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Fig. 1 Schematic diagram of TFBG-SPR sensing system structure
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Fig. 2 Schematic diagram of mercury ion detection principle based on magnetic nanoparticles and aptamer base pairing
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Fig. 3 Signal response of TEBG-SPR mercury ion sensor based on aptamer and magnetic nanoparticles. (a) SPR spectrum response of

plasmonic optical fiber (concentration of mercury ion is 10 umol/L); (b) relative intensity change of modes 1-6 during mercury

ion detection; (c) total intensity change of modes 1-6 after 25 min reaction
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Fig. 4 Detection of different concentrations of TFBG-SPR

mercury ions using mercury ion sensor based on aptamer

and magnetic nanoparticles
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Fig. 6

Reproducibility test of TFBG-SPR mercury ion sensor based on aptamer and magnetic nanoparticles. (a) SEM image of

magnetic nanoparticles on sensing surface before reaction with mercury ions; (b) SEM image of magnetic nanoparticles on

sensing surface after reaction with 1 pmol/L. mercury ions; (c) SEM image of magnetic nanoparticles on sensing surface after

reaction with iodine ions; (d) SEM image of magnetic nanoparticles on sensing surface after secondary detection of mercury ions

at the same concentration; (e) total intensity change of TFBG-SPR cladding mode
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B 5 SR 2 W R T T RN M g KR T TFBG-
SPR R & T 8 H AT B 0% 00 52 o 6ff 4 A0 nT 5
AL S R i v ORI o [R) HSFR  4 K
B ELA SR 0 R TERE S RE S R R AR B TT
th 3 5 XCRE W% 4y B T H 4y 5L 34 &), 48 R SR BE 5 HhoaT A
PR 4 R RS T BB —T—Hg —T 45
PTG SA I LR 5 R AN KR 25 A B R K R 2%
J 4 JE R B Ty R . A R A B A AN
2 ORI B W 5 e, 6 At 43 25 vk 0 DB 2 04 A 4
BT KA B K B AR R I 4y B RE T .

1 BTl WAR FUREE 9 K KL T ) TFBG-SPR 7R 85 114 2% 2% [ i 5 1) 3,

Table 1 Recovery test of TFBG-SPR mercury ion sensor based on aptamer and magnetic nanoparticles

Sample Hg*" added /(nmol/L)  Hg*' found /(nmol/L) Recovery /% RSD(n=3) /%

0.5 0.482 96.40 3.10
Ultrapure water 50.0 51.535 103.07 2.56
5000.0 4981.000 99.62 5.27

0 4.767 - -
50.0 52.034 94.53 7.23

Tap water

60.0 60.255 92.48 4.99
80.0 85.981 101.52 8.92

0 0.614 - -
50.0 53.304 105.38 10.20

Rabbit serum

60.0 59.880 98.78 6.29
80.0 81.102 100.61 4.26

4 4k w

P& 0 — AT T R R oK B R U ) A S
WOCEF MR B g o LA BC A S 4 S P TH ) B e A& i
T IR IX, SR FH R A R M 40 KR - 3R 1745 5 OK | TRl s
BT 1 -Hg® 550 4 5800 o AR i P AE R . &8
S B UE AL A AT XF 1 pmol/L~10 pmol/L 7 Fl N
Y 7R B 5 He BE R AT R S v R 0 0, R 0 A BR AR
% 0.5 pmol/L. b, Z AL B 52 8L 1 2 M HFE i

(A SRR A iE ) oo & 700, i Ar [ 350 R
92.48%~105.38% , B ik T H: A PR o 2 FiEid
A FIRE AR 40 KB 7 K () TFBG-SPR 1% & 2% B A
e R A SRR B E A B IS )
PUI I PR32 W 7 100 A1 e 3 88 A W) 45y T L AT R A
14 07 FH AT 5% o

