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The monitoring of heavy metal ions content has positive significance for water resources quality monitoring and
environmental protection. Herein, a tapered microfiber sensor functionalized polydopamine/4-mercaptopyridine
(PDA/4-MPY) film for detection of trace mercury ion (Hg?") concentration in water is proposed and demon-
strated. The microfiber interferometer has excellent sensing performance including a refractive index (RI)
sensitivity response of 1146 nm/RIU and a low-cross temperature response of —0.03 nm/°C. Hg?" heavy metal
ion is captured by the surface functional film to affect the RI of the microfiber surface, which lead to the
wavelength shift of the interference spectrum. Experiments demonstrate that the sensor has an obvious regular
response to Hg?* in the range of 0-100 nM, in which the sensitivity reaches 1.015 nm/nM in the range of 0-10
nM with a high reliability (R% = 0.99). This sensor has high sensitivity response and strong specific recognition to
trace Hg?" concentration under the advantages of simple fabrication and low cost. Furthermore, the success of
the proposed sensor also indicates that the combination of microfiber and nanomaterial has a bright prospect in
the field of optical detection.

Introduction

As one of the most typical toxic heavy metal ions in nature, mercury
ions (Hg?") exist widely in water environment and living organisms
[1-3]. Hg?* can be enriched into the human body through drinking
water and food chains to cause a variety of diseases. Even the presence of
trace amounts in the human body can also harm the digestive, kidney
and central nervous system, and high levels can cause shock or even
death [4-6]. In the face of this toxic heavy metal ion, the U.S Environ-
mental Protection Agency and the World Health Organization limit the
content of drinking water to no more than 10 nM and 30 nM, respec-
tively [7,8]. Therefore, the proposal of Hg" sensor with high sensitivity,
good selectivity and low detection limit has the vital practical value and
significance for environmental protection and human safety.

According to previous studies, a variety of analytical techniques have
been used for the detection of Hg2+ concentration. Cui et al. (2019) have
proposed a colorimetric sensor based on covalent organic frameworks
nanosheets for measuring Hg2+ concentration [5]. Ma et al. (2020) have
detected Hg?* concentration using a controlled release system electro-
chemical aptasensor combined with mesoporous silica nanocontainers

[6]. Guo et al. (2020) have used Raman chip designed by modification of
4-pyridinethiol/gold nanoparticles/indium tin oxide film for measuring
Hg?* concentration [9]. Farideh et al. (2021) have proposed a Hg?"
sensor based on polymer nanofiber network and combined with anodic
stripping voltammetry to determine Hg?* concentration [10]. Selvaraj
et al. (2021) have used fluorescence spectroscopy to measure the
brightness of Hg?" bound to tetraphenylethene derivative containing a
mercury-binding moiety to obtain Hg?* concentration [11]. The above
studies fully reflect that the introducting nanotechnology has injected a
new vitality into the development of optical and electrochemical
detection technology. The addition of nanotechnology also greatly in-
creases the sensitivity and specificity of the detection results. However,
the fluorescence, electrochemistry, Raman and other techniques used
above usually require expensive specialized equipment, complex syn-
thesis of chemical reagents and professional knowledge of operating
instruments [5,6,9-11], which virtually increases the cost and difficulty
of the experiment.

According to previous studies, as a kind of developable multi-
function platform, a variety of optical fiber sensing techniques have
been used to detect the concentration of heavy metal ions because of its
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Fig. 1. (a) Schematic diagram of tapered microfiber interferometer structure with parameters (the insets are the SEM morphology); (b) Schematic diagram of

microfiber sensor detection system.

