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A highly sensitive, ultra-low detection limit 3-D DNA nanostructure biosensor based on functionalized reflective
optical fiber probe (ROFP) is proposed and demonstrated. Our approach achieves a mass limit of detection of ~ 10 aM
based on the ROFP. A particular single-nucleotide mismatch sequence is also identified. The sensitivity of the proposed
DNA biosensor is 1.51 nm/IgaM, about three-fold higher than using single-strand DNA probes (0.47 nm/IlgaM) and with
high specificity. The proposed ROFP has high compactness (with a length of ~ 3 mm) which is convenient for sample
detection with small volume and complex gradients in small spaces with high sensitivity.
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1. Introduction

Viral infections are a primary cause of worldwide mor-
tality, significantly endangering public health and safety.!!-]
The antibody and nucleic acid tests are mainly methods for
virus detection. The effectiveness of antibody testing depends
on the immune system initiating a response and the accu-
racy is low.3] Especially, deoxyribonucleic acid (DNA) as the
genetic material of most organisms, viruses and pathogens,
stores essential genetic information for synthesizing RNA and
proteins.*>! DNA biosensors, leveraging the specific identifi-
cation and accurate quantitative assay of DNA sequences, can
effectively discriminate among various organisms, thereby of-
fering robust support for disease diagnosis.!®! The integration
of polymerase chain reaction (PCR) technology with fluores-
cence represents the gold standard in contemporary field of nu-
cleic acid detection.!”! However, the false negatives and time
cost are relatively high due to the labeling process. Further-
more, enhancements are needed in sensitivity, limit of detec-
tion (LoD), and specificity.®] Developing a label-free, ultra-
sensitive, real-time DNA detection method with low LoD con-
tinues to be a significant challenge.

Due to the strong evanescent fields, simple preparation
processes, and low cost, optical fiber biosensors (OFBs) have
rapidly emerged in applications of medicine and biology in
recent years, especially in building diagnostic platforms for
rapid and accurate detection of viral diseases.!-!%!

Recently, a range of label-free DNA OFBs crafted with
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diverse structures have emerged,!!!=1>! all of which are char-
acterized by biocompatibility, versatility in function, ability
to operate in real time, as well as low LoD and high sensi-
tivity. Wu et al. proposed a AuNPs-DNA conjugate aptamer
OFB for cortisol detection, with sensitivity of 0.11 (a.u.)/nM
and LoD of 1 nM.I'l Lang er al. proposed a metabo-
lite OFB based on AuNPs and MXene quantum dots mod-
ified taper-in-taper single-mode fiber (SMF), with sensitiv-
ity of 1.93 nm/mM and LoD of 146.11 uM.!"?l Delgado
et al. proposed a DNA OFB utilizing long period grating,
with sensitivity of 0.25 nm/uM and LoD of 10 nM.[3] Li ez
al. proposed an alpha-fetoprotein OFB based on multimode
fiber (MMF)-multicore fiber (MCF)-MMEF, with sensitivity of
1.32 nm/lg(ng/mL) and LoD of 84 pg/mL.I"*! Recently, we
proposed a tapered thin-diameter photonic crystal fiber inter-
ferometer (TTD-PCFI) OFB for DNA detection, with sensitiv-
ity of 632 pm/Ig(fM) and LoD of 410 aM. 3]

Most reported straight-through structure OFBs lack flex-
ibility and system integration, limiting the interaction strength
OFBs based on

the reflective probe structures can penetrate certain biologi-
16-21]

between the optic field and biomolecules.

