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Abstract—DNA is becoming increasingly important in the
domain of optical fiber sensors, either as a tool for biosensing,
or as a target to detect. In this review the main contributions of
the last years are presented both in the domain of wavelength
and intensity based configurations. This review comprises the 80
use of natural single strand DNA (ssDNA) sequences as ’
receptors for the detection of ssSDNA sequences through a
hybridization, synthetic nucleic acids receptors for detection of B
complementary ssDNA sequences, and sensors based on 7
natural and synthetic sSDNA receptors used for the detection of
non-DNA targets. Parameters such as sensitivity, detection
range and limit of detection are analyzed and discussed in detail
to the purpose of comparing the different technologies and knowing the future lines to follow in the domain of fiber
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optic DNA-based sensors.
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I. INTRODUCTION

F IBER-OPTIC sensing technology has become increasingly
mature and popular thanks to acceptable costs, compact
instrumentation development, high accuracy, and the
capability of performing measurements at inaccessible sites,
over large distances, in strong magnetic fields, and in harsh
environments [1]. The dramatic growth that optical fiber
technology has experienced in the recent decades can also be
explained by the progressive introduction of this technology in
the field of medicine. Nowadays, it is quite common to find
optical fibers in interesting applications such as endoscopy,
laser applications allowing the removal of varicose veins, or to
protect elderly men from benign prostatic hyperplasia (BPH)
[2].

In the field of optical fiber sensors, there are two main
detection methods: intensity and wavelength (polarization
measurements are also used in very specific applications)
detection based sensors [3], [4]. The first one is based on
monitoring light intensity changes at a specific wavelength
range. Here, absorption and luminescence are the most widely
used techniques [5]. They are quite simple to manage and,
therefore, the most cost-effective. However, they have a major
drawback, which is the need for a stable signal reference,
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since the sources may vary their intensity as a function of
time. Some techniques have been developed for compensating
this issue. The simplest technique consists of providing a
reference signal to compare with and thus eliminate the
intensity variations in the source [6].

The second method is based on wavelength detection. In
particular, it is based on tracking the wavelength shift of the
transmission or attenuation bands in the spectrum. These
configurations are usually more robust with respect to
intensity-based techniques, since they avoid the instability of
optical intensity signals. However, they are more expensive,
since they require the utilization of a spectrometer or an
interrogator to monitor the wavelength shift [2].

Concerning the structure of optical fiber sensing platforms,
they basically consist of three clearly defined parts: the
substrate, the interface and the receptors (see Abstract Figure).
The substrate transduces the interactions between the receptor
and the antigen into measurable variables and converts them
into an optical signal that can be processed afterwards.
Regarding the interface, it contains one or several layers
devoted to functionalize the surface of the substrate to enable
the attachment of the receptors (optionally, between the
interface and the substrate, an additional layer or a stack of
layers is included to excite one or several resonances).

In this review the interest is focused on the use of
deoxyribose nucleic acids (DNA) as receptors. That includes
natural single strand DNA (ssDNA) short sequences and DNA
based synthetic structures. Natural nucleic acids are
biomolecules that play a vital role in numerous processes in
cells from the storage, transmission and expression of genetic
information to regulatory roles [7]. Nucleic acids are complex
organic substances whose molecules consist of many
nucleotides linked in a long chain. Each nucleotide consists of
the union of three components: a 5-carbon sugar (deoxyribose
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in DNA or ribose in ribonucleic acids - RNA), a phosphate
group, and a nitrogenous base. The nitrogenous base of the
nucleotides varies conforming the four different nucleotides of
the DNA: adenine, guanine, cytosine, or thymine. The genetic
information of the organisms is written in the sequence of
nucleotides.

The DNA forms naturally a double helix linked by
hydrogen bonds between the complementary bases, adenine
and thymine or cytosine and guanine. In molecular biology,
hybridization consisted in the spontaneous pairing of
complementary ssDNA sequences by hydrogen bonds to
create double stranded DNA (dsDNA) molecules. In addition,
the short sequences of nucleotides are called oligonucleotides.

Natural nucleic acids, including DNA, can be applied as
biological recognition elements in biodetection against various
targets [8]. The specific base pairing between two strands of
the nucleic acids can be used to detect complementary chains,
giving rise to one of the most promising techniques to be
investigated. Owing to their specificity, the detection of
specific sequences of ssDNA can be used to detect genetic
mutations or biomarkers associated with particular diseases
[9]. The unique pattern of even short oligomers represents a
powerful tool in terms of biosensing, because a single
mismatch of a nucleobase can cause large changes in the
affinity between two complementary strands [10].

Moreover, in recent decades, the advances in the genetic
engineering allows the design of synthetic receptors which
mimic natural molecule, such as peptide nucleic acids (PNA)
DNA analogues or aptamers, molecular beacons (MBs) and
DNA origami engineering designed DNA structures[11]-[13].

The PNAs are synthetic DNA analogues in which the
phosphodiester backbone is replaced by repetitive units of N-
(2-ami-noethyl) glycine to which the purine and pyrimidine
bases are attached via a methyl carbonyl linker. The synthetic
backbone provides PNA with unique hybridization
characteristics for the detection of the complementary ssDNA
(cssDNA) sequence [14]. Even if their use is not widely
extended in fiber optic sensing technology, PNA are well
known in biosensing field.

Aptamers are short sSDNA or RNA molecules that own the
capability to bind tightly and specifically to a wide range of
targets such as proteins, peptides, amino acids, drugs, metal
ions, and even whole cells. The sequence of the aptamer bases,
known as the primary structure, is unique for each aptamer
and will determine the affinity to the target molecule. The
ability of the aptamers to form 2D and 3D complex structures
is determined by the structure length and base pairing. The
formation of unique secondary and tertiary structures confers
the aptamers a high degree of specificity, which enables the
detection of small molecules. The aptamer-target binding
results from structure compatibility, stacking of aromatic
rings, electrostatic and van der Walls interaction, hydrogen
bonds or from a combination of these [9].

In the same way, MBs are another example of synthetic
biorecognition elements based on nucleic acids that have been
applied to fiber optic biosensing. A MB is a short
oligonucleotide chain with a single-stranded loop and a
hybridized stem structure. The stem consists of 5 to 7
nucleotides complementary to each other but, since it is short,
it can readily dehybridize when a target oligonucleotide

interacts with the longer loop strand. By attaching a
fluorophore and a quencher to the ends of the beacon strand, it
is possible to monitor the stem hybridization state by
measuring the fluorescence emission from the fluorophore
label. MBs have been successfully used in the detection of
different sequences of DNA and RNA [15].

