Open Access Article. Published on 21 January 2025. Downloaded on 6/15/2026 9:59:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 1831

Received 17th November 2024
Accepted 7th January 2025

DOI: 10.1039/d4ra08156k

rsc.li/rsc-advances

ROYAL SOCIETY
OF CHEMISTRY

(3

Fiber ring laser biosensor based on no-core fibers
for label-free DNA biomolecule measurements

Lina Wang {2 *2 and Chong Li®

An erbium-doped fiber ring laser based on a single-mode fiber—no-core fiber—single-mode fiber (SMF-NCF-
SMF) structure was constructed and experimentally demonstrated for label-free DNA hybridization
measurement. The SMF-NCF-SMF structure acts as a sensing element and a filter to select the laser
wavelength. The proposed fiber ring laser sensor exhibits a high optical signal-to-noise ratio (SNR, >50 dB)
and narrow full width at half maximum (FWHM, <0.05 nm). Its refractive index sensitivity is 116.8 nm per RIU
in the range of 1.3406-1.3705, and its detection limit is 1.79 x 10~* RIU. By continuously monitoring the
laser wavelength, we successfully achieved label-free measurement of complementary DNA (cDNA) at
concentrations as low as 1 pM. Subsequently, the specificity of the sensor was detected by
non-complementary DNA (N-cDNA). Experimental results show that the fiber ring laser biosensor has the
advantages of simple operation, label-free measurement, and high specificity. Furthermore, it shows a broad

application prospect in several fields, especially in key areas such as medical diagnosis and cancer screening.

1. Introduction

Among various biosensors, DNA biosensors are important tools
for detecting DNA variation and gene expression, which are of
great significance in the fields of genetics, pathology, pharma-
cogenetics, food safety and criminology.* Currently, the poly-
merase chain reaction (PCR),®> loop-mediated isothermal
amplification (LAMP),* denaturing high-performance liquid
chromatography (DHPLC)® and fluorescent labelling® have been
widely used for DNA detection. However, these techniques have
disadvantages such as high reagent consumption and depen-
dence on highly specialized operations, which leads to high
cost, increased complexity and significant time-consumption.
In contrast, fiber-optic label-free DNA sensors have unique
advantages in biomedical detection owing to their compact
structure, high sensitivity, anti-electromagnetic interference, in
situ detection, multi-parameter sensing and low cost.” Various
optical fiber sensing schemes have been proposed for label-free
DNA detection. On the basis of their sensing mechanisms, they
can be classified as optical fiber grating (OFG),*° surface plas-
mon resonance (SPR),' Mach-Zehnder interferometry (MZI),*"*?
Michelson interferometry (MI),"*** Fabry-Perot interferometry
(FPI)** and Sagnac interferometry (SI).*®

However, sensing systems with broadband light sources
(BLSs) or amplified spontaneous emission (ASE) may have poor
resolution and low detection accuracy. To solve the problems of
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low output spectral intensity and a large full width at half
maximum of traditional sensing systems, tunable erbium-doped
fiber (EDF) ring lasers have been widely studied.”** In 2017, Fen
Yu et al. fabricated a fiber ring laser based on the SMF-TCF-SMF
structure for refractive index measurement.” Its refractive index
sensitivity was 44.88 nm per RIU. A high optical signal-to-noise
ratio of >50 dB and a narrow full width half maximum of
<0.11 nm were obtained. In the same year, Lu Cai et al. designed
a fiber ring laser based on a core-offset Mach-Zehnder interfer-
ometer.”* Its refractive index sensitivity was 38.1 nm per RIU and
detection limit was 4.54 x 10~*. However, to date, there have
been fewer studies on fiber ring laser sensors for the detection of
DNA hybridization, which forms the purpose of this paper.

In this paper, a fiber ring laser biosensor based on an SMF-
NCF-SMF structure for label-free DNA detection is proposed.
The sensing head is fabricated by splicing a section of no-core
fibers between two single-mode fibers, which has the advan-
tages of offering a simple structure and easy fabrication.
Compared with the traditional sensing system, the output spec-
tral line width of the fiber ring laser is much narrower, thereby
improving spectral resolution. In addition, the SMF-NCF-SMF
structure can be used not only as a band-pass filter for the
laser, but also as a sensing head. The functionalized sensing
head enables specific recognition of low concentrations of cDNA.