cal sample solution in narrow and semi-enclosed space.!
Cao et al. proposed a high sensitivity OFB probe of SMF-
tapered four core-SMF, with LoD of 4.35 pg/mL.['®! Gong
et al. proposed a multimode plastic-clad silica probe modi-
fied by gold film for DNA hybridization, with sensitivity of
0.13 nm/nM and LoD of 4.9 nM.['71 Wen et al. proposed
a label-free DNA OFB using U-shaped probe, with sensitiv-
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ity of —218.32 nm/(ng/mL) and LoD of 0.01 ng/mL.[!8 Li ez
al. proposed a label-free DNA OFB based on a reflective mi-
crofiber probe, with a low LoD of 10 pM.!"" Li ez al. proposed
a MMF-SMF probe DNA sensor modified by metal-organic
frameworks, with sensitivity of —7.72 nm/Ig(uM) and LoD
of 3 pM.?% Ran et al. proposed a hypoxia-sensitive fluores-
cent fiber probe to realize fast and accurate tumor recognition
and diagnosis, the limit of quantification is ~ 5 ng/mL.!>!l Re-
cently, Li et al. presented ultrasensitive and ultra-low detec-
tion of exosomes, prostate specific antigen and carbonic an-
hydrase IX protein based on strong plasmonic effect of a mi-
crofiber probe, with LoDs of 3.97 fM, 9.32 particles/mL and
13.8 zM.[22-24]

However, biosensing interfaces of above OFBs are pure
quartz fiber or metallic material, with single-stranded DNA
(ssDNA) probes modified onto the sensing interface to cap-

[25] The existence of electrostatic

ture target DNA molecules.
repulsion, conformational instability, lodging, entanglement,
stacking, and disordered aggregation, resulting in non-specific
adsorption, reduced recognition efficiency and speed, ulti-
mately limiting the sensitivity, LoD, and specificity. Con-
structing a highly sensitive biological sensor interface is ex-
pected to further enhance high-efficiency binding between
DNA molecules. 2628

In this paper, a highly sensitive, ultra-low detection limit
3-D DNA nanostructure biosensor based on functionalized re-
flective optical fiber probe (ROFP) is proposed and demon-
strated. The proposed ROFP is fabricated by flame heat-
ing, drawing method, with a stress vertical fractured reflec-
tion end-face, which enhances the transmission length and in-
tensity of evanescent field due to the secondary interference.
The ROFP is functionalized by 3-D tetrahedral DNA nanos-
tructure (TDN) probes to further enhance the sensing perfor-
mance for label-free DNA detection, with a high sensitivity of
1.51 nm/IgaM ranged from 10 aM to 100 fM and an ultra-low
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LoD of ~ 10 aM. Sequence with a single-nucleotide mismatch
is also identified. The proposed DNA nanostructure biosensor
exhibits exceptional performance in terms of label-free, excel-
lent specificity, high sensitivity and ultra-low LoD, rendering
it a highly favorable utilization in vitro detection, drug deliv-
ery, gene diagnosis, protein identification, and environmental
monitoring.

2. Theoretical analysis and fabrication
2.1. Theoretical analysis

Figure 1(a) shows the schematic diagram of the ROFP, in-
cluding two ports (port 1 and port 2), a coupling region (sens-
ing area) and a reflection tip. L is the coupling length, D is the
waist diameter of ROFP. According to the supermodes the-
ory, when light enters through port 1 and arrives at the cou-
pling region, both the two supermodes (even and odd) are ex-
cited and propagate towards the end-face. Then the two su-
permodes are reflected again to the ROFP’s coupling region
and generate secondary interference. An envelope interfer-
ence spectrum is formed at port 2. Figures 1(b) and 1(c) are
the comparison results of simulated interference intensity dis-
tribution along the ROFP within coupling region by using the
beam propagation method (BPM). The operation wavelength
is 1550 nm and the surrounding refractive indices (RIs) are 1
and 1.3333, respectively. D is ~ 6 um and L is ~ 3 mm. It can
be seen that when the ROFP is immersed in aqueous solution
(RI=1.3333) from air (RI= 1), the power exchange changes
drastically and the evanescent field leakages increase within
coupling region of the ROFP. Due to the secondary interfer-
ence, the ROFP enhances the length and intensity of evanes-
cent field. The transmission power between the two micro-
nano fibers in the coupling region is exchanged between each
other, resulting in variations of the output power and reflection
spectrum at port 2.