DNA origami is a process of molecular self-folding: a long
single-stranded DNA (scaffold) is folded into prescribed
objects by hundreds of short synthetic DNA oligonucleotides,
which are designed to be complementary to different parts of
the scaffold DNA [16]. This technique can be also
implemented in optical fiber surfaces to develop promising
devices [17], [18].In this review, we summarize the most
relevant achievements in DNA and DNA analogues based
optical fiber sensors of the last decade. The aim of this work is
to provide an overview on the use of sSDNA receptors in
optical fiber sensing (for the sake of clarity ssDNA sequences
are not given in the text but in tables within each section that
summarize all the works reported in this review). For this
reason, we will consider optical fiber sensors that employ
natural ssDNA sequences and synthetic receptors based on
nucleic acids as receptors. The review is constructed as
follows: Section 2 summarizes the main contributions based
on the use of natural sSSDNA sequences as receptors for the
detection of sSDNA sequences through hybridization. In the
section 3 contributions where synthetic nucleic acids receptors
are employed in the detection of cssDNA sequences are
considered. A later section 4 comprises sensors based on
natural and synthetic ssDNA receptors used for the detection
of non-DNA targets. Finally, discussion and some concluding
remarks are presented in section 5.

Il. SSDNA RECEPTORS FOR SSDNA TARGETS

To date, a variety of methods including electrochemical and
optical approaches have been applied to detect sSDNA specific
sequences. This section presents the most recent advances in
the utilization of optical fiber sensors for ssDNA detection
using ssDNA as receptor. In general, short ssSDNA sequences
are used as receptor probes, to hybridize with a csSDNA
target. Thus, those are sensors based on the ssDNA-cssDNA
hybridization.

As stated in the introduction there are two major detection
methods to measure changes within the optical fiber sensors:
wavelength and intensity based sensors. In the next two
subsections a summary of the main contributions in the
domain of ssDNA-cssDNA hybridization within both groups
is presented.

A. Wavelength based sensors

In the following lines, we will present the advances on
wavelength based optical fiber sensors which employ natural
ssSDNA sequences for the detection of cssDNA. Various
optical techniques and photonic structures have been proposed
for ssDNA sensing purpose, such as SPR [19]-[21], localized
surface plasmon resonance (LSPR) [22], [23], Fiber Bragg
gratings [24]-[28] and interferometers [29]-[35].

The most well-known configuration is the surface plasmon
resonance (SPR) in Kretschmann configuration, which is
obtained with a metallic thin-film deposited on the substrate
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[36], a concept that was translated to optical fiber by
Jorgenson et al [37]. SPR phenomenon occurs in the interface
between a dielectric (optical fiber in this case) and a metallic
thin-film (typically gold or silver) and it has been extensively
used for sensing purposes. In particular, many efforts have
been made to enhance the sensitivity of optical fiber SPR
sensors in order to exploit them for the high-performance
demanding biosensing applications [19]-[21].

A D-shape plastic optical fiber SPR biosensor based on a
graphene and gold film has been proposed for detection of
ssDNA-cssDNA hybridization process [21]. The sensor has
experimentally demonstrated the detection of the hybridization
and successfully distinguished single nucleotide variation. The
refractive index (RI) sensitivity of this sensor is 1227 nm/RIU
in glucose RI solutions ranging from 1.333 to 1.3557. The
device also shows a linear response to the tested cssDNA
concentration in the range 100 pM-1 pM.

The detection of microorganisms is an interesting field from
medical point of view. An optical fiber SPR biosensor was
developed for the detection of Mycobacterium avium
paratuberculosis and M. bovis bacterial sequences [20]. The
bioassay was based on the hybridization/melting of ssSDNA-
coated gold nanoparticles on the optical fiber SPR sensor
when targets are present. The sensor enables simultaneous
quantification and identification of multiple cssDNA targets
on the same platform. A detection range of 250-500 nM was
successfully tested with this novel device.

In a different work, 400 um multimode fiber was sputtered
with a 50 nm gold layer, which was then covered with a
protein repulsive self-assembled monolayer of mixed
polyethylene glycol [19]. The ssDNA coated SPR fibers were
evaluated as a nucleic acid biosensor through a ssSDNA-
cssDNA hybridization assay. A linear calibration curve was
observed in the 0.5-5uM range with a limit of detection
(LOD) of 2nM.

In addition, LSPR sensors have been applied to test a wide
range of biochemical interactions, such as ssSDNA detection.
The LSPR is a surface plasmon confined in a nanoparticle
whose size is in the range of the light wavelength, which
permits to enhance the sensitivity in the proximities of the
nanoparticle, contrary to SPRs. However, according to the
literature few works have recently reported optical fiber LSPR
sensor based on hybridization [22], [23]. Jia et al. described a
reflection LSPR fiber biosensor for ssDNA detection with
gold nanospheres (AuNSs) and thiolated ssSDNA as detecting
probe on the tip of fiber [22]. As it is based on hybridization,
the target is the cssDNA sequence. AuNSs of two different
diameters (20 and 80 nm) were used. The sensitivity of the
sensors with 20 nm and 80 nm AuNSs was 82.86 nm/RIU and
218.98 nm/RIU respectively. The sensor with 80 nm AuNSs
was used for the detection of 40 bases sSDNA-cssDNA
hybridization detecting as low as 50 nM target concentration.

Another study was proposed by Kaye et al, where an optical
fiber LSPR hybridization based biosensor was created by
constructing arrays of metallic nanostructures on the end
facets of optical 4/125 um core/cladding single mode fibers
(SMF) utilizing nanofabrication technologies, including
electron beam lithography and lift-off processes [23]. The
obtained biosensor offers real-time, label-free, and low-
sample-volume quantification of sSDNA concentrations in

water. The LOD obtained by this optical sensor was 10 fM.
Here, it is important to remark that this work achieves a
significant improvement compared to previous works where a
50 nM LOD was achieved. These results demonstrate the
feasibility of LSPR based devices as compact biosensors for
detection of sSDNA.

FBGs have also been used for the detection of ssDNA-
cssDNA hybridization. Bragg gratings are typically written in
the core of an optical fiber to generate resonances in the
optical transmission and reflection spectrum by coupling of
light from the core mode to another co-propagating or
counter-propagating mode that may be guided in the core or in
the cladding of the optical fiber. On this basis, fiber Bragg
gratings can be subdivided into two groups according to the
grating period length: short-period fiber Bragg gratings,
usually called fiber Bragg gratings (FBGs), and long-period
fiber gratings (LPFGs) [38]. For FBGs, the periodicity of the
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Fig. 1. (a) The representative reflectance spectra of the DNA
detection assay with fiber optic LSPR. (b) LSPR peak wavelength
shift due to the specific binding of target DNA on the Au nanodisk
surfaces of the optical fiber end facet. The error bars represent the
standard  deviations calculated from three independent
measurements. Reprinted with  permission of Royal Society of
Chemistry from [23]. © (2019)

grating structure is typically below 100 um, whereas for
LPFGs the periodicity ranges from 100um to 1 mm. In
addition, Tilted Fiber Bragg gratings (TFBG) are those FBGs
where the periodic variation of the core RI is induced by
tilting the grooves of the fabrication mask by an angle 6 with
respect to the propagation axis [2].
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Several approaches have been reported within LPG optical
fiber technology. Regarding hybridization based biosensors, a
study reported the successful detection of an sSSDNA target at a
concentration of 1 uM [24]. The LPG pattern of the sensor
was formed using a photolithograph process on the surface of
a side-polished fiber. In addition, some years after it, a sensing
platform that allows the discrimination between non-specific
and specific binding even with just a single mismatch was
published [25]. The biosensor consisted of a label-free fiber
optic biosensor based on an LPG, and the experimental LOD
obtained was 62 nM ssDNA concentration.

