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An optical fiber sensor for detecting the concentration of trace lead ions is proposed using a polydopamine-
maleic acid (PDA-MA) functional membrane coated on the surface of a Mach-Zehnder microfiber interferom-
eter. The PDA-MA functional film is wrapped by a one-step immersion method for in-situ growth on the inter-
ferometer surface. The microfiber surface has an excellent evanescent field possessing a sensitivity to the ambient
RI of 1243.455 nm/RIU and a low temperature cross-reactivity of —0.04 nm/°C. The absorption of lead ions by
carboxyl groups in the fiber-coated functional film changes the refractive index of the sensor surface, which
reflects a macroscopic wavelength shift in the interference spectrum. The sensor effectively detects lead ions
within 1071*-107® mol/L concentrations and has a sensitivity of 1.85 x 10% nm/(mol/L) in the ultra-low con-
centration range of 1071%1071° mol/L with a detection limit of 0.1678 ppb. The proposed sensor is not only
simple and low cost to fabricate, but also has good stability and specificity. The success of this sensor shows that
the development of optical microfiber sensor with high stability and accuracy is feasible, which has progressive

significance for the research of optical environmental pollution sensor.

1. Introduction

Environmental pollution has become a major threat at the global
level because of the long-term harm to ecosystems and consequently the
direct health hazards to humans. Among environmental pollution, the
problem of pollution in the aquatic domain is particularly obvious.
Various pollutants such as cresols, creatinine and heavy metal ions can
cause serious damage to human functions if absorbed into the body.
Phenolic compounds easily releasing toxic gases, if inhaled, can be
harmful to human health, and drinking water containing high concen-
trations of p-cresol can cause some muscle twitch, difficulty walk, and
even death [1]. Creatinine, on the other hand, is an important clinical
biomarker for major diseases such as diabetes and kidney disease [2].
The contamination of heavy metal ions and their harmful effects on the
human body are equally severe. As the accelerated global urbanization
and industrialization, the pollution of heavy metal ions is ubiquitous,
toxic and non-biodegradable, which affecting the quality of different
soils and aquatic organisms [3]. More particularly, heavy metal ions
such as lead, sodium, cadmium, mercury and copper are easily dissolved
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in water and enter the biosphere without decomposition, even they
accumulate in living organisms with serious consequence. Therefore,
heavy metal ions in water are considered to be extremely hazardous to
human health and ecosystems [4].

Among heavy metal contaminants, lead ions (Pb2+) are one of the
most common pollutants, which ranking second in the list of toxic
substances [5]. With the advantages of low melting point, high corrosion
resistance and good plasticity, lead is extensively used in industrial
production and daily life. However, due to the adsorption of soil colloids
and particulate matter, lead ions leak into the soil and will exist in the
soil for a long time, and heavy metals cannot be degraded by microor-
ganisms, which is a long-term and potential pollutant in the environ-
ment [6]. It is well known that Pb%' tends to accumulate rather than
decompose, and when ingested in excess Pb2* lead to nervous system
diseases, including headache, irritability, lethargy, convulsions, muscle
weakness, ataxia, tremor, paralysis and so on, even exposure to or
ingestion of trace amounts of Pb?* can cause serious damage to the
kidney, brain and other organs [7].

Several organizations, including the World Health Organization
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Fig. 1. (a) The diagram of microfiber sensor detection system and the microfiber interferometer structure with parameters; (b) The schematic diagram of P
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(WHO), the International Agency for Research on Cancer, the Food and
Agriculture Organization, and the Centers for Disease Control, have
listed Pb?* as a carcinogen requiring to be monitored. The WHO has set
the allowable concentration of lead ions in drinking water to no more
than 10 ppb according to environmental quality standards [5].

In the past research studies, researchers have carried out various
methods to determine the Pb?* concentration in aqueous solution,
including atomic absorption spectrometry analysis [8], fluorescence
analysis [9], electrochemical analysis [10] and X-ray fluorescence
spectrometry [11]. These methods can effectively detect the Pb?* con-
centration in aqueous solutions with high accuracy. However, their pre-
treatment requirements are high, the detection costs are high, and some
of them may produce toxic by-products [12]. For example, atomic ab-
sorption spectrometry analysis method requires a lot of chemical re-
agents such as sodium diethyldithiocarbamate [8], which can easily
cause environmental pollution and physical illness. Therefore, it is of
great significance and tremendous challenges simultaneously to develop
a simple and effective method to determine the Pb?>" concentration in
water environment.

Optical fiber sensor, due to their low cost, light weight, small size,
resistance to electromagnetic interference, high sensitivity, corrosion
resistance, and easy implementation of multiplexed or distributed
remote sensing, has been increasingly investigated as a potential sensing
tool [13,14]. At present, optical fiber sensors have been widely used in
many types of monitoring, such as temperature [15], strain, environ-
ment [16], biological sensing [17-19] and heavy metal detection [20].