2. Materials and methods
2.1 Sensor structure and fabrication

Fig. 1 shows the schematic of the multimode interference
sensor based on SMF-NCF-SMF. The effective refractive index,
diameter and length of the NCF are 1.457, 125 pm and 59 mm,
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Fig. 1 Schematic of the sensor head based on the SMF-NCF-SMF
structure.

respectively. This sensor head is simple to fabricate by fusing
a section of the NCF between two SMFs. The optical fiber
waveguide presents different propagation constants and mode
field distributions due to variations in the RI of the external
environment. From the MMI principle, the output interference
spectrum is shifted. Therefore, the measurement of the external
environment RI can be achieved by calculating the relationship
between the RI and the characteristic wavelength.>

2.2 Theoretical simulation

Fig. 2(a) shows beam propagation along the NCF at 1550 nm,
and the focusing will occur periodically at specific positions of
the NCF. The simulations are performed based on a beam
propagation method (BPM). The simulated transmission spec-
trum based on the SMF-NCF-SMF structure with a wide band-
width is shown in Fig. 2(b). The transmission peak wavelength
Ar can be expressed as follows:

nD?
he = k==

(1)
where k is the self-imaging number (k=0, 1, 2, ...), and n, D and
L are the effective refractive index, diameter and length of the
NCF, respectively. The length of the NCF is chosen to be 59 mm
and the fourth self-image is used to obtain the narrowest
spectral bandwidth and the smallest insertion loss.

2.3 Experimental materials

Poly-t-lysine (PLL), phosphate buffer solution (1 x PBS, pH =
7.2-7.4) and DNA synthesis sequences for the experiment were
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purchased from Sangon Biotech engineering Co., Ltd
(Shanghai, China). The DNA sequences were kept frozen in
a refrigerator, and the test experiments were performed at room
temperature (26 °C £ 0.1 °C). All the DNA sequences are shown
in Table 1.

N-cDNA is used to explore the specificity of DNA molecular
hybridization. The FAM fluorophore is a fluorescein derivative,
also known as carboxy-fluorescein. With the help of FAM
fluorescent-labeled DNA, the binding of DNA molecules to the
fiber surface can be verified. The solution required for the
experiment is configured as follows:

(a) PLL solution: 25 mg of PLL powder is added to 2.5 mL of
ultrapure water and shaken well. The configured PLL stock
solution with a concentration of 10 mg mL™" is divided into
centrifuge tubes and stored in the refrigerator. In the experi-
ment, the stock solution is diluted to a coating solution with
a concentration of 0.1 mg mL ™.

(b) DNA solution: pDNA solution (10 uM), cDNA solution (1
uM, 3 uM, 5 uM, and 10 pM) and N-cDNA solution (5 pM) are
prepared by pipetting PBS into centrifuge tubes containing the
DNA sequence. All the DNA solutions are stored in a refrigerator
at 4 °C and protected from light.

2.4 Measurement system

The sensing system of the fiber ring laser based on the NCF is
shown in Fig. 3. The fiber ring cavity laser consists of a 980 nm
pump, a wavelength division multiplexer (1550 nm/980 nm,
WDM), a section of erbium-doped fibers (EDFs) with a length of
2 m, an isolator (ISO), a sensing head, a 10: 90 coupler and an
optical spectrum analyzer. The EDF is used as the gain medium,
and the ISO is used to maintain the unidirectionality of the
laser. When transmitted light reaches the sensing head, the
formed interference spectrum acts as a wavelength selector.
Only one peak is amplified into a laser line, and the laser is
finally outputted from the 10% port of the coupler to the OSA
after multiple cycles in the cavity. As the interference spectrum
of the sensing head varies with external environmental
parameters (e.g., temperature, strain and refractive index), the
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(a) Simulated beam propagation along the NCF at 1550 nm. (b) Simulated transmission spectrum based on the SMF-NCF-SMF structure.
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Information of DNA synthesis sequences used in the experiment

Biomolecules

Sequence (5'-3')

Probe DNA (pDNA)
Complementary DNA (cDNA)
Non-complementary DNA (N-cDNA)
FAM fluorescent labeled pDNA

Pump 980nm

WDM 1550/980nm

Coupler 10:90

Sensing structure

Fig. 3 Schematic of the fiber ring laser sensing system.

laser wavelength also changes. Therefore, the detection of DNA
hybridization can be achieved using OSA to monitor the laser
wavelength.