One of the main issues of LPGs is the width of the
resonances, typically in the range of tens of nanometers.
However, the fabrication of a reduced bandwidth device of the
order of 1nm by using a high numerical aperture single mode
fiber (SMF) allowed the improvement of the resolution of the
LPGs. In particular, an LOD of 10 nM ssDNA concentration
was achieved with nanometric narrowband LPG sensors [26].

In addition, the generation of an SPR with a TFBG optical
structure was reported for the detection of specific sequence of
ssDNA [39]. The TFBG-SPR biosensor was exposed to two
different concentrations of complementary ssDNA solutions,
0.1 mM and 0.05 mM, which induced an increasing resonance
wavelength shift, indicating that the hybridization with the
complementary ssDNA molecules changed the effective
refractive index in the vicinity of the golden layer.

Microfiber Bragg grating (mFBG) sensors have also been
reported for the detection of ssSDNA. MFBGs consist of a
single straight Bragg grating inscribed in the silica microfiber,
which provides two well-defined resonances in reflection
mode. Both resonances show different response to external
medium RI variations and present the same temperature
sensitivity.  Therefore, temperature- compensated RI
measurement can be achieved by monitoring the wavelength
separation between these two resonances. In this sense, two
publications take advantage of the use of mFBG for ssDNA-
ssDNA hybridization biosensing [27], [28]. In the first work,
Sun et al. use a monolayer of poly-L-lysine functionalization
for the label free biorecognition. The results show the real
time detection of ssDNA for various concentrations of target
ssSDNA solutions, with a lowest detectable concentration of
0.5 mM. Moreover, specificity tests are performed with
mismatched ssDNA sequences showing high specificity [28].
Later, the same group presented a reflective fiber optic
biosensor based on mFBG for ssSDNA-ssDNA hybridization
detection using layer-by-layer self-assembly technology. Here,
with the help of poly(ethylenimine), poly(acrylic acid) and
ssDNA for the preparation of a polyelectrolyte multilayer film,
the LOD was improved to 1 uM ssDNA concentration [27].

Besides the mentioned types of sensors, there exist
interferometric optical fiber sensors, which are based on the
interference of light propagated through different optical
paths, which is recombined and collected by an optical
receptor. The resultant optical signal includes the
contributions of two signals with different intensities and
phase characteristics, which leads to the generation of an
interference pattern. Depending on their optical configuration
and structure, it is possible to classify them into four main
types of fiber-based interferometers: Fabry—Perot, Mach-
Zehnder, Michelson, and Sagnac interferometers. Some of

them can be analyzed by tracking intensity changes at a
specific wavelength, whereas in others the interferometric
fringe pattern is analyzed in the spectral and/or phase domain
[38].

In recent studies, optical fiber interferometers have been
used for the detection of some ssDNA sequences of
microorganisms. In one of them, the application of photonic
biosensor assays to diagnose the category-A select agent
Francisella tularensis was investigated [29]. In addition, the
specific detection and differentiation of F. tularensis
subspecies tularensis (type A strain T10902) and subspecies
holarctica (type B strain LVS) was further accomplished
using a single-mode multi-cavity fiber Fabry-Perot
interferometric sensor. Detection was possible by the
attachment of ssSDNA probes directly to the fiber surface via
layer-by-layer  electrostatic ~ self-assembly.  Nanogram
quantities of the cssDNA target of the two bacterial
subespecies were detected, highlighting the sensitivity of this
method for ssDNA detection without the use of the standard
polymerase chain reaction (PCR) detection system.

Tapered optical fiber sensor has also been used as an
interferometer for detecting a specific ssDNA sequence of
Leptospira bacteria [33]. These bacteria cause leptospirosis, a
deadly disease but with common early flu-like symptoms. The
optical fiber taper was obtained stretching an optical SMF of
diameter 125 pum. The taper was functionalized using (3-
aminopropyl) triethoxysilane prior to the receptor
immobilization. The sensitivity of the obtained device was
1.2862 nm/nM cssDNA concentration, which permitted to
detect, with high specificity, cssDNA in concentrations as low
as 0.1 fM.

Additionally, various papers describe the successful use of
microfiber interferometers to detect SSDNA-cssDNA
hybridization [30]-[32], [34]. In particular, a microfiber taper
interferometer sensor was reported for cssDNA detection
based on hybridization. Here, the taper was coated by a
polymer showing a sensitivity of 7.24 nm per uM of cssDNA.
In this case, the LOD was 100 pM [30]. The same authors
presented a microfiber based sensor using a graphene oxide
coating deposited around the silica microfiber, which provides
a strong interaction with the ssSDNA target molecules. This
modification leads to a larger wavelength shift of the optical
interference fringe. Using this strategy, the LOD was
improved down to 4.84 pM cssDNA solution [31]. The LOD
obtained by other microfiber based sensors is within the same
order of magnitude. For example, a microfiber Sagnac
interferometric based sensor presented in [32] shows an LOD
of 75 pM. A different sensor based on a microfiber in
reflection configuration functionalized with a monolayer of
poly-L-lysine also achieved a minimum detectable
concentration of 10 pM solution of cssDNA [34]. A summary
of the previously reported works based on wavelength
detection is presented in Table 1.