Various lead ion sensors with different optical fiber structures have
been reported. Jenny et al. (2010) have made a lead ion sensor with
periodic mesoporous organosilica coated long period fiber grating [21].
Liu et al. (2018) have proposed a tilted fiber grating immobilized black
phosphorus for trace detection of Pb%* [22]. Yap et al. (2018) have
achieved the measurement of Pb" concentration in the 5-50 pg/L range
by using a tapered microfiber sensor coated with L-glutathione [23]. Yin
et al. (2019) have developed a microfiber coil resonator based on black
phosphorus to detect Pb%" in water [7]. Noman et al. (2022) have used
photonic crystal fiber sensor combined with chitosan-polyvinyl alcohol
and glutathione functionalized gold nanoparticles to measure the Pb?*
solution [24]. Kumar et al. (2022) have used a interferometer fiber
sensor composed of fiber Bragg grating and AuNPs-maleic acid sensitive
film to measure the Pb®>" concentration [5]. Li et al. (2022) have used

the smart hydrogel-based tapered microfiber sensor to detect Pb?*
concentration in water [25]. However, the above sensors are either very
expensive and complex to manufacture or have low sensitivity. Fiber
grating fabrication requires expensive CO, lasers, excimer UV lasers or
femtosecond lasers [26-28], and microfiber coil resonators are
extremely difficult to fabricate. The fabrication of photonic crystal fibers
is even more troublesome, usually requiring ultrasonic perforation [29],
chemical etching [30], and extrusion methods [31] that require difficult
operations, some of which require the use of expensive instruments and
harmful chemicals. Surface plasmon resonance of optical fibers requires
precious metal particles and complex interlayer structures [32]. To solve
these problems, the conical microfiber interferometer is widely used for
concentration analysis due to its superior swift field, simple fabrication,
low cost, and ultra-high sensitivity [33]. The sensing performance of the
interferometer can be further improved by coating special polymer films
on the fiber surface [34,35].

As an emerging material, dopamine (DA) can be directly self-
polymerized on the surface of various materials to form a viscous pol-
ydopamine (PDA) film-coating. The large number of reactive groups in
PDA such as catechol and amino groups can provide multiple binding
sites, allowing PDA to be used as a chemical cross-linking layer for
secondary surface modification reactions [36]. Because of these ad-
vantages, as a multifunctional material, PDA coating has been widely
used in many fields such as catalysis, molecular immobilization and
electrochemical biosensing [37]. PDA can be formed by two different
pathways: covalent polymerization and non-covalent self-assembly
[38]. Based on the polymerization mechanism, there are catechol or
hydroquinone functional groups, indole groups, amino groups, imino
groups and indole / catechol P-systems in PDA, thus PDA has good
adhesion to all types of substrates [36]. The existence of these groups in
PDA also offers the opportunity of further coupling functional groups of
interest. Maleic acid (MA) is selected as a suitable intermediate material
which contains two carboxyl groups [39], and due to the carboxyl group
action, MA can not only form amide bonds with PDA [40] but also
attract Pb2* in aqueous solutions [39], that provides practical value for
subsequent microfiber sensors to detect Pb%* concentration. Therefore,
the structure combining PDA-MA thin film with microfiber interferom-
eter structure is submitted to further optimize the sensing properties
(simplicity, sensitivity and specificity).

In this paper, a microfiber interferometer sensor based on functional
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sensitive film (PDA-MA (PDA, polydopamine; MA, maleic acid)) for
detecting lead ion concentration is proposed and demonstrated. The
PDA-MA functionalized sensitive film in-situ on the microfiber surface,
which is grown by a one-step dip coating method. Due to the unique
tapered structure and ultra-fine diameter of this interferometer, it offers
excellent sensing performance, including a RI sensitivity response of
1243.455 nm/RIU and a low temperature cross-response of —0.04 nm/
°C. Subsequent experimental analysis shows that Pb2* is significantly
detected in the concentration range of 1071*-107° mol/L, and its
sensitivity is up to 1.85 x 10® nm/(mol/L) in the range of 10~ 14.1071°
mol/L with a detection limit of 0.1678 ppb. At the same time, the sensor
also has excellent stability and unique specificity for lead ions.