(c)
15000

12000

9000

Z (pm)

6000

3000

100 0

100 —100 O

X (pm)

Fig. 1. Simulation analysis. (a) Schematic diagram of the ROFP. (b) and (c) Interference intensity distribution along the ROFP within coupling

region in the RIs of 1.0 and 1.3333, respectively.
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The output of the ROFP presents the power coupling and
exchange due to the interference between supermodes in the
whole coupling region. The ROFP is weakly coupling and the
coupling coefficients C (Cy: x polarization; C,: y polarization)
are expressed as[>”!
co_ 232(n2 —nd)\2UZ(213V + 1)

x/y = n%a(\/ﬁ)‘ﬂ/z ’

e))

where n; and ng denote the Rls of silica and air, a = D/2,
U =2.405 and V = [(27a) /A (n? —n3)'/2. When light enters
the input port 1 and reflected by the tip, the power emerging
from port 2 is

P _1<”1—”°>2{1_ [(Ce+Cy)L cos[(C — Cy)L]}
2= 35 - cos|(Cy +Cy)L]cos|(C, — Cy ,
2)

where C, and C, are the averaged values over the whole cou-
pling region.
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Fig. 2. Interaction between evanescent field and DNA biomolecules based
on ROFP. (a) Spatial conformation of two DNA probes. (b) Simulated
intensity distribution between evanescent field and different biomolecu-
lar layers. (c) Interference intensity with different thicknesses of DNA
probe’s medium layer.

Figure 2(a) shows the different spatial conformations of
the TDN and ssDNA probes on ROFP’s surface, resulting in
different DNA combination mechanisms. ssDNA probes un-
dergo lodging, inter strand entanglement, tight packing and
inclined to lie flat, whereas 3-D TDN probes feature an attrac-
tive functional scaffold that confers rigidity and stability. This
design effectively suppresses non-specific binding, improves
sensitivity, lowers detection limits, expands dynamic ranges

and accelerates reaction kinetics.!*°! Figure 2(b) is the sim-
ulated interference intensity distribution between evanescent
and different biomolecular layer along the ROFP functional-
ized by ssDNA and TDN probes. Obviously, the TDN probes
exhibit greater mechanical rigidity and structural stability than
the ssDNA probes, achieving more uniform intensity distribu-
tion, higher DNA hybridization efficiency and stronger field-
material interactions. Figure 2(c) is the interference intensity
distribution of ROFP’s strong coupling region with different
thickness of DNA probe’s medium layer. As the thickness is
increased from 250 nm to 2 wm, the mode-field interference
forms a distinct “serpentine” distribution, enhancing the inter-
action between the evanescent field and DNA biomolecules.

2.2. Fabrication

The proposed ROFP is fabricated through flame heating
and drawing method, with a vertical cut in the waist region
to create a Fresnel reflective end-face. Firstly, two parallel
aligned SMFs (the cladding/core diameters of 125 pm/8.2 um)
are adiabatically tapered and weakly fused together to form an
optic fiber micro-coupler (OFMC). Then heating is stopped
and an axial tension is exerted on the fibers. Then, due to
the brittle fracture of the silica fiber, the waist region of the
OFMC is snapped under vertical stress to fabricate the ROFP
with high Fresnel reflection end-face. Figures 3(a) and 3(b)
show the microscopic photographs of the ROFP within the
waist longitudinal section and transverse region, L is ~ 3 mm
and D is ~ 6 pum, respectively.

(a)

250 pm

Fig. 3. Microscopic photographs of the fabricated ROFP: (a) longitudi-
nal section, (b) transverse region.

3. Materials and surface functionalization

method

In this experiment, piranha solution (Sigma, mixed with
3 vol of 98% H,SO4 and 1 vol of 30% H0O;) and poly-
L-lysine solution (Sigma, PLL, 0.1% w/v in PBS buffer)
as solvents are used for ROFP’s surface functionalization.

Table 1. Sequences of DNA for synthetic TDN.