B. Intensity based sensors

This subsection will be focused on optical fiber sensors
based on intensity detection. Even with a small number of
works in this domain, compared to that of wavelength based
sensors, there are some interesting publications to consider,
such as the results reported with interferometers [40]-[43],



nonadiabatic/taper

2 IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX
TABLE |
REPORTED DNA HYBRIDIZATION SENSORS BASED ON WAVELENGTH SHIFT MEASUREMENTS
Optical Fiber Sensitivity .
Type Structure nM/RIUS Target Detection Range LOD Ref.
SPR - fefgﬁmz 5-GGATAAACGTGCCCCTTTTTTTTTT-3' 0.5-5uM ~05pg/ml  [19]
Mycobacterium Avium Paratuberculosis andM. bovis
SPR 400 pm CRMOF - specific regions 500 — 250 NM - [20]
SPR ?{ﬁg}‘g‘;@f 1227 5-GTT TGA CAA ACA TCA AGA CAG AAG-3' 100 pM — 1 pM 100 pM*  [21]
. 5.
LSPR 600 “mt.core fiber 21898  TTTTGGCTTTTGTGTGTCCCTTCCCTTCCCTGTGT 50 — 500 nM 50 nM* [22]
'PS GTTTT-3’
4/125 pm
. 5-CAACCGGTTATTTTTCTACA-3’
LSPR core/cla?itgmg SMF 220-230 Analogue to 16s rRNA subunit sequence of archaea 100 uM -1 M 101M (23]
LPG Side-polished SMF 909.1 5-CCC CTT TTG TCG TTT TCA CCT CGC TG-3' 1 uM 1 uM* [24]
LPG SMF 62 5-GCGTGTGTTCGGTGCCCATTTCACC-3' - 62 nM [25]
High numerical 160 — 250 s s
LPG aperture SMF pM/UM 5’-GGC GAC TGA CTG TGC-3 - 10 nM [26]
TFBG-SPR - - - 50 — 100 uM 50 pM* [39]
uFBG strT;EELedd&T\iF 425 5-CATCAATGTATCTTATCATGTCTGGA-3’ 1 M 1M * [27]
uFBG Tapered MMF 215 5'-CATCA ATG TAT CTT ATC ATG TCT GGA-3' 0.1-1uM 500 nM* [28]
Interferometry Fabry Perot - 5-CATCAATGTATCTTATCATGTCTGGA-3 53-152 uM 53 uM* [29]
Francisella tularensis specific sequence
Interferometry Microfiber/taper ~ 7.24nm/pM  5'-CATCA ATG TAT CTT ATC ATG TCT GGA -3’ 100 pM -1 uM 100 pM [30]
Interferometry Microfiber /taper 0 931:;3“,\/' 5'-CATCA ATG TAT CTT ATC ATG TCT GGA-3’ - 4.84 pM [31]
Interferometry ~ Microfiber/ Sagnac 13488 5'-CATCAATGTATCTTATCATGTCTGGA-3' 100 pM - 1 uM 75 pM [32]
. 1905.7 , '
Taper/interfero Sl_\/[F of 125 pm 12862 5'-CTT CGG ATT GTA _AAG TTC ADT-3 01-1nM 0.1fM [33]
meter diameter/ taper Am/nM Leptospira
. . 5’-TCA AGA CTC TGT TCT GAA CGT ACG GT-3’

Interferometry Microfiber/taper - S CATCAATGTATCTTATCATGTCTGGAY 1pM-1uM 10 pM [34]
Interferometry Single-mode 5-GGCAGAGGCATCTTCAACGATGGCC-3' 02-1puM 200 nM [35]

*1tis not a calculated LOD but lowest detected concentration.
** Sensitivity is in nm/RIU unless otherwise stated

fluorescence based sensors [43]-[45], and TFBGs [45].
Microfibers have also been used for intensity
measurements. Particularly, a compact square-microfiber
integrated biosensor was proposed and experimentally
demonstrated for label-free detection of ssSDNA in [40]. The
proposed biosensor was constructed by splicing a square
microfiber fabricated using a square fiber based on flame
scanning technique with two segments of standard SMFs. The
square microfiber with strong evanescent field s
functionalized with a monolayer of poly-L-lysine. The
functionalization allows the immobilization of
thebiorecognition ssDNA probe to capture the cssDNA target.
The transmission spectral response of the obtained biosensor
was monitored during the sSDNA-cssDNA hybridization
process in real time. The minimum concentration of cssDNA
detected by this sensor was 10 nM [40]. Here, it is important
to note that the LOD value (10 nM) obtained in this case is
several orders of magnitude higher than the LOD reported by
the wavelength based microfiber sensors, which is in the order
of pM [31], [32], [34], as described in the previous subsection.
In addition, a thin-core-fiber (TCF) based dual S-tapered
fiber sensor for label free ssSDNA-cssDNA hybridization
detection has been proposed and experimentally demonstrated
in [41]. The biosensor was developed by splicing a TCF

segment of about 645 um in length with two segments of
SMF. Two S-tapers were fabricated at the splicing joints by
using a commercial fusion splicer (see Fig. 2). Label-free
detection of cssDNA was achieved by functionalizing the fiber
surface with a monolayer of poly-L-lysine and sSDNA probes.

cleaver
CF 1!

SMF SMF

(b)
Fig. 2. Schematic illustration of the fabrication procedure for the TCF-
based interferometer. (a) splicing of the TCF with the lead-in SMF (b)
fabrication of the S-taper at the splicing joint (c) cutting the free end of
the TCF using a fiber cleaver. Reprinted with permission from [41].
Copyright © [2019] IEEE .
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The sensor functionalization and the hybridization processes
for 1 nM ssDNA were successfully monitored in real-time.
Optical fiber interferometers have also relevance in the
detection of DNA hybridization process based on intensity. A
quite new interferometer design, known as specklegram
interferometer, has been proposed for the detection of sSSDNA
[42]. The base of this new design is a large-core optical fiber
that can support hundreds of eigenmodes. The interference
pattern of the different eigenmodes propagating along the fiber
forms a fiber specklegram [42]. Thus, the large-core fiber can
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be considered as an interferometer itself. A specklegram is
determined by the relative amplitude and phase of the
individual eigenmodes. The specklegram interferometer
presents the lowest detected concentration of ssDNA
hybridization in the domain of intensity based optical fiber
sensors. This compact and ultrasensitive sensor based on fiber
specklegram was functionalized with a monolayer of poly-L-
lysine and achieved a detection of 0.1 fM sSDNA
concentration [42]. Moreover, the well-known temperature
cross-sensitivity issue in many optical fiber devices has been
entirely removed in this biosensor by the introduction of a
reference optical fiber channel along with the rest of
microfluidic channels of the device.

Among the techniques used for ssDNA detection,
fluorescence has attracted particular attention because it
provides fast, accurate, sensitive and selective platforms [43].
Hence, a novel enzyme-enhanced fluorescence detection using
etched optical fiber sensor has been developed for the
detection of ssDNA in [43]. In this case, the hybridization
process occurs on the etched optical fiber, and the double
strand DNA was then bound with streptavidin labelled
horseradish peroxidase (streptavidin-HRP). The cssDNA
target was quantified through the fluorescence detection of the
compound generated under the catalysis of HRP. The sensor
reported a linear behavior in the range from 1.69 to 169 pM
concentrations of sSDNA achieving a LOD of 1 pM.