unique advantages of small size, light weight, electromagnetic immu-
nity, and high sensitivity [12-14]. Kishore et al. (2017) have used fiber
Bragg grating sensor combined with hydrogel coating with expansion
ability to measure the concentration of chromium ion (Cr®) solution
[15]. Zhang et al. (2018) have used a interferometer fiber sensor
composed of fiber Bragg grating, coreless fiber and chitosan/polyacrylic
acid sensitive film to measure the ngJr concentration [16]. Sadani et al.
(2019) have proposed a U-bend optical fiber immobilized chitosan
capped gold nanoparticles for trace detection of Hg?* in diverse matrices
[17]. Yin et al. (2019) have developed a microfiber coil resonator based
on black phosphorus to detect lead ions (Pb*") in water [18]. Yuan et al.
(2019) have used a fiber-optic surface plasmon resonance sensor by
forming a sandwich structure to detect the HgZJr concentration [4]. Liu
et al. (2019) have used optical fiber fluorescence sensors to measure the
Hg?" concentration by measuring the quenching degree of luminescent
quantum dots on the surface of tapered optical fiber probe after binding
to Hg2+ [19]. Acha et al. (2020) have used the aptamer-based tapered
fluorescent fiber sensor to detect the Hg2+ concentration in water [20].
Yi et al. (2022) have achieved the measurement of nickel ions (Ni2+)
concentration in the 10-100 nM range by using a tapered microfiber
sensor coated with an ion-imprinted chitosan polymer [21]. The optical
fiber sensors mentioned above have made great achievements in the
field of heavy metal ion detection by virtue of their unique structures
and materials. However, the fabrication of grating devices require the
expensive femtosecond laser, a carbon dioxide laser or 193/248 nm
excimer ultraviolet laser. The fiber-optic surface plasmon resonance
sensors usually need precious metal nanoparticles and complex sand-
wich structures and fiber-optic fluorescence sensors are particularly
sensitive to the interference. In order to solve this series of problems, as a
typical representative of optic-fiber device, the tapered microfiber
interferometer is considered to be a promising sensor for object con-
centration analysis due to its super evanescent wave, simple fabrication,
low cost and ultra-high sensitivity [12,13,22]. The sensitivity and

specificity of the sensor can be further improved by adding the polymer
coating that can specifically bind to the molecule to be measured on the
surface of microfiber, which further broadens the application field and
practical value of microfiber [13,14,22,23]. The interaction between the
sensitive material and the object to be measured will affect the char-
acteristics of the output light, which makes the biological and chemical
signals converted into optical signals through the microfiber sensor
[24].

The polydopamine (PDA) is a kind of biomolecular material with
strong adhesion ability similar to mussel adhesion protein, which is a
dark brown colloid formed by self-polymerization of dopamine (DA) in
alkaline buffer and aerobic environment [25,26]. PDA is often used as a
biofilm to modify solid materials because of its easy and uniform
adhesion to the surface of various solid materials [27,28]. In particular,
PDA contains a large number of amino, hydroxyl, catechol and other
active groups, which can be coupled with molecules containing sulfhy-
dryl (-SH) and amino groups through Michelson or Schiff base reaction
to achieve further modification [13,28-30]. 4-mercaptopyridine (4-
MPY) is selected as a suitable intermediate material, the -SH of 4-MPY
can be coupled with DA and its pyridine nitrogen (N) can combine
with detected Hg?" to form stable Hg(MPY), complex via multidentate
N-bonding [4,9,31], which provides practical value for the subsequent
microfiber sensor to detect the Hg?" concentration.

In this work, a tapered microfiber interferometer functionalized
PDA/4-MPY film is proposed to detect Hg?" concentration with high
sensitivity and selectivity. With its unique conical structure and ultra-
fine diameter, the microfiber interferometer has excellent sensing per-
formance including a refractive index (RI) sensitivity response of 1146
nm/RIU and a low-cross temperature response of —0.03 nm/°C. The
PDA/4-MPY film functionalized sensor realized by one step dip-coating
method. Subsequent experiments and analysis demonstrate that this
proposed sensor has a obvious response of Hg?" detecting concentration
at 0-100 nM with a high sensitivity of 1.015 nm/nM in the range of
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Fig. 2. (a) Principle diagram of microfiber sensor for Hg?" concentration detection (the insets are the transverse electric field amplitude distribution of HE;; and
HE;, in the major interference modes); (b) RI and temperature response of the microfiber interferometer with error bar.

0-10 nM. In addition, it is confirmed that the sensor has a good specific
recognition of Hg?". The proposed sensor has positive significance for
Hg?* concentration analysis and quality monitoring protection in water
environment. Meanwhile, the platform of microfiber device function-
alized with sensitive materials is also expected to exert its potential
strength in more applications in the future.