Oligonucleotide 5’End Sequence (5°-3’) 3’End
CATCTTGCCTAAAAAAAAAAACATTCCTA

Tetra-A none AGTCTGAAACATTACAGCTTGCTACACGA none

GAAGAGCCGCCATAGTA

TATCACCAGGCAGTTGACAGTGTAGCAAG

Tetra-B NH,-C6- CTGTAATAGATGCGAGGGTCCAATAC none
TCAACTGCCTGGTGATAAAACGACACTAC

Tetra-C NH,-C6- GTGGGAATCTACTATGGCGGCTCTTC none
TTCAGACTTAGGAATGTGCTTCCCACGTAG

Tetra-D NH,-C6- TGTCGTTTGTATTGGACCCTCGCAT none

Cy3-cDNA-target none TTTTTTTTTTAGGCAAGATG Cy3-

ssDNA probe none CATCTTGCCTAAAAAAAAAA NH,-C6—
cDNA-target none TTTTTTTTTTAGGCAAGATG none
1-ncDNA none TTTTTTTTTTATGCAAGATG none
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The oligonucleotides were purchased from Sangon Biotech
(Shanghai) Co., Ltd. The specific base sequence information
is listed in Table 1. For the purpose of mismatch identifica-
tion, the target DNA, complementary DNA (cDNA) and non-
complementary DNA (ncDNA) sequences are modified as fol-
lows, and underlined indicates the mismatched nucleotide.

3.1. Synthesis of TDN probe

Figure 4(a) shows the synthesis procedure of the TDN
probe, dissolving 75-nucleotides of Tetra-A and three single-
stranded Tetra-B, Tetra-C, and Tetra-D, each containing 55-
nucleotides are modified with amino in ultrapure water at
equimolar concentration. Then, mixed with TM buffer and
oscillated slightly to form a final concentration of 1 uM. Sub-
sequently, the mixture was subjected to denaturation at 95 °C
for 10 min, rapidly cooled to 4 °C within 30 s and then incu-
bated for 30 min using a thermal cycler to obtain TDN probe.
Each edge of the self-assembled TDN probe contains 17-base
pairs, the edge length and height are calculated to ~ 5.8 nm
and 4.74 nm, respectively. The gel electrophoresis in Fig. 4(b)
demonstrates the effectiveness of the TDN probe synthesis,
with a success rate > 95%.

(a)

NH, NH,; NH,

2 + Self-assembly

_

+ + 95 °C~10 min €
4 °C~30 min ¢

< M O @A

® © s Oa

- - - = - =

585 85 05 £

= = = = NH,

= = = =

Fig. 4. Synthesis procedure of the TDN probe. (a) Synthesis procedure.
(b) Assessment of synthesis efficiency.

3.2. Surface functionalization of ROFP

Owing to the reduced negative charge density on the sur-
faces of ROFP, the TDN probes could not bind to the SiO,
ROFP’s surface directly. Surface functionalization and mod-
ification of ROFP through physical adsorption and chemical
bonding to achieve connection with the TDN probe is essen-
tial, which is shown in Fig. 5(a). Initially, the piranha solution

is delivered into the polytetrafluoroethylene (PTFE) microflu-
idic channel for a duration of 30 min to trigger the activation of
negatively charged hydroxyl groups on ROFP’s surface. Then,
the ROFP is immersed in PLL solution for 1 h. Finally, in-
ject the TDN probe solution@1 uM into and stand for 1 h.
The self-assembly of the TDN probes onto the functionalized
ROFP’s interface was achieved through covalent conjunction
between the negatively charged probes and the amino of PLL,
resulting in hydrazone bond -NH-NH-. Throughout the pro-
tocol of the functionalized ROFP, which is rinsed with ultra-
pure water for 10 min prior to each reagent exchange to elim-
inate residual contaminants (clean 1-4). Figure 5(b) reveals
the measured reflection spectra of ROFP throughout the ex-
perimental functionalization process. Significant wavelength
drift attributed to light—matter interactions within sequentially
applied reagents, confirms successful surface functionalization
via electrostatic adsorption and covalent grafting.
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Fig. 5. ROFP’s surface functionalization. (a) Protocol. (b) Measured
reflection spectra in different biological liquid samples.