Fluorescence mediated detection has also been applied for
the detection of microorganisms. A novel portable evanescent
wave fiber biosensor was developed for the labelled detection
of Shigella [44]. Shigella is a genus of bacteria that causes
Shigellosis, a gastrointestinal infection in humans. Traditional
analytical methods for Shigella detection include bacterial

cultivation, serological methods, and PCR. In the experiments
with the fluorescence fiber optic biosensor for Shigella, the
sensing time, sensitivity, specificity, and reusability of the
biosensor were validated. The LOD of the portable fiber-optic
biosensor was 0.1 nM of Shigella, similar to that of real-time
PCR. Hence, the biosensor was advantageous over the
traditional detection methods in terms of speed, simplicity,
and suitability for on-site detection.

A specific sequence of Hepatitis A virus was presented as
another microbial target for optical fiber sensors in [46].
Hepatitis A virus infection is responsible for around half of the
total number of hepatitis infections diagnosed worldwide. In
this case, a chemiluminescent fiber optic sensor was
developed for the detection of RNA sequence and its
complementary ssDNA. The sensor showed a linear detection
range between 5 pg/ul to 10 ng/ul for ssDNA (R? = 0.93) and
achieved a LOD of 5 pg/ul for a ssDNA specific sequence.

Finally, a device with potential to act as a thermo-cycling
device with high multiplexing capabilities for genomic
amplification in PCR was reported in [45]. PCR is a widely
used diagnosis method, which typically require series of 20-40
repeated temperature changes. The proposed device consists
of a TFBG based hot-wire sensor where no external heat
source or temperature probe is required. It is also the first
combination of internal temperature probing and fiber heating
together with fluorescence imaging. This combination allowed
the miniaturization of a microarray like device and eliminated
the need for external thermal cycling. The sensor was
successfully tested with a solution of 0.1 puM fluorescent
cssDNA target. The main characteristics of the previously
reported works are summarized in Table 2, together with the
details of the ssSDNA target.

MBs, and DNA origami structures. These three synthetic

TABLE Il
REPORTED DNA HYBRIDIZATION SENSORS BASED ON INTENSITY MEASUREMENTS

Type Optical Fiber Structure Target Detection range LOD Ref.
Interferometry ~ Square-microfiber-integrated 0.01 - 1 pmol/ul. 10 nM* [40]
Interferometry tzg'e“r'ecé’][iek;‘;'f’er'base‘j dual - 5 cc CTT TTG TCG TTT TCA CCT CGC TG-3'. 0.100 — 1 pmol/uL 1nM*  [41]
Interferometry ~ Specklegram 5-TGC TCT CGC GAG GTC GCT TCT CTT-3’ 1uyM-0.1fM 0.1 fM* [42]
Fluorescence Etched optical fiber 5-GGG TCT TTC CGT CTT G-(-3'C6)(biotin)-3' 1.69 - 169 pM 1pM [43]
Fluorescence Tapered fiber (S:%Sg'esl-laGGCATCAGCAGCAACAGCGAAAGACT - 0.1nM [44]
Fluorescence TEBG 5'-/5(6)-FAM/TCTTCAAATAAACAGCCTGG-3 B 0.1 pM*  [45]

ABCBL1 gene

Fluorescence Functionalized optical fiber tip Hepatitis A virus DNA sequence 5 pg/pL to 10 ng/uL 5 pg/uL [86]

. . . . . . 1 L*
Luminescence  Functionalized optical fiber tip Pork meat (Sus Scrofa) DNA sequence 1 ng/uL to 7.5 ng/uL 1f;)g(/vL\J//w) [88]

*|t is not a LOD but the lowest detected concentration.

I1l. SYNTHETIC SSDNA FOR SSDNA TARGETS.

Most of the optical fiber sensors composed of DNA
sequences are based on ssDNA-cssDNA hybridization as
described in the previous section. The use of synthetic nucleic
acids confers several advantages to nucleic acids structures
that becomes them good alternatives for the detection of
ssDNA. According to this, new strategies have been
developed in optical fiber sensing thanks to the use of PNAs,

structures are described in this section. Furthermore, the most
relevant approaches based on the combination of such
structures with optical fibers are also presented.

PNAs are synthetic DNA analogues that have been
employed in biosensing for the detection of ssSDNA short
sequences, although the use of PNA in fiber optical sensors is
not widely extended. A PNA is a synthetic nucleic acid
analogue whose deoxyribose phosphate backbone is replaced
by a pseudo-peptide polymer to which the nucleobases are
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linked. PNAs hybridize with cssDNA with remarkably high
affinity and specificity, essentially because of their uncharged
and flexible polyamide backbone [14]. In addition, PNA
exhibits chemical and thermal stability in conditions where
DNA would undergo degradation. PNAs are insensitive to
ionic strength and pH changes and are resistant to enzymatic
cleavage inside living cells. A single mismatch in PNA/DNA
heteroduplexes decreases the melting temperature more than
in DNA/DNA duplexes (about 15 °C compared with 4 °C)
thus demonstrating the higher level of selectivity of PNA
compared with DNA [47].

In the literature, few papers describe the use of PNA for the
detection of cssDNA with optical fiber sensors [48]-[52]. The
first work consisted of using PNAs on a microstructured
optical fiber [48]. After a functionalization of the silica hole
surfaces, which allows the immobilization of PNA, they
detected the selective binding with full-complementary
sSDNA sequences. Experimental results confirmed the
specificity of the probe that was able to discriminate the
ssDNA with only a single nucleotide variation. The same
research group, Sozzi et al, also investigated a biosensor based
on LPG with PNA for the detection of cssDNA [49]. A
wavelength shift of 1.2 nm for a 120 nM cssDNA solution was
measured in this case.

Later, a novel sensing approach based on a functionalized
microstructured optical fiber-Bragg grating for specific
cssDNA sequences detection was described [50]. Here, PNAs
were used as probes for the detection through hybridization of
a single nucleotide DNA mutation implicated in cystic fibrosis
disease. The sensor was able to detect 100 nM solution of
cssDNA with the specific mutation. The wild-type sequence
was also tested to demonstrate the specificity of the sensor.

In addition, a sensor based on optical fiber ring cavity
utilizing a double TFBG as detector element was employed for
ssDNA detection [51]. The sensor functionalized with PNA
probes could discriminate single nucleotide variations and
allowed the detection of 10 nM cssDNA solution. Recently, an
optical fiber sensor based on a Bragg grating inscribed on
microstructured  optical fibers was developed. The
microchannels of the microstructured fiber were internally
functionalized with an specific PNA probe for a gene tract of
the genetically modified Roundup Ready soy [52]. The fiber
channels permitted to achieve a label free detection of around
30 ng/ml concentrations of cssDNA using volumes as low as
100 pl.

MBs are single-stranded oligonucleotide hybridization
probes that were initially developed by Tyagi and Kramer in
1995 [53]. These probes consist of a stem-and-loop structure
depicted in Fig. 3. The loop contains a probe sequence
complementary to a target sequence, whereas the stem part is
formed by the annealing of complementary arm sequences
located on either extremes of the probe sequence. Their unique
structure can provide two well-differenced conformations: an
open or extended conformation, and a closed conformation
commonly named as hairpin. The principle of operation of
MBs consists of the fact that the hairpin stem formed by the
complementary sequences cannot coexist with the rigid double
chain that is formed when the probe hybridizes with the target
sequence. As a result, the MBs undergo a conformational

change that forces to separate the arm sequences.

