface morphology of a) bare tapered optical fiber, b) hydroxylated tapered
optical fiber, ¢) amine-modified tapered optical fiber and d) aldehyde-modified.

Figure 11 demonstrates the transmission spectra of bare tapered optical fiber and the ones
after NaOH hydroxylation, APTES silanization and glutaraldeyde treatment. All the
transmission spectra shift to the red in response to each functionalisation reaction.
Specifically, the interference dip response for NaOH hydroxylation shifts 0.83 nm to the right
from adjacent dip response before treatment (bare fiber). Similar observations are perceived
for other functionalisation as all their dip spectra shifts further to the right by 1.045 nm and
2.874 nm, respectively, for APTES and glutaraldehyde. Clearly, each of the functionalisation
process has change the effective index of tapered optical fiber surface, thus verifying
successful chemical bonding of the functional groups with the transducing platform.

The spectra in Figure 11 also show increment of 0.14 dB and 0.27 dB in transmission
power after the tapered surface is treated with NaOH and APTES, respectively. Further and

obvious increment 1.34 dB is observed after glutaraldehyde treatment. These trends might be
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due to the phenomenon of light absorption occurred at the tapered optical fiber region. The
light energies at the tapered region are absorbed by the molecules of coating layers (NaOH,
APTES and glutaraldehyde) [74]. The light properties change at the tapered optical fiber
causing the excited high order modes to shift its phase further from its initial phase and
producing less efficient interferences when coupled back with the fundamental mode [75].

Therefore, this observation also justifies the success of the tapered optical fiber surface

functionalisation.
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Figure 11 Transmission spectra of bare tapered fiber and NaOH, APTES and glutaraldehyde

coated on the tapered fiber.

3.2 Immobilization of probe DNA and hybridization of complementary DNA response

After the tapered optical fiber is functionalised, it is then immobilized with probe DNA and
hybridized with the complementary DNA. Immobilization occurred based on covalent
bonding between aldehyde functional group on the tapered optical fiber with the probe DNA.
Hybridization is the process of combining of two single stranded DNA (probe DNA and
complementary DNA) into double stranded DNA [76]. When probe DNA with its
complementary strand are aligned properly, hydrogen bonds form between the opposing

complementary bases and the strands are joined [77].

The consequence of probe DNA binding with functionalised tapered optical fiber and
complementary DNA binding with probe DNA leads to an increase in effective RI of the
surface tapered fiber region. Such phenomenon established in Figure 12 revealed the red shift

of transmission spectra response. The dip spectrum of immobilized probe DNA shifts

This article is protected by copyright. All rights reserved.



Accepted Article

4.205 nm to the right from adjacent dip spectrum of glutaraldehyde coated fiber and its
transmission power increase by 2.18 dB. Further dip spectrum shift of hybridized cDNA is
observed and it shifts 1.97 nm to the right after probe DNA dip spectrum with further
increasing transmission power of 0.83 dB. The shift of dip spectrum and changes of
transmission parameter verifies modification of the tapered optical fiber surface by successful

binding of targeted cDNA.
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Figure 12 Spectra transmission of immobilization and hybridization of complementary DNA.

3.3 Sensitivity of tapered optical fiber towards complementary DNA

Dose-response graph of the wavelength shift versus DNA concentrations (in logjo scale) is
presented in Figure 13 to indicate that the sensor is capable of working linearly in two ranges
from 0.1 nM to 0.1 fM and 0.1 nM to 1 nM. However, 0.1 nM to 0.1 fM range produces
smaller wavelength shift than the latter range (depicted in dotted lines in Figure 13). The
effective sensing region is indicated by higher magnitude of wavelength shift, which is
observed from 0.1 nM to 1 nM.