& % x W
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Abstract

Objective Mercury (Hg) is a volatile and highly toxic heavy metal element. Under the action of atmospheric deposition
and ocean circulation, mercury ions (Hg®" ) easily enter fresh water or the ocean, causing harm to the ecological
environment and human body. It is of great significance to develop a high-sensitivity mercury ion detection system for
environmental protection and human health. In recent years, various methods for the detection of mercury ions have been
developed, including atomic absorption spectrometry, fluorescent probe method, solid-phase extraction, and inductively
coupled plasma optical emission spectrometry techniques. However, these methods often require sophisticated
instruments, specialized operators, and time-consuming procedures. In addition, some of these methods are prone to
interference from other metal ions, which can lead to false positive results. DNA biosensor research has taken center stage
in the past decade, marking a significant advancement in heavy metal ion detection. Mercury ions selectively bind to two
thymidines (T). During the hybridization of DNA molecules, mercury ions can change the structure of some double helix
bases of DNA and form a T—Hg* —T mismatch structure, which is more stable than the base pair. The specific detection
of mercury ions as a heavy metal can be realized by using the T—T mismatch mechanism of DNA molecules. However, it
still faces the problems of low sensitivity, long response time, and low accuracy. Therefore, the demand for rapid and

precise mercury ion detection in clinical settings and environmental pollutant monitoring necessitates innovative approaches.

Methods In order to achieve specific, ultra-trace, and in situ mercury ion detection, a tilted fiber Bragg grating-surface
plasmon resonance (TFBG-SPR) biosensor based on aptamer and magnetic nanoparticles (MNPs) enhancement is
designed. TFBG-SPR has a rich mode field distribution and narrow linewidth, which enables the high-performance
detection of physical changes and chemical reactions without being affected by the external environment. To accurately
detect mercury ions, a streptavidin (SA) aptamer with T bases is specially designed to form T—Hg" —T pairing with
mercury ions, and SA-coated MNPs are used as signal amplification labels to improve ion detection performance. In the
experiment, a 50 nm gold film is sputtered on the TFBG cladding region to excite SPR, and the end face of the probe is
plated with a gold film to form a reflective sensing structure. Then, an aptamer with mismatched T bases is used to modify
the TFBG-SPR grating surface for specific mercury ion recognition. Finally, the mercury ions interacted with T bases to
activate the aptamer sequence and connect the MNPs. The refractive index of the sensor surface would change, and the

amplitude of the TFBG-SPR cladding mode responded to the perturbation of the refractive index.

Results and Discussions In this paper, a TFBG-SPR-aptamer-MNPs biosensor is proposed and used for mercury ion
detection. As mercury ions interact with T—T bases in the aptamer, and magnetic nanoparticles bond, the sensor surface
refractive index increases, and the SPR envelope redshifts. The plasma fiber envelope amplitude changes. According to the
unique characteristics of the TFBG-SPR cladding modes (opposite amplitude changes occur on both sides of the SPR
cladding mode), the final amplitude variation can be measured by differential amplitude demodulation, realizing high-
sensitivity, high-resolution, and high-Q refractive index change measurements. In the experiments, the amplitude variation
is found to be 3.633 dB for a Hg*" concentration of 10 pmol/L (Fig. 3), and the detection range is 1 pmol/L~10 pmol/L.
In Fig. 4, a linear relationship between the amplitude response and logarithmic value of the Hg"" concentration is obtained.
Thus, the limit of detection (ILOD) of mercury ion is estimated to be 0.5 pmol/L. based on the mean of the blank
background signal plus three times the standard deviation of the noise. In addition, the sensor exhibits good specificity
(Fig. 5) and reproducibility (Fig. 6), and the application potential of environmental pollutant monitoring and point-of-care
testing technology is confirmed by sample recovery measurements (Table 1). We obtain a recovery of 92.48%-105.38%
with a relative standard deviation of 2.56 %-10.20% for the actual samples.

Conclusions In summary, we demonstrate a unique biosensor using aptamer-SA-MNPs structure based on TFBG-SPR
for ultra-trace mercury ion detection. Aptamer-based sensors with high affinity and strong specificity solve the key
problems of stability and selectivity of biosensors in mercury ion detection. TFBG-SPR sensors operate in the common
communication wavelength band and exhibit minimal temperature cross-sensitivity and a high refractive index sensitivity.

By combining the high amplitude sensitivity of TFBG-SPR, the specific recognition of aptamer-mercury ion, and the
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effective signal amplification of MNPs, our sensor has achieved an LOD down to 0.5 pmol/L and a detection range of
10 ~10 ° mol/L. This sensor also exhibits good selectivity for Hg*" over other divalent metal ions. Furthermore, this
biosensor presents good recovery and is suitable for mercury ion detection in tap water and rabbit serum. The proposed
sensor can be applied in environmental monitoring and clinical diagnosis, including tumor microenvironment and point-of-

care testing technology.

Key words sensors; fiber optics sensors; fiber Bragg grating; surface plasmon; trace ion detection
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