This conformational change can be monitored optically if
the arm sequences are properly modified at both ends using a
fluorophore and a quencher respectively. This way, on one
hand the fluorescent emission from the fluorophore is
neutralized by the quencher before the conformational change
(see Fig. 3a). On the other hand, once the probe hybridizes
with its target, fluorophore and quencher molecules are far
enough and, therefore, the fluorescence can be appreciated and

a) b)
LOOP

TARGET v
SEQUENCE

TARGET .
SEQUENCE '
STEM

quencher The probe hybridizes with

fluorophore
the target sequence

Quenched fluoresces nee
Hairpin or closed conformation Extended conformation

Fig. 3. (& MB in a hairpin conformation with the stem-and-loop
structure with the quencher and the fluorophore linked at the end of
the arm sequences, and, separately, a target sequence; (b) MB in
extended conformation, where the target sequence hybridizes with
the probe sequence. Quencher and fluorophore are distanced
enough, and fluorescence emission can be detected.and measured.

detected (Fig. 3b).

MB-based sensing systems are expanding rapidly and
provide a promising bioanalytical tool for cost-efficient and
reliable analysis for research and biomedical diagnostics [15].
Thus, optical fiber structures can be used as interesting
sensing platforms to locate MBs and obtain powerful and
selective DNA based detection systems. The first important
work that developed this new strategy was reported by Liu et
al. [54]. There it was proposed an evanescent wave based
sensor that detected non-labeled DNA target in real time with
high sensitivity and one-base-mismatch selectivity. This work
opened the door to other more recent approaches with
microstructured optical fibers [55], [56].

One of the last relevant advances in this field has been
reported by Giannetti et al [55]. In this work, a tapered tip of
an optical fiber was coupled with MBs for the detection of
DNA. The tip was fabricated by a dynamic etching method,
rotating and dipping an optical fiber in an aqueous
hydrofluoric acid solution and controlling precisely different
parameters, thus obtaining short taper length (~200 um), large
cone angle (from 15° to 40°), small probe tip dimension (less
than 30 nm), and roughness below 10 nm. Then, the created
nanotip was functionalized with amino group by a silanization
process.

Afterwards, N-succinimidyl 3-(2-pyridyldithio) propionate
was used as a crosslinker between these amino groups
available onto the nanotip and the -SH groups of the linear
probe of the MB. The performance of the fiber nanotip to act
as sensor was evaluated using a 635 nm laser diode as a light
source. The resultant spectra as well as the fluorescence signal
emitted by the fluorophore (ATTO647n) were recorded as a
function of time when exposed to different concentrations of
the target. The results are shown in Fig. 4, and a LOD of 0.57
nM was achieved.



IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

6
1800
1600 = Target 10 pM
= = Target 1 pM

1400 «+ Buffer

3 —— Random 1 puM

51200 -

g

]

§ 1000 -

=

@

£ 800

g

g 600

=

4

640 660 (4] 700 720 740 J&0 780 800
Wavelength (nm)

* Buffer
= Random 1 uM
& Target 0.01 uM .
® Target1uM -
+ Target 10 uM -ﬁ"‘k"
-
g T
E =
T 24E+04 a
)4 ‘_,“-‘""AM

AT

o 20 40 60 a0 100 120 140
Time (min)

Fig. 4. (a) Spectra from the nanotip optical fiber with the MB in
presence of the target (1 yM and 10 yM) and of a random sequence
(1 uM). Aex 635 nm and exposure time 1 s. (b) Fluorescence signal
along the time during the interaction of the MB immobilized onto the
nanotip with a random sequence, and the target at different
concentrations (0.01 yM, 1 uM and 10 pM). Reprinted with permission
from [55]. Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

Other interesting approach with MBs onto suspended core
optical fibers was reported by Nguyen et al. [56], following
the scheme presented in Fig. 5. The inner surface of the
suspended core fiber was first coated with polymeric
multilayer films by the layer-by-layer nanoassembly
technique. The final multilayer provides amino groups for
immobilization of biotinylated MB through a biotin-
streptavidin-biotinylated MB link.

—_—ll—

e e A
Biotin Streptavidin  Spacer 22.4 A linker

Fig. 5. SEM image of the suspended core fiber used in [56], and the
schematic diagram of the final surface state of the MB functionalized
fiber. Reprinted with permission from [56]. ©The Optical Society.

The reflection configuration setup consisted of a laser and a
spectrometer. After the hybridization test, MB-immobilized
suspended core fiber was loaded with different DNA

solutions. Fluorescence was recorded showing the capability
of the proposed sensor to detect complementary DNA
sequences while discriminating sequences differing from the
target by just one base.

DNA origami is a particular technique which permits to
design arbitrarily shaped complex three dimensional
nanostructures. More specifically, DNA origami is a process
of molecular self-folding: a long ssDNA (scaffold), is folded
into prescribed objects by hundreds of short synthetic DNA
oligonucleotides, which are designed to be complementary to
different parts of the scaffold DNA [16]. In the last years, not
only the applications of DNA origami have emerged in
nanofabrication [57], [58] or nanomechanics [59] fields, but
also in drug delivery [60], or biosensing [61]. Nevertheless,
the strategies to immobilize DNA origami into optical fiber
surfaces are in an incipient stage, with very few publications
[17], [18].

Torelli et al. [62] have reported a fiber optic sensor based
on DNA origami nanorobot to detect tobacco mosaic virus
(TMV). The nanorobot was designed and constructed by
folding DNA-based scaffold strands and DNA-based staple
strands until the formation of a 3D origami nanostructures
with a flap. These nanorobots were immobilized on the
surface of the end facet of an optical fiber using an sSDNA
capture probe composed of a capture sequence and an anchor
sequence. The DNA origami-optical fiber sensor was
immersed in a solution containing TMV target sequences
enabling molecular recognition and hybridization, and then the
test probe was dipped into a luminol-based solution for
evaluation of the presence of the target in the test sample. The
well-folded DNAzyme catalyzes the H,O,-mediated oxidation
of luminol to yield chemiluminescence. The light emitted was
collected by the optical fiber and monitored.

In a different approach, Daems et al. [63] immobilized 3D
DNA origami structures onto optical fibers in order to develop
fiber optic SPR sensors with nanoscale precision. First, two
gold sputtered coated optical fibers were functionalized with
thiol-modified ssSDNA sequences as hybridization probes for
binding the DNA origami structures. In addition, two distinct
DNA origami structures (LS and DE types) were designed to
position thrombin specific aptamers with different densities
and distances from the SPR surface of the fibers. A third
optical fiber was functionalized with tetrahedrons as carriers
of the thrombin bioreceptors and was used as a reference. An
overview of the overall schematic is shown in Fig. 6. The
developed sensors showed an increased detection range for the
DNA origami compared to the tetrahedron-based biosensors.
However, this field related with DNA origami structures
combined with optical fibers is being initially explored, and
the advent of further promising research is required.