3.3. Fluorescence characterization of TDN and ssDNA
probes

Figure 6 illustrates comparison and the ability of unfunc-
tionalized versus functionalized ROFP to capture TDN or ss-
DNA probes and hybridize with target DNA. Fluorescence
imaging is performed using a laser scanning confocal fluores-
cence microscope (FVI000MPE). The sample is excited with
517 nm and emissions are recorded through a tunable detec-
tor spanning 530 nm—630 nm. The TDN and ssDNA probes
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are mixed with Cy3-labeled target ssDNA (Cy3-cDNA-target
in Table 1) with equimolar volume. Following injection of the
mixed solution into the ROFP and 1 h dark incubation, the
TDN probe exhibits significantly enhanced fluorescence sig-
nal intensity and more homogeneous spatial distribution com-
pared to the ssDNA probe based on the functionalized ROFP,
as shown in Figs. 6(b) and 6(d). The specific morphology
of the 3-D TDN probes is characterized by atomic force mi-
croscopy (AFM).3!l Furthermore, the ability of the unfunc-
tionalized ROFP to anchor capture TDN and ssDNA probes
was also investigated and compared in Figs. 6(a) and 6(c). The
fluorescent signal distribution on the surface of the unfunc-
tionalized ROFP is weak as compared to the functionalized
ROFP. Thus, the proposed functionalization method of sur-
face in conjunction with TDN probes demonstrates effective
enhancement of molecular binding efficiency, accompanied by
mitigation of probes’ stacking and winding effect, which fur-
ther enhances the sensitivity of the proposed DNA biosensor
and reduce LoD.

Fig. 6. The microscopic fluorescence images of ssDNA probes on
(a) unfunctionalized ROFP, (b) functionalized ROFP; TDN probes on
(c) unfunctionalized ROFP, (d) functionalized ROFP.

4. Experimental setup and results
4.1. Experimental setup

The experimental setup for DNA hybridization detection
is illustrated in Fig. 7, comprises a broadband source (BBS,
wavelength: 1250 nm-1650 nm), an optical spectrum ana-
lyzer (OSA, resolution: 0.02 nm), peristaltic pump (TJ-3A,
minimum flow rate: 7 uL/min) and a PTFE microfluidic chan-
nel. The ROFP is integrated into the PTFE microfluidic chan-

a

@) 456

@ —48

g —45f

‘E —38

2

g

2

g —51.3 ' _

= '
7513 % / './
_45-W\(VWWv-va\/\/V\/\»—~

—1.3333

1400 1600

Wavelength (nm)

nel, enabling automated syringe pump mediated injection and
withdrawal of the test solutions. Port 1 of the ROFP is con-
nected to the BBS and the output reflection spectrum is mea-
sured by OSA through port 2, monitoring the interactions of
the ROFP in real time with different reagents. The microflu-
idic channel is placed in a thermally- and vibration-isolated
container in a constant temperature environment. A minimum
flow rate setting eliminates flow related and frictional interfer-

ences for accurate results.

Peristaltic pump

Microfluidic
channel

Fig. 7. Experimental setup for DNA hybridization detection based on
the ROFP.

4.2. RI sensing and stability

The measured reflection spectral shifts of the ROFP with
different RI solutions (NaCl solutions, RI range: 1.3333—
1.3639, ARI=0.0051) are monitored in real time. The
changes in the surroundings of the ROFP lead to a dramatic
spectral wavelength red-shift as the RI increases, as shown
in Fig. 8(a).
the measured wavelength and RIs. The RI sensitivities are
5837.33 nm/RIU and 6129.05 nm/RIU around 1400 nm and
1500 nm, respectively.

Figure 9 shows the stability of the fabricated OFB based
on ROFP in liquid. Figure 9(a) shows the measured reflection

Figure 8(b) shows the relationship between

spectral response measured over 1 h, with magnified views
highlighting the dips around 1295 nm and 1583 nm. Fig-
ure 9(b) depicts the corresponding fluctuations of wavelength,
with AAs (wavelength shifts) falling within +0.2 nm and Ads

(standard deviation) remaining < £0.05 nm.