2.5 Functionalization of the biosensor

Fig. 4 shows the fiber surface functionalization and biological
bonding process. The details of the process are as follows:

(a) The fiber sensing head is cleaned with ultrapure water
and dried in air for 5 minutes. To prevent damage, the sensing
head is fixed on a slide.

(b) The cleaned fiber is placed in a plasma cleaner for surface
treatment. This method is less time-consuming and more

Plasma cleaning

——
Hydroxylation

cDNA 60 min

W,

5'-AGGAGGAGACTTAAGTAAAA-3
5'-TTTTACTTAAGTCTCCTCCT-3’
5'-CTCACGTTAATGCATTTTGGTC-3’
5'-FAM-AGGAGGAGACTTAAGTAAAA-3'

efficient than chemical etching and avoids the harmful effects
of chemicals.

(c) The prepared PLL solution is injected into the flow cell
and left to stand for 1 hour. The sensing element is then dried
in air for 5 minutes. PLL attached to the fiber surface forms
a thin molecular layer with uniform thickness and enhanced
stability.

(d) The pDNA strand has a negatively charged phosphate
group that binds to the +NH, groups on PLL via electrostatic
attraction. Using this method, pDNA can be immobilized on the
surface of the optical fiber.

(e) cDNA hybridization experiments were performed to
evaluate the sensing performance of the prepared sensor. When
c¢DNA molecules are present in the solution, pDNA and cDNA
combine to become a double helix structure at room tempera-
ture. The attachment of a larger number of biomolecules leads
to an increase in RI on the fiber surface, resulting in a shift in
the laser wavelength.

3. Results and discussion
3.1 RI sensing performance

Firstly, the response sensitivity of the sensor to different
concentrations of sodium chloride (NaCl) solution was experi-
mentally investigated, and the results are shown in Fig. 5(a and
b). The RI of NaCl solution ranges from 1.3406 to 1.3705, which
was determined using a digital Abbe refractometer. The

PLL 60 min

pDNA 60 min

S

Fig. 4 The schematic of the fiber surface functionalization and biological bonding process.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 1831-1837 | 1833


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08156k

Open Access Article. Published on 21 January 2025. Downloaded on 6/15/2026 9:59:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a) 104 13406
=20
S 230
c ]
N
2 401
7
5 -50
E
-60
=70
—80 T T T T T
1557 1560 1563 1566 1569
Wavelength (nm)

(b)

View Article Online

Paper
1565
Equation y=a+b*x
Intercept 1404.03 L
1564 4 Slope 116.82
,g ] |R-Square(COD) 0.991
=
SN
= 1563
=
an
=
[0
© 1562 1
>
=
1561 4
)
1560 T T T T T

L v v i v — T T
1.340 1.345 1.350 1.355 1.360 1.365 1.370 1.375
Refractive index (RIU)

Fig. 5 The shift in the laser wavelength with the RI. (b) The relationship between wavelength shift and the RI.

variation in the laser wavelength with the RI is shown in
Fig. 5(a). As the RI increases, the peak shifts towards longer
wavelengths. The peak intensity remains almost constant, and
the SNR is higher than 50 dB. As shown in Fig. 5(b), the RI
sensitivity of the fiber ring laser based on the SMF-NCF-SMF
structure is 116.8 nm per RIU. There is a good linear relation-
ship between the wavelength shift and RI, and the R® value is
0.991. The detection limit (DL) of the experimental system can
be expressed as follows:

R
DL = < 2
. )
where S is the measurement sensitivity of the fiber ring laser
and R is the resolution of the system, which can be expressed as

follows:

— — 2 2 2
R =30 = 3\/gampl-n0ise + 0 temp-induced + O spect-tes (3)

where oamplnoise 1S the amplitude noise of the sensing system
and can be approximated as follows:

Gampl-noise = (FWHM)/(4.5 x (SNR)0.25) (4)

where Gemp-induced 1S temperature stability, which is generally
small and negligible. ogpecrtes 1S spectral resolution, which can
be expressed as follows:

Ospect-tes — RW/Z\/g (5)

where R, is the wavelength scanning resolution of the spec-
trometer, which is 0.02 nm. As shown in Fig. 5(a), the FWHM is

0.05 nm and the SNR is about 50 dB. According to eqn (2)-(5),
the R of the sensing system can be theoretically calculated as
0.021 nm, and the DL of the RI is 1.79 x 10~ * RIU. The proposed
fiber ring laser has the advantages of high intensity, a narrow
FWHM and a high SNR, which can improve the spectral quality
and detection limit of the sensing system.

Table 2 lists the performance of our proposed sensor
compared with that of other sensors. As shown in Table 2,
although the proposed sensor does not stand out in terms of RI
sensitivity, its detection accuracy is much more superior and
improves by an order of magnitude compared to other that of
types of sensors.

3.2 Immobilization of PLL and pDNA

The wavelength acquisition function is used to monitor the
functionalization and biomolecule binding on the surface of the
optical fiber in real time, as shown in Fig. 6(a and b). The
wavelength response induced by PLL binding on the fiber
surface is shown in Fig. 6(a). It can be seen that the peak shifts
towards the longer wavelength and stabilizes at about 60
minutes, with a maximum shift of 50 pm. This is mainly due to
the fact that PLL is deposited on the surface, which increases
the RI of the fiber surface, resulting in the shift of the laser
wavelength.

The results of the continuous wavelength acquisition of 10
uM pDNA by the functionalized fiber ring laser are shown in
Fig. 6(b). The experiment was repeated at least three times to
ensure the accuracy of detection results. The laser wavelength
shifts towards a longer wavelength and tends to be stable at

Table 2 The performance of our proposed sensor compared with that of other sensors

Sensing configuration SNR (dB) FWHM (nm) Sensitivity DL Ref.
Tapered photonic crystal fiber 15 15 750 nm per RIU 4.52 x 107 RIU 23
interferometer

Cladding-etched thin-core fiber 15 18 493.9 nm per RIU 4.14 x 107* RIU 24

Single mode tapered fiber-optic 10 30 1.5 x 10~* nm per RIU 6.24 x 10 ° RIU 25
interferometer

Fiber ring laser sensor >50 <0.05 116.8 nm per RIU 1.79 x 10~ * RIU This work
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around 30 minutes. The total wavelength shifts are 65 pm, 62
pm and 64 pm, respectively. The maximum difference in
wavelength shift is as low as 3 pm. The good consistency of the
three tests shows that the sensor has good repeatability.

Using a FAM fluorescent labeled pDNA molecule, we verified
that the laser wavelength shift is due to the binding of DNA
biomolecules on the fiber surface. The excitation and emission
wavelengths of FAM fluorescent dye are close to those of FITC
fluorescein at 492 nm and 518 nm, respectively. The obtained
images using the FITC module of a fluorescence microscope are
shown in Fig. 7(a and b). As shown in Fig. 7(a), no fluorescence
appeared on the sensor surface of unlabeled pDNA. In contrast,
the surface of the sensor fluorescent labeled with FAM is excited
with a very bright green fluorescence, as shown in Fig. 7(b). This
result confirms that the functionalization process described
above can successfully immobilize DNA on the optical fiber,
thus inducing a wavelength shift in the spectrum.

3.3 Label free detection of cDNA

To explore the application of the fiber ring laser sensor in
biochemical detection, cDNA samples at concentrations of 1
uM, 3 uM, and 5 uM are tested. Each concentration is tested at
least three times, and the results are shown in Fig. 8(a-c). The
peak wavelength tends to be stable at around 30 minutes, and
the maximum wavelength shifts for each concentration are 25
pm, 50 pm and 85 pm, respectively. The proposed sensor can be
reused by simply cleaning the fiber with a plasma cleaner to
remove the DNA adsorbed on the fiber surface. The wavelength
shift difference between the three tests is small, which indicates
that the sensor has good repeatability.