Experimental section
Reagents and instruments

Dopamine hydrochloride (DA, 98 %), tromethane hydrochloride
buffer (Tris-HCl, 1.0 M, pH8.5), 4-Mercaptopyridine (4-MPY, 96 %),
mercury nitrate monohydrate (Hg(NO3)2-H20, 99.5 %), aluminum
chloride (AICl3, 99 %), nickel chloride (NiCls, 99 %), sodium chloride
(NaCl, 99.5 %), calcium chloride (CaCly, 99.99 %), copper chloride
(CuCl,, 98 %), ferrous chloride (FeCl,, 99.5 %) and lead chloride (PbCls,
99.5 %) were purchased from Shanghai Macklin Biochemical Technol-
ogy Co., Itd. (Shanghai, China). Tris-HCl buffer was used to dissolve DA
and 4-MPY. Deionized water (DI) was used to dissolve the tested solu-
tions of heavy metal ions.

The instruments used in the experimental testing process included an
amplified spontaneous emission (ASE) light source and an optical
spectrum analyzer (OSA, Anritsu MS9740A, Japan). In addition, the
instruments used in preparation and analysis process included digital
refractometry (Reichert 13940000), optical fiber fusion splicer (Fujikura
FSM-60S, Japan), temperature incubator (HT-330, China), 3D Printers
(DDKUN, China), electronic analytical balance (LICHEN FA1004,
China), scanning electron microscopy (SEM, ZEISS SIGMA 300, Ger-
many), energy dispersion X-ray (EDX, Ultim Extreme, Britain) spec-
trometer, Raman spectrometer (Thermo DXR2xi, USA) and
metallographic microscope (Caikon DMM-200C, China).

Sensor fabrication

Firstly, a special optical fiber (germanium-doped silica fiber) with a
length of 2-3 cm was connected between two ordinary single-mode

optical fibers by fiber fusion machine. The microfiber interferometer
was fabricated by the fused taper technology, which required the special
optical fiber to be fixed on a stretchable displacement platform, and then
stretched a certain distance at a uniform speed after 5 s burning by
butane flame [32,33]. In order to balance the stability and sensitivity of
the sensor, we made a microfiber with special parameters as shown in
Fig. 1a. It was observed that the tapered microfiber sensor included a
uniform area with a length of 12 mm and a diameter of 10.5 pm and two
transition areas with a length of 3 mm. The insets were the real map of
each part of the tapered microfiber by the metallurgical microscopy.

Experimental facility

The diagram of the experimental device was shown in Fig. 1b. The
light within the range of 1528-1603 nm emitted by a band ASE light
source was transmitted to an OSA with a resolution of 0.03 nm. The
fabricated microfiber interferometer between the two devices to form
the interference spectrum, which was detected by OSA apparatus. To
ensure that the volume of the tested solution was the same and the so-
lution wasn’t easy to flow out by testing, the sensor was placed in a
special concave groove that widths of 5 mm and 2 mm on the middle and
sides, and the depth of the groove is 2 mm.

Sensing Principle

The non-adiabatic tapered microfiber realized the Mach-Zehnder
interferometer (MZI) because of its three special regions: down-taper,
up-taper and uniform region. The mode leakage occured when the
light passed through the one taper region, which excites the high-order
mode. The fundamental mode and the high-order mode were trans-
mitted through the uniform region together. Due to the significant dif-
ference in the RI inside and outside the microfiber, the fundamental
mode and the high-order mode were coupled together to produce
interference fringes when transmitted to the other taper region [34-36].
RI sensitivity is an important parameter to measure the performance of
microfiber sensor and it represents the influence of the change of
external refractive index of microfiber on the wavelength of interference
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Fig. 3. (a) The metallographic microscopic images and (b) the spectral variation of the microfiber interferometer immersed in PDA/4-MPY mixed solution after 10,
20, 30 and 40 min respectively; (c) Linear response of the sensor to Hg>" concentration in the range of 0-10 nM after soaking in PDA/4-MPY solution for different
times; (d) The wavelength shift of the interference spectrum after the microfiber interferometer immersed in PDA/4-MPY mixed-solution for 20 min.

spectrum. It can be expressed by the following formula [13,32,33,37]:

di /1( 1 dAneff)

s = ==
dn,,,ed I Aneff dn,,,ed

(€8]