IV. SSDNA RECEPTORS FOR NON-DNA TARGETS

Most of the optical fiber sensors composed of DNA
sequences are based on DNA hybridization, as described in
the previous section. Many of such sensors have been reported
demonstrating the detection of a complementary DNA strand
using different optical methods, structures or configurations.
Nevertheless, there also exist other optical fiber DNA based
sensors, which permit to develop sensing applications for a
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Fig. 6. Schematic of bioreceptor patterning onto a gold surface using:
(a) 3D DNA LS origami, (b) 3D DNA DE origami, and (c) 3D DNA
tetrahedron, containing bioreceptors (dark green) and thiol groups
(dark gray spheres) for surface attachment. (d) Functionalization of
the three fiber optic-SPR biosensors with DNA nanostructures Zoom-
in: representation of the distinct set of sSDNA (light green) for specific
attachment of the bioreceptors (dark green) to the DNA origami and
the distinct set of ssSDNA (light red) for specific attachment of the DNA
origami structures to the biosensing surface (dark red). Readapted
with permission from [63]. Copyright © (2018) American Chemical
Society.

widely range of biomolecules such as adenosine [64],
dopamine [65], nicotine [66], cancer biomarkers [67], other
enzymes [68], RNA sequences [69], [70]; other compounds as
heavy metal ions [71], [72]; or even physical magnitudes, such
as temperature [73].

All these sensors can be also classified into different types
depending on their sensing methods as in previous section.
Within the intensity based sensors, most of the studies recently
presented are chemiluminescent or fluorescence based sensors
by means of the functionalization of the end facet of optical
fibers [46], [74]-[76] or evanescent wave sensors [64], [77].
Among the wavelength based sensors, some interferometers
[66], [78], lossy mode resonance based devices [79], [80] and
SPR based devices [81]-[85] can be found in literature.
Regarding the latter ones, there are some relevant works
where interesting approaches which have been developed
thanks to the use of TFBGs in combination with the SPR
phenomenon in order to obtain better performances. Here,
Albert et al. [82] designed and implemented high-resolution
fiber optic aptasensors, demonstrating an order of magnitude
improvement in the determination of the SPR shifts under
biochemical interactions at the fiber surface. The proposed
sensing structure was tested with thrombin aptamers,
obtaining a LOD of 22nM. Other relevant optical structure
based on TFBG coated by Au film and a graphene thin-film
was reported by Hu et al. [83]. The resultant device allowed
the detection of dopamine molecules, showing a linear
response in the range from 10> M to 108 M with an LOD of
1.6 x 10* M. Alternative approaches have been also

developed aptasensors based on lossy mode resonances
(LMRs) for specific purposes such as thrombin [80] or C-
reactive protein detection [79].

Among the most promising applications within the DNA-
based optical fiber sensors domain, RNA and miRNA
detection are especially relevant. Recently, it has been
developed a fiber optic device to detect RNA sequences of
Hepatitis A virus thanks to a sandwich type hybridization
system [86]. In another relevant work, Qian et al. have
reported [70] a high sensitivity microRNA detection technique
using phenylboronic acid functionalized Au nanoparticles
(PBA-AUNPSs) in a fiber-optic SPR sensor. The miRNA
sequence target in this work was Let-7a, a promising miRNA
for cancer therapy. The inherent difficulty of detecting directly
the hybridized RNA on the sensing surface was overcome
thanks to the presence of PBA-AUNPs, which enabled the
signal amplification of the miRNA target. Fig. 7 represents the
miRNA detection process. First, the sensing surface is
modified with the DNA capture and 6-mercapto-1-hexanol
(MCH). In a second stage, the RNA complementary is
hybridized. In a final stage, the functionalized Au NPs bind
selectively with the RNA, thus amplifying the signal. This
method demonstrated a high selectivity when mismatched or
random DNA and RNA sequences were also applied to the
system. The miRNA detection offered a low LOD of 0.27 pM.
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Fig. 7. Schematic representation of miRNA detection by fiber-optic
SPR sensing system: (I) Capture DNA/MCH modification on the
sensing surface. (l) Single-stranded RNA or DNA hybrid on the
sensing surface. (Ill) PBA-AuNPs selectively bind with RNA to amplify
the signal. Reprinted with permission from [70]. Copyright © (2018)
American Chemical Society.

Not only DNA based coatings are proposed for biomolecule
detection, but also can be implemented to measure physical
magnitudes such as temperature. Thus, Hong et al. [78]
proposed an interferometer based on a single mode-coreless
silica-SMF structure. In this work, the coreless fiber segment
was coated by a temperature sensitive coating composed of a
DNA-cetyl tri-methyl ammonium (DNA-CTMA) thin solid
film. The DNA-based thin film has a large negative thermo-
optical coefficient of —3.4 x 1074°C™! in the temperature range
from 20°C to 70°C without any observable thermal hysteresis.
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As a result, the temperature variations change the refractive
index of the thin films, thus provoking a spectral shift of the

fringes in the output interferometric signal. Some
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Fig. 8. Experimental measurements of the temperature sensor: (a)
Spectral shifts between 30°C and 60°C, (b) temperature dependence
of peak wavelength. Reprinted with permission from [78]. © The
Optical Society.

experimental results of this work are represented in Fig. 8,

where it is possible to appreciate the large temperature range
and the linear response with a sensitivity of -0.15nm~C.

Apart from the mentioned applications, mercury ions
detection in solutions is currently another hot topic research.
Recently, two different approaches have been proposed by
means of fiber optic DNA based- devices [85], [87]. On one
hand, Jia et al. designed an LSPR sensor with gold
nanospheres on the end facet of a fiber for Hg?* detection
based on thymine-Hg?*-thymine base pair mismatches and the
coupled plasmonic resonance effect [85]. This sensor offered a
linear detecting range of Hg?* from 1 to 50 nM with a LOD of
0.7 nM. On the other hand, Polley et al. [87] presented a DNA
biomaterial based fiber optic sensor with another Hg*
detection strategy. In this work, optical fiber tips were coated
with silver nanoparticles and then impregnated with a genomic
DNA-dye-lipid complex with specific affinity to mercury ions.
The sensing mechanism is based on the combination of the
fluorescence with the SPR associated to the silver NPs. The
specific detection of mercury ions at the nanomolar scale with
few seconds reaction time was successfully demonstrated in
this work. A summary of the presented works as well as other
optical fiber DNA-based sensors recently reported is included
in Table 3.