(a)

Fig. 7
pDNA molecule.
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(a) Wavelength shift of the sensor after PLL functional modification. (b) Wavelength response of 10 uM pDNA.

The fluctuation of the sensor in solution greatly affects its
biosensing results, especially for low concentration detection.
The sensor is immersed in PBS buffer solution, and the laser
peak wavelength was collected continuously for 60 min, and the
results are shown in Fig. 8(d). It can be seen that the sensor has
good wavelength stability. The total wavelength shift
throughout the test is 7.75 pm with a standard deviation of 1.19
pm.

The relationship between wavelength shift and cDNA
concentration is shown in Fig. 9(a). When the detection
concentration increases from 1 uM to 10 pM, the sensor grad-
ually reaches saturation. As shown in the illustration, the linear
sensitivity is 15.33 pm uM " in the concentration range of 1 pM
to 5 uM. The small relative standard deviation (RSD) indicates
that the measurement error of the sensor is small and its
repeatability is good. Considering the triple standard deviation,
the LOD of the sensor can be calculated as 0.23 uM.

To evaluate the specificity of the fiber ring laser sensor for
DNA hybridization, we performed controlled experiments using
1 uM, 3 uM, 5 uM and 10 uM cDNA and N-cDNA, and the results
are shown in Fig. 9(b). The sensor exhibited different wave-
length shifts for the same concentration of cDNA and N-cDNA.
For sample solutions with concentrations of 1 uM, 3 uM, 5 uM
and 10 uM cDNA, the wavelength shifts observed within 60 min
are 24.5 pm, 50.9 pm, 85.6 pm and 89.8 pm, respectively. In
contrast, for 1 uM, 3 uM, 5 uM and 10 uM N-cDNA, the sensor
showed wavelength shifts of 3.5 pm, 11 pm, 23.6 pm and 23.8
pm, which are mainly due to the electrostatic adsorption of N-
c¢DNA by a very small number of PLL molecules that were not
bound to the probe. Within 60 min, the wavelength shift of 1
UM cDNA (24.5 pm) is seven times that of 1 uM N-cDNA (3.5

(b)

i i — I s

(a) Fluorescence microscopy images of the sensor with the pDNA molecule. (b) Microscopy images with the FAM fluorescent labeled
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mentary and non-complementary cDNA.

pm). Even for high concentration of 10 uM biomolecules, the
wavelength shift of cDNA (89.8 pm) is 3.77 times that of N-cDNA
(23.8 pm). These results confirm that the biosensor exhibits
good specificity for cDNA detection even in the presence of high
concentrations of non-specific biomolecules, ensuring high

detection accuracy.
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Fig. 8 Response curves for specific binding of different concentrations of target solutions: (a) 1 uM cDNA; (b) 3 uM cDNA; (c) 5 uM cDNA. (d)
Wavelength fluctuation test of the sensor.

(a) Wavelength shift and error of different concentrations of cDNA hybridization. (b) Comparison of the wavelength shift of comple-

In summary, a novel method for label-free DNA hybridization
detection based on the SMF-NCF-SMF structure of an erbium-
doped fiber ring laser is proposed. Experimental and simula-
tion results show that the fiber ring laser exhibits a high optical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SNR and narrow FWHM, which significantly improves the
detection accuracy of the sensing system. In the RI range of
1.3406-1.3705, the sensitivity reaches 116.8 nm per RIU, and
the detection limit is 1.7 x 10~ * RIU. The gradual modification
and functionalization process of the sensing fiber is monitored
in real time by continuously detecting the laser wavelength, and
label-free measurements of cDNA with concentration as low as 1
uM are achieved. In addition, the specificity and repeatability of
the fiber ring laser functionalized by PLL and pDNA are tested.
The sensing system demonstrates high specificity and good
repeatability, which opens up a promising platform for label-
free DNA detection.
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