(b) 1541
1550 A 1540 + T
135370 7~
y=6129.052—6760.8992
E/ 1500 1 &2 —¢.986
=
‘go 1450
E ° 392 %
[9) ey 1391
§ 1400 A % 1.34350
. Y= 5837.332—6440.9759
1350 A R2=0.988
1.335 1.340 1.345 1.350 1.355
RI

Fig. 8. Measured reflection spectra versus different RIs. (a) The reflection spectra. (b) The relationship between wavelength shift and Rls.

054207-5



Chin. Phys. B 35, 054207 (2026)

(a) —0 — 10 min — 20 min — 30 min — 40 min
)
=
=
o
e —48
_§ —45 A 52 00— @
% 1204.0 1204.5 1295.0 1295.5
~ —44 /
—50 1 a6 \
—48 /
—55 1 1582 1583 1584
1300 1400 1500
Wavelength (nm)
(b)
Adé~+0.02 nm AAX~=£0.05 nm
/é\ €D - SIS - - - - 0 00 DD gD
G 1583 1
<
e}
o0
o
<
£ 12967 AG~£0.05 nm  AA~£0.2 nm
® 1205 9v 0999
@----- 0P 9@
1294 A

0 10 20 30 40 50 60

Time (min)

Fig. 9. Measured stability of the ROFP for 1 h. (a) Measured reflection
spectra. (b) Wavelength fluctuations @ 1294 nm and 1583 nm.

4.3. Detection of DNA hybridization using TDN probe

The concentration of the 5’-amine functionalized TDN
probe is 1 uM. The target ssDNA (cDNA-target in Table 1)
solution is diluted with ultrapure water to five different con-
centrations (10 aM to 100 fM). The fabricated target sSDNA
solutions are injected into the microchannel to react with the
functionalized ROFP gradually, and rinsed by ultrapure wa-
Figure 10(a) is the
measured reflection spectra in target sSDNA solutions. As

ter during each solution replacement.

the concentration of target ssSDNA is increased from 10 aM
to 100 M, the reflection spectra of ROFP red-shift. Fig-
ure 10(b) shows the real-time evolution of wavelength shifts
in the presence of varying target sSDNA solutions. At the
initial stage, the wavelength shifts change dramatically, fol-
lowed by a tendency toward stabilization. The reaction pro-
ceeds rapidly and each concentration level demonstrates a dis-
tinct jump step at the starting point. Due to the adjustable size
of the 3-D TDN probes and compact structure of the ROFP,
the measured response time of the proposed biosensor can be
reduced to 10-15 min. The inset is the relationship between
wavelength shift and target DNA’s concentration, with a high
sensitivity of 1.51 nm/lgaM and R*> = 0.97. For the target
DNA solution@ 10 aM, the wavelength shift is measured to be
~ 2.9 nm, which is much higher than the wavelength shift of
the blank sample ultrapure water (0.02 nm). The wavelength
shift will remain stable as the DNA concentration continues
to increase, and the detectable concentration is 10 aM at least

(LoD < 10 aM).

(a) | —Ultrapure water —10 aM — 100 aM —1 fM
=327 10M —100 M
—34 1
= —36 4|
Z 381
o
9 —407
=
8 —421
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o —441
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—487 1580 1600 1620
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(®) —o—10 aM —o— 100 aM —o— 1 M
1602 4—e—10 fM 100 M =
° L]
g
= °
= )
ED 1599 A
= W g 5
[9) o = 81y=151lgz+0.72
§ 0 R Rico.97
1596 H i .
§ 10! 102 10% 10 109}
DNA concentration (aM)
0 50 100 150 200

Time (min)
Fig. 10. Measurement of DNA hybridization. (a) Wavelength red-shift with
increased concentration. (b) Corresponding wavelength shifts versus time.
The inset: the relationship between wavelength shift and concentration.