4 dAngy
Angp  dA

effect of RI difference with wavelength and is typically negative in mi-
crofiber systems. where n,,.; denotes the RI of the medium, which is the
RI of the PDA/4-MPY film in the experiment. dn,,, is the RI change of
the medium, and its small change can affect the change of the interfer-
ence wavelength. Due to the special structure of the tapered microfiber
interferometer, mode coupling and reorganization will occur in the
taper region, among which the main modes are fundamental HE;; and
high-order HE;> modes, as shown in the illustration in Fig. 2a. An,y is
the mode index difference between HE{; and HE;» modes and dAn,;/
dn,,., is the RI-induced variation of the index dependence. Although the
exponent of both the HE;; and HE;» modes increases as the RI of the
external environment increases, the exponent of the HE;; mode in-
creases less than that of the HE;5 mode, so dAn,;/dn,.. is a negative
value. Based on the above analysis, it can be concluded that S is positive,
indicating that the wavelength of the interference spectrum will be red-
shifted with the increase of the RI of the external medium. After the
detected Hg?" is captured by the 4-MPY film on the surface of the mi-
crofiber sensor, the RI of the external medium would increase and the
interference wavelength will be redshifted, as shown in Fig. 2a.

In addition to the influence of the RI change in the external medium
on the RI sensitivity, the RI sensitivity is closely related to the diameter
of the microfiber. The smaller diameter of the microfiber provides
stronger evanescent field resulting in higher RI sensitivity [32,34,37].

whereI' =1 — is the dispersion factor, which represents the

Results and discussion
Basic sensing performance

High RI sensitivity and low-cross temperature response are two key
indexes to evaluate the sensor performance. In order to accurately
measure the RI response of the sensor, the sodium chloride solution with
different RI is measured through the above experimental apparatus.
After each measurement, the sensor is cleaned with DI water and the
next measurement is carried out after the spectrum returned to its initial
position in the air. The good repeatability of the RI response of the
sensor is verified by three times experiments using the same microfiber
interferometer. The RI response is obtained by analyzing and fitting the
position change of interference spectrum dip. Fig. 2b (left) shows a
linear fitting diagram of the RI response of the microfiber interferometer
with error bar, which shows that the sensor has a RI sensitivity up to
1146 nm/RIU with minimal error.

The low-cross temperature response can minimize the interference
caused by the temperature change in the testing process. The fabricated
microfiber interferometer is placed in a custom thermostat, and the
temperature response of the microfiber interferometer is obtained by
analyzing the change of the dip position of the interference spectrum as
the increase of temperature. Fig. 2b (right) shows the linear fitting di-
agram of the temperature response of the microfiber interferometer
under the repeated measurement results. It can be seen from the diagram
that the microfiber interferometer has an extremely low-cross temper-
ature response and the sensitivity is —0.03 nm/°C within the range of
30-90 °C.
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Fig. 4. (a) SEM characterization of the fiber coated with PDA/4-MPY film; (b) EDX analysis (the inserted table is element content analysis) with (c) the mapping

analysis; (d) The Raman spectra of 4-MPY film before and after Hg>" binding.

Sensor characterization

The reasonable combination of nano-material layer and microfiber
interferometer under specific conditions is the highest priority to obtain
the functional sensor. 0.2 g hydrochloride DA powder is dissolved by
100 mL Tris-HCl buffer to form 2 g/L PDA solution, which is stirred for 1
h in an aerobic environment to obtain PDA solution through self-
polymerization [13,25,38,39]. Then 0.12 g 4-MPY is added to PDA so-
lution. PDA/4-MPY mixed solution is formed by Michelson addition
reaction between the 4-MPY and PDA [29,30]. The nano-material layer
composed of PDA/4-MPY mixed-solution is uniformly coated on the
surface of optical fiber by the one step dip-coating method [13,38,40].
The choice of soaking time is the key factor for forming a uniform film.
Fig. 3a shows the metallographic microscopic images of optical fibers
soaked in PDA/4-MPY mixed-solution for 10, 20, 30 and 40 min
respectively, which indicates that the coating layer formed under 20 min
is denser than that formed under 10 min, and similar to that formed
under 30 and 40 min. Fig. 3b shows the spectral variation of the mi-
crofiber interferometer immersed in PDA/4-MPY mixed solution with
soaking time, from which it can be seen that soaking for a longer time
may deteriorate the spectra and increase losses. Fig. 3¢ shows the linear
response of the sensor to Hg?" concentration in the range of 0-10 nM
after soaking in PDA/4-MPY solution for different times. It can be seen
from the Fig. 3c that the sensitivity and accuracy of the response at the
time of soaking for 20 min are much higher than those at other times.
Fig. 3d shows the wavelength transfer diagram of the interference
spectrum after the sensor immersed in PDA/4-MPY mixed-solution for

20 min in the repeated measurement results, which shows that the
wavelength is about red-shifted 3.5 nm after 20 min. Therefore, as the
optimal time condition, 20 min is finally chose to form a uniform film
coating on the surface of microfiber interferometer under the trade-off
between the best effect and the production time cost [13,38].