V. DISCUSSION AND OUTLOOK

This review includes many optical configurations and even
when a similar optical configuration is used, there are several
variables which make difficult to compare the sensors
performance. Variations on the optical phenomenon or
structure, the measurement setup, the functionalization of the
surface, the receptor or the target affect to the results of the
optical devices. The receptor varies, not only between those
contributions, which are based on natural ssDNA and
synthetic nucleic acids structures, but also inside those groups.

TABLE Il
REPORTED SENSORS BASED ON SSDNA RECEPTORS FOR NON-DNA TARGET DETECTION
Type Structure and coatings Target Detection Range LOD Ref.
LSPR Au NPs based coating on fiber end facet Hg *"ions 1nM-50nM 0.7 nM [85]
SPR on LPFG Au — thiolated aptamer microcystin-LR toxin 5nM-300 nM 5nM [90]
SPR on TFBG Fiber probe with Au coating + graphene film + aptamer Dopamine in human serum 0.1 pM-10nM 0.16 pM [65]
SPR on TFBG Fiber probe with Au film + aptamers Thrombin 0.1 pM = 5uM 22 nM [82]
SPR Intensity Au film on cladding removed MMF RNA sequence (Let-7a) 0.27pM - 100 nM 0.27 pM [70]
SPR Au film on plastic optical fiber based platform VEGF (cancer biomarker) 1-100 nM 1nM* [84]
Sandwiched type assembly with a fluorophore on etched .
Fluorescence § Adenosine 50 uM - 3.5 mM 25 uM [64]
SMF fiber
Fluorescence Enhanced SPR with a dye and Ag NPs on optical fiber tips Hg %* ions 9 nM—-50 uM 9 nM* [87]
Evanescent wave of a SMF-MMF coated with a .
Fluorescence Bisphenol A 2-100 nM 1.86 nM [77]
fluorescence-labeled BPA-aptamer
Fluorescence ) . . . . . .
Tapered fiber optic probe functionalized with Cy5.5 and Mycotoxins aflatoxin M1; 21 ng/L;
resonance energy . 1ng/L—1mg/L [76]
Alexa 405 labeled aptamers Ochratoxin A 330 ng/L

transfer

Fluorescence Functionalized optical fiber tip

Etched and functionalized tip fibers coated with a
Fluorescence
fluorophore

SMF-CSF-SMF interferometer coated with DNA and Cetyl

tri-methyl ammonium

Interferometer

Interferometer Functionalized non-adiabatic tapered optical fiber

Hepatitis A virus (RNA

50 pg/uL to 10 ng/pL
sequence)

50 pg/uL* [86]

reactive oxygen species

(ROS) generator: Mn304 0.13 uM - 1.36 uM 0.13 uM* [89]

NPs
Temperature, Sensitivity of
P v 20°C-70°C -- [78]
0.15 nm”°C
Nicotine 10uM — 100uM 10uM* [66]
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Different length and weight of the ssSDNA sequences may also
lead to different results.

However, some general conclusions can be extracted. In the
field of fiber optic sensors, wavelength based configurations
are more robust than intensity based techniques, which can be
one of the main reasons for a larger number of contributions in
the literature regarding DNA fiber optic sensor for the former.
However, both configurations have permitted to obtain good
results in terms of LOD.

Regarding wavelength based contributions to detect
ssDNA-cssDNA hybridization, the optical sensors which
achieved the best LOD are those based on LSPR and
interferometers. In particular, LSPR  biosensor based on
arrays of metallic nanostructures on the end facets of optical
fibers permitted to obtain an LOD of 10 fM for ssDNA [23].
Concerning interferometers, a tapered optical fiber sensor used
to detect a specific SSDNA sequence of Leptospira bacteria led
to an LOD of 0.1 fM for ssDNA [33]. In addition, the
implementation of microfiber tapered interferometers has also
led to good LOD results. A microfiber based sensor with a
graphene oxide coating deposited around the silica microfiber
reached an LOD of 4.84 pM for ssDNA specific sequence
solution [31] and a sensor based on a microfiber in reflection
configuration functionalized with a monolayer of poly-L-
lysine achieved a minimum detectable concentration of 10 pM
for ssDNA [34].

Among the several techniques used for sSDNA detection
using optical fiber sensors based on intensity, fluorescence and
the interferometers based sensors are the most frequently used.
Within the latter group, the specklegram interferometer
presented the lowest detected concentration of ssSDNA with
0.1 fM ssDNA concentration detection [42], which equals the
minimum LOD achieved with wavelength based optical fiber
sensors [33]. On the other hand, with fluorescence based
sensors the minimum LOD was achieved with a novel
enzyme-enhanced fluorescence detection on etched optical
fiber sensor, 1pM ssDNA [43].

PNAs are analogues of the DNA and allow the detection of
ssDNA specific sequence in the same way as SSDNA
receptors. They have been used in the field of biosensors, but
at the moment just a few papers have been described about
their implementation in fiber optic biosensors. Taking into
account this point, we can see that the LOD obtained with the
optical fiber sensors which used PNAs as receptors is
acceptable. The minimum detected concentration by these
biosensors is in the range from 10 nM to 120 nM of ssDNA.
Therefore, PNAs are presented as a promising tool for the
fabrication of sensitive and highly selective biosensors.

In a similar way, MBs and origami optical fiber sensors are
in an incipient stage. Both techniques offer interesting
approaches to detect multiple and selective biocompounds
thanks to their customized designs, and could be a new trend
in the near future

Regarding the LOD obtained for the detection of ssDNA
using different receptors on optical fiber sensing platforms, i.e.
sensors that employ ssDNA and synthetic nucleic acids
receptors for the detection of different targets (non-DNA
targets), the lowest LOD obtained with natural ssDNA short
sequences as receptors for the detection of non-DNA targets
has been reported for the detection of mMiRNA complementary

sequence, with an SPR sensor that included phenylboronic
acid functionalized Au nanoparticles with ssDNA short
sequences on the surface. The LOD achieved by this sensor
was 0.27 pM of the complementary microRNA sequence [70].
However, sensors with synthetic nucleic acids receptors
reported also low LODs for the detection of different
molecules. The lowest LOD presented in this case was
obtained by a nano-scale metalcoated TFBG imprinted in a
commercial single mode fiber core. The receptors of this
sensor were selective aptamers for dopamine molecule and
this sensor reported an LOD of 0.16 pM for dopamine [65].

To conclude, it has been shown throughout this work the
increasing interest in the use of DNA for sensing technologies.
The detection of specific DNA sequences offers advantages
for medical diagnosis, food industry and environmental
analysis. Moreover, the development of synthetic nucleic acids
receptors provides new tools for the sensing technology. In
particular, synthetic nucleic acids are more stable than natural
ones and they offer ample possibilities in the detection of a
wide range of targets, including non-DNA targets, which can
broaden the application scope of natural DNA receptors.
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