4.4. Specificity detection using TDN probe

Non-complementary and target sSSDNA solution was em-
ployed to assess the specificity for the DNA hybridization

(a)

Reference —— 1-base Target
—351
)
A
=} —401
o
2
O
o
5 —457
~
—501 !
1560 1580 1600
1300 1400 1500 1600
Wavelength (nm)
(b)
3.5
E 3.2 nm
& 3.0
<
wn
<
e}
S
g 2.5 1
[3)
= 2.16 nm
= 2.01
1-base Target

Fig. 11. Measured specificity. (a) Experimentally measured spectra of
matched and mismatched DNA solutions. (b) The detail wavelength
shift of 1-base mismatch and target ssDNA.
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process. The concentration of target DNA is 10 fM. The mea-
sured response of specific recognition is shown in Fig. 11.
Figure 11(a) shows the spectral wavelength shifts when differ-
ent target DNAs are hybridized with the TDN probes, which
are reference (blank sample), 1-base mismatch (1-ncDNA in
Table 1, 1-base) and target ssDNA (target). The inset is the
details of the spectral shift. Figure 11(b) shows the detailed
wavelength shift of 1-base mismatch and target ssDNA. Com-
paring the shift of the target ssDNA (~ 3.2 nm), both the ref-

erence (0.02 nm) and 1-base mismatch induced drift (2.16 nm)

are significantly smaller.

4.5. Detection DNA hybridization using ssDNA probe

For comparison, DNA hybridization using ssDNA probe
is also measured, including the sensitivity and specificity.
The ssDNA sequences are modified as follows, and the mis-
matched nucleotide is underlined in Table 2.

Table 2. Different ssDNA sequences.

Oligonucleotide 5’End Sequence 3’End
probe ssDNA none CTACAGCGATACTGTGACGATCGTA -NH;
target ssDNA none TACGATCGTCACAGTATCGCTGTAG none

Number of bases 1-base mismatch ssDNA none TACGATCGTCACAGCATCGCTGTAG none
2-base mismatch ssDNA none TACGATCGACACAGCATCGCTGTAG none

9-base mismatch ssDNA

none

TTCGCTCGACCCGGCATAGCTTTCG

none
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—40- i
)
=z
= —454
9
5
& —501
L‘Q-)( —40
~ _a5
—554-50
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o = y=0.471gz+0.6 S
g 1330.01 320 08T
‘_==‘w 1.5
1329.8 HETIR ¢
= 10! 10? 103
- DNA concentration (aM)

0 20 40 60 80
Time (min)

100

Fig. 12. Measured DNA hybridization detection using ssDNA probes.
(a) The wavelength rightward shift with increased target ssDNA’s con-
centration. (b) The wavelength shifts of different target ssDNA solu-
tions versus time. The inset: the fitting curves of the relationship be-
tween wavelength shift and concentration.

The target ssDNA solution is diluted in 10x phosphate
buffered saline (PBS) to prepare the different concentrations
from 10 aM to 1 fM. The concentration of the ssDNA probe
is 10 uM, which is higher than the TDN probe (1 uM). The
reflection spectral wavelength exhibits a significant rightward
shift as the target ssDNA concentration is increased from
10 aM to 1 fM, as shown in Fig. 12(a). For the target ssDNA
solutions with concentrations of 10 aM, 100 aM, and 1 fM,
the wavelength shifts are 0.65 nm, 0.72 nm, and 0.8 nm, re-
spectively. Compared to the sensing performance using TDN

probes, the wavelength shift of the ROFP using ssDNA probe
is about six-fold lower (the wavelength shift based on TDN
probe is ~ 4.65 nm at 1 fM). Figure 12(b) depicts the real-
time evolution of corresponding wavelength shifts and the in-
set shows the relationship between wavelength shift and target
ssDNA’s concentration, with sensitivity of 0.47 nm/IgaM and
the lowest detectable concentration of at least 10 aM. The sen-
sitivity of the proposed ssDNA biosensor is about three-fold
lower than using TDN probes.
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Target

2-base
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1300 1400 1500 1600
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Fig. 13. Measured specificity. (a) Experimentally measured spectra of
matched and mismatched DNA solutions. (b) Details of the spectral shift.