The surface morphology and chemical composition of the fiber
coated with PDA/4-MPY materials film are confirmed by SEM with EDX
spectroscopy analysis, and the result is shown in Fig. 4. Fig. 4a shows the
SEM diagram of fiber with material layer. Fig. 4b shows the results of
elemental analysis on the surface of the fiber, in which the presence of
element N indicates the successful attachment of the PDA/4-MPY ma-
terial layer [41]. Fig. 4c is the mapping analysis of corresponding Si, C, N
and O elements. Fig. 4d shows the Raman spectra of 4-MPY film before
and after Hg?* binding. By using Raman spectrometer with excitation
wavelength of 532 nm for testing sample in Fig. 4d, it can be seen that
the Raman spectrum peak value of 4-MPY reveals at 1043 and 1615
cm™! (black line). The coordination of mercury ions with pyridine ni-
trogen (N) will disturb the electron distribution between the different
bonds in the aromatic ring of 4-MPY, which causes the peak attenuation
and shift of the Raman spectra of 4-MPY at 1047,1608 cm ! (red line)
[9,42-44]. Thus, the specific binding mechanism between 4-MPY and
Hg?* can provide a strong guarantee for the Hg?' concentration
detection in subsequent experiments.

Hg>" concentration detection

Fig. 5a shows the schematic diagram of Hg?' concentration
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Fig. 5. (a) The schematic diagram of Hg?" concentration detection by PDA/4-MPY film functionalized microfiber sensor; (b) The response of the sensor to Hg>" in
the range of 0-100 nM; (c) The linear response of the sensor to Hg>" in the low range of 0-10 nM; (d) The shift of the corresponding interference spectrum; (e) The

wavelength response of the interference spectrum.

detection by PDA/4-MPY film functionalized microfiber sensor. The
experiment is mainly divided into two steps: the fabrication of func-
tionalized microfiber sensor and the detection of Hg?* concentration.
Firstly, the PDA/4-MPY mixed solution is poured into the chip with
microfiber interferometer, and the solution is removed after soaking the
fiber for 20 min. By means of natural deposition, a layer of PDA/4-MPY
material film is successfully functionalized by one step dip-coating
method growth on the surface of the microfiber interferometer
depending on the adhesion of PDA [13,27,28]. Secondly, the Hg?" so-
lution is flowed into the chip in the order from low to high concentration

and the corresponding interference spectrum at each concentration is
recorded. (Hg(NO3)2-H20 powder is dissolved with DI water to obtain
Hg2+ solutions with different concentrations of 0, 0.5, 2, 4, 6, 8, 10, 15,
20, 30, 50 and 100 nM. The pyridine N of 4-MPY can combine with
detected Hg?" to form stable Hg(MPY), complex via multidentate N-
bonding [4,9,31], which will affect the RI of external medium of mi-
crofiber interferometer, and finally reflect the concentration of Hg?*
solution through the deviation of interference spectrum wavelength.
Fig. 5b shows the detection results of Hg?" concentration in the
range of 0-100 nM, and indicates that the interference spectrum
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Fig. 6. Response of the PDA/4-MPY film functionalized micorfiber sensor to
different heavy metal ions (Hg?*, Pb%*, Ni**, Ca®*, Na*, Fe>*, AI**, Cu®*).

redshifts with the increase of Hg?' concentration and the detection
curve gradually becomes saturated at 30 nM. The main reason for this
phenomenon is that the surface area of microfiber interferometer itself is
limited and the film attached to the surface also has a certain limit.
Through three experiments and error analysis under the same steps and
conditions, the linear fitting curve is obtained as shown in Fig. 5c. In
detail, the response of the functional microfiber sensor to Hg?* in the
low range of 0-10 nM with error bar (standard deviation) is exhibited,
which has the detection sensitivity of 1.105 nm/nM. Fig. 5d shows the
shift of the corresponding interference spectrum, and it is obvious that
the interference spectrum drifts to the direction of wavelength increase.
Fig. 5e shows the wavelength response of the interference spectrum.
Combining all the above analysis and testing results, it can be concluded
that the response of PDA/4-MPY functionalized microfiber sensor to
Hg?" has high accuracy and good repeatability.