The sensitivity of this biosensor was determined based on its response to different
concentrations of complementary DNA (0.1 nM to 1.0 nM) . The graph in Figure 14 exhibits
good linearity of 0.9877 and sensitivity value of 1.2862 nm/nM which is better than previous
DNA biosensors (0.27 nm/uM) [78]. This response is produced because at higher
concentration of complementary DNA, there are more target complementary DNA bound to
the probe DNA which consequently increases the effective RI of the surface. The sensor

response is able to achieve wavelength shift from 0.705 nm for 0.1 nM (1E-10) to 1.945 nm
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for 1 nM (1E-9) concentration (approximately 1.24 nm shift). This is stronger than the shift
by Huang et al. (0.7 nm — 0.8 nm), and Gaos et al. (1 nm) for similar concentration range [40,
79]. Based on Figure 15, the developed sensor is able to detect concentrations as low as 0.1
fM which is more sensitive than several reported works using optical, electrochemical and

colorimetric techniques [40, 61, 78-82].
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Figure 13 Dose-response graph of several DNA concentrations. Inset show the linear graph

from 0.1 fM to 0.1 nM.
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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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Figure 16: Histogram of the wavelength shift using different types of DNA in

concentration of 1.0 nM

3.5 Sensor cross-reactivity study against genomic DNA sample

We then looked into the cross-reactivity study by observing the trait of wavelength shift
towards various bacteria pathogens. Leptospira interrogans serovar Copenhageni and
Canicola genomic DNA were used in this case to check for the feasibility of this system as a
new insight in diagnosis of leptospirosis. Genomic DNA of C. difficile , a bacteria that infects
the human intestine is used as a non-target control. As in Figure 17, a significant difference in
wavelength shift is observed between the two Leptospira serovars against C. difficile when
tested at concentration of 6.5 pg/ul for all samples, which indicates higher limit of detection
(LOD) than the previous study by Wang et. al. with 1.7 ng/ul [86]. The wavelength shift
achieved for Canicola and Copenhageni are 1.075 nm and 0.955 nm, respectively while the
shift for C. difficile is recorded at 0.265 nm. The specificity is achieved as the probe DNA
was particularly designed and aligned based on 1rs gene of Leptospira spp.

The wavelength shift in Fig. 17 is much smaller than wavelength shift in Figure 16
even at equivalent concentration (1 nM corresponding to 6.5 pg/uL). The issue is related to
the long DNA sequence of genomic DNA itself, which leads to the greater steric hindrance
and lower adsorption of the target DNA [87]. The longer sequences of the DNA (more than
30 bases) also affect the efficiency of hybridization due to the agglutination of target molecule
upon their binding on the sensing transducer [88]. Nevertheless, the outcome of this cross-
reactivity testing shows the analogous performance with the works reported in [11] and [91],

thus, verifying the sensor’s adaptability to detect longer genomic DNA sequence in real
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samples. From that, it can be concluded that the proposed tapered optical sensor is able to

successfully detect and distinguish Leptospira DNA from other bacteria species.

12 4

Wavelength shift {nm)
[=] [=1] o
P & b0

[=)
%)
1

Leptospira (canicola) Leptospira (Copenhageni) C. Difficile
Different types of genomic DNA

Figure 17 Histogram of the wavelength shift using different types of bacteria DNA in
concentration of 6.5 pg/ul

4. Conclusion

In summary, we have successfully developed a tapered optical fiber sensor as a platform for
Leptospira DNA detection. The characterization of tapered optical fiber is was accomplished
by monitoring the transmission wavelength shift with sensitivity of 1905.7 nm/RI when
tapered optical fiber is immersed in sodium chloride (NaCl). The wavelength shift was
observed for each functionalisation step on the tapered region, immobilization of the probe
DNA and hybridization of complementary DNA (cDNA). A linear wavelength shift response
was obtained with increasing concentrations of the complementary DNA and the sensitivity
achieved is 1.2862 nm/nM.

As for specificity, the sensor was able to selectively distinguish the presence of
complementary DNA from non-complementary target DNA as well as Lepfospira genomic
DNA from the non-target bacteria. Both the genomic DNAs of Leptospira serovars Canicola
and Copenhageni gave significant wavelength shifts compared to the non-target control
bacteria (C. difficile). The strong optical biosensing performance of the tapered fiber also
shows very good LOD (fM) and low target concentrations detection. On the other hand, there

is a concern on the duration of the sensor probe functionalisation process which is
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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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