The measured spectral shifts for different target ssDNA,
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which are 9-base mismatch (9-base), 2-base mismatch (2-
base), 1-base mismatch (1-base) and target ssDNA (target) as
shown in Fig. 13(a). Figure 13(b) shows that the spectral shifts
of 9-base, 2-base and 1-base mismatch ssDNA are 0.51 nm,
2.33 nm, and 3.56 nm, respectively. The measured wavelength
response of the target sSDNA is 3.71 nm, which is higher than
that of 1-base mismatch target sSDNA. Thus, the single nu-
cleotide mismatch recognition can be achieved. The proposed
ROFP can specifically recognize the target sSDNA sequence.
The drift difference between target sSDNA and 1-base mis-
match target ssDNA is 0.15 nm, which is much lower than
that of using TDN probes (1.04 nm). From the comparison
between the measured results of ssDNA and TDN probes, the
specificity of ROFP based on ssDNA probe is one order of
magnitude lower than that of TDN probes. The detection of
the proposed DNA OFB based on TDN probes has higher sen-
sitivity and lower LoD.

As shown in Table 3, the proposed DNA biosensor is
compared with OFBs based on different fiber-optic structures,
including sensitivity (S), and LoD. It can be seen that the pro-
posed DNA biosensor can achieve the highest sensitivity and
lowest LoD for DNA detection. Currently, in order to further
improve the LoD and sensitivity of OFBs: 1) Introducing op-
tical device with high resolution and further improve the isola-
tion of the biosensor. 2) Strengthening the interaction between
evanescent field and matter, i) Optimizing the size of biosen-
sor, enhancing the intensity and effective length between the
evanescent field; ii) Using two-dimensional and metal ma-
terials to enhance the interaction of light-substance; iii) Ex-
ploring novel biosensing mechanisms, such as paritytime-
symmetry*?! and kovacs-like memory effect.*3! 3) Regulat-
ing different nanostructured recognition probes to enhance the
high density and high efficiency binding ability.

Table 3. Comparison performance between different DNA OFBs.

Structure N LoD Ref.
Long period grating 0.25 nm/uM 10 nM [13]
TTD-PCFIL 632 pm/1g(fM) 410 aM [15]
MMF-SMF —7.72 nm/lguM 3pM [19]
WGM resonator 4.95 pm/1gftM 10 pM [34]
Tapered fiber 1.22 nm/IgM 1ftM [35]
PCF 0.02 nm/nM 10 nM [36]
C-type fiber 0.11 nm/nM 7.9 nM [37]
MMF-NCF-MMF 0.41 nm/nM 1.39nM [38]
ROFP 1.51 nm/lgaM 10 aM this work

5. Conclusion

In conclusion, a highly sensitive, ultra-low detection limit
3-D DNA nanostructure biosensor based on functionalized
ROFP is proposed and demonstrated. The proposed ROFP is
fabricated by flame heating and drawing method, with stress

vertical fractured reflection end-face and enhanced length and
intensity of evanescent field, due to the secondary interference,
with a diameter of 6 pum and a sensing area of ~ 3 mm. The
ROFP’s sensing interface is functionalized by TDN probes,
which reduces the ssDNA probes’ stacking and winding ef-
fect. Our approach achieves a mass limit of detection of
~ 10 aM based on the proposed DNA OFB with a sensitiv-
ity of 1.51 nm/lgaM. Compared to the sensing performance
using ssDNA probes, the wavelength shift of TDN probe
(~4.65 nm@1 fM) is about six-fold higher than that using ss-
DNA probe (~ 0.8 nm@1 fM). A particular single-nucleotide
mismatch sequence is also identified. The specific recogni-
tion ability of the proposed biosensor based on TDN probe is
one order of magnitude stronger than that of ssDNA. Owing
to its desirable merits of label-free, ultra-sensitivity, low LoD
and compact size (with length of 3 mm), the proposed OFB
reveals the DNA molecular conformational and dynamic pro-
cesses evolutions, which can construct an innovative in vitro
detection platform and find broad potential for applications in
the life and chemical sciences.
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