Selectivity property

Whether the sensor has specific response to the object to be tested is
one of the important criteria to judge the sensor is qualified or not. In
order to verify the selectivity property of this sensor, the functionalized
microfiber sensor tested on different heavy metal ions in the concen-
tration range of 0-10 nm for three times according to the experimental
schematic diagram in Fig. 1b and the Hg?" detecting procedure in
Fig. 5a. Fig. 6. show that response of the PDA/4-MPY film functionalized
microfiber sensor to different heavy metal ions (Hg2+, Pb2+, Niz+, Ca2+,
Na*, Fe3*, AI>*, cu?") at the standard of zero response to DI. It can be
seen from the figure that the response of the sensor to Hg?* metal ion is
much higher than that of other heavy metal ions, indicating that the
sensor has a good specific recognition effect for Hg?* metal ion.

Table 1 shows a comparison of this work with some currently

Results in Physics 42 (2022) 106009

popular methods for detecting Hg?" concentration using optical fibers.
Under the condition of simple fabrication and low cost, the functional-
ized microfiber sensor can also accurately detect Hg>" concentration in
the range of low concentration, which fully reflects the advantage of the
PDA/4-MPY functionalized microfiber sensor realized by one-step syn-
thesis method to respond to trace Hg?*.

Conclusions

In this work, a tapered microfiber interferometer functionalized
PDA/4-MPY film is proposed to detect Hg?" concentration with high
sensitivity and selectivity. The microfiber sensor has excellent sensing
performance including a RI sensitivity response of 1146 nm/RIU and a
low-cross temperature response of —0.03 nm/°C. The realization of
functionalized film adopts by one step dip-coating method. Experiments
demonstrate that the sensor has an obvious regular response to Hg? in
the range of 0-100 nM, in which the sensitivity reaches 1.015 nm/nM in
the range of 0-10 nM with a high reliability (R> = 0.99). The detection
concentration of the sensor is lower than the standards specified by U.S
Environmental Protection Agency and the World Health Organization,
which means that the performance of the sensor can meet the Hg?*
concentration detection in highly demanding environments. The pro-
posed sensor has important implications for water resource quality
detection and environmental protection, and broadens the application
field of microfiber platform, which has great practical guiding signifi-
cance for the combination of nanomaterials and optical detecting
technology.
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Table 1
Comparison of previous studies on Hg2 " detection by fiber optic sensors.
Methods Main chemical materials Linear range Sensitivity detection Manufacturing Cost Reference
limit difficulty
Fiber-optic surface plasmon AuNPs/4-MPY 8-100 nM - 8 nM Medium High [4]
resonance
No-core fiber combined with a Silver film and chitosan/poly ~ 0-100 M/ 0.0823 nm/ 25 pM Difficult High [16]
fiber Bragg grating acrylic acid 100-500 M pM/
0.0178 nm/
M
U-bend optical fiber surface Chitosan capped gold 0.1-540 ppb - 0.1 ppb (0.5 Medium High [17]
plasmon resonance nanoparticles (0.5-2700 nM) nM)
Luminescent Optical Fiber Nucleic acid aptamer 5x1073-0.5 nM - 5x10° nM Difficult High [20]
Reflective fiber surface plasmon Chitosan/polyacrylic acid 0-30 pM/ 0.5586 nm/ pM scale Difficult Medium [45]
resonance 30-100 pM/ M
100-200 pM 0.1239 nm/
M
0.02 nm/pM
U-bend optical fiber surface Escherichia coli/gold 0.5-2000 ppb 0.08065a.u./ 0.5 ppb Difficult High [46]
plasmon resonance nanoparticles (2.5-10000 nM) ppb (2.5 nM)
Tapered microfiber interferometer PDA/4-MPY 0.5-10 nM 1.105 nm/nM 0.2 nM Easy Low This work
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