2. Experimental Section
2.1. Regents and instruments

Dopamine hydrochloride (DA) (98%), maleic acid (MA) (AR, >99%,
HPLQC), lead chloride (PbCly) (AR, 99.5%), nickel chloride hexahydrate
(NiCly-6H20) (AR, 99%), sodium chloride (NaCl) (99.5%) and mercury
nitrate monohydrate (HgN3O4-H20) (AR) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. Tris-Hydrochloride
Buffer (Tris-HCI) (1 mol, pH 8.5) and cadmium nitrate tetrahydrate
(CdN20g4-4H20) (AR, 99%) were bought from Aladdin Chemistry, Co.,
Ltd. Deionized water (DI) was used throughout all experiments.

The optical laboratory devices included an amplified spontaneous
emission (ASE) light source, optical spectrum analyzer (OSA, Anritsu
MS9740A, Japan), optical fiber fusion splicer (Fujikura FSM-60S, Japan)
and digital refractometry (Reichert 13940000, USA). The sample film
characterization was tested by Fourier Transform Infrared Spectrometer
(FTIR, Thermo Scientific is50, USA). The morphology of microfiber
surface was characterized by scanning electron microscopy (SEM, Zeiss
Sigma HD, Germany), and the energy dispersive spectrometer (EDS,
Zeiss Sigma HD, Germany) spectroscopy was analyzed the elements of
PDA-MA-Pb?* on the surface of the fabricated sensor. The macroscopic
structure of microfibers was observed using metallurgical microscopy
(Caikon DMM-200C, China). The notch mold used for the experiment
was made by 3D printer (DDKUN D160max, China). The position
operation of microfiber fabricating process was used by a motion
controller (Zolix, MC600, China).

2.2. Experimental setup

As shown in Fig. 1(a, top), the light was emitted from the ASE light
source (1528-1603 nm) with the output power of 10 dBm, and passed
through the microfiber sensor, finally collected by the OSA
(600-1700 nm) with a resolution of 0.03 nm to record the interference
spectrum. The microfiber sensor was placed inside a custom 3D printed
cross-shaped mold to protect the optic fiber and facilitate dripping and
storage of the solution, as shown in Fig. 1 (a, bottom). The mold had
three recesses. The middle of a mold had a deeper depth, which was
designed to ensure that the microfiber section was partially placed in
this groove and could be fully immersed in the solution. This part had a
depth of 2 mm, a width of 5 mm and a length of 5 cm. The grooves on
both sides had the same depth and specifications with a depth of 1 mm, a
width of 2 mm and a length of 1.5 cm, which were used to hold the fiber.
In order to fix the mold on the platform better, the outside of the mold
was made to be beveled.

2.3. Sensor fabrication

The tapered microfiber was fabricated by heating and uniformly
stretching the commercial fiber. The fiber diameter was gradually
reduced from 125 pm to several tens of micrometers by heating the fiber
for 6 s with a butane flame gun and then automatically and uniformly
stretching the fiber with a motion controller. A stable microfiber
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interferometer was successfully fabricated. In Fig. 1(a, bottom), the
schematic of the fabricated microfiber structure included of two 3 mm
conical transition areas and a uniform area with a length of 12 mm and a
diameter of 10 pm. The microfiber interferometer was then completely
immersed in the prepared PDA-MA mixed solution at room temperature
for 90 min.

The PDA-MA mixed solution was prepared as follows. Weigh 10 mg
of DA into 5 mL of Tris-HCI to prepare the 2 g/L concentration of DA
solution [37], and then stir the above solution for 30 min at normal
temperature and pressure to obtain a brown PDA solution. MA (2.5 mL,
10 mM) was added to the prepared PDA solution and stirred for 30 min
at normal temperature and pressure. Self-assembly binding of carboxyl
group of MA to the amino group of PDA surface occurred [40].

3. Results and discussion
3.1. Sensing principle and mechanism

Due to the thinning of the fiber diameter in the middle area of the
microfiber sensor, both the core and the cladding diameter of the fiber
are reduced, resulting in a mismatch, so that when the incident light
enters to the microfiber, it results in a portion of the light will continue
to propagate along the core and the other part will enter the conical
transition area of the fiber to propagate and excite the higher-order
modes [41]. The core and cladding modes are transmitted simulta-
neously with the mainly propagating fundamental mode (HE;;) and
higher-order mode (HE;3) [41]. When light is transmitted to the other
end of the tapered fiber, the HE;; mode and the HE;3 mode are coupled
[42]. Due to the different effective refractive indices of the core and
cladding modes, this constitutes a Mach-Zehnder interferometer that
outputs a stable distribution of the transmission spectrum [43].

According to the optical interference principle, the output intensity I
of the MZI structure can be expressed as [44]:

I = Leore 4 Letadding + 2/ 1 corel cladding€0S0 1)

where 1., and I j.ain, Tepresent the optical intensity of the core and
cladding modes in the fiber, respectively. § represents the total phase
difference between the core and cladding modes in the fiber, which is
influenced by the change of effective refractive index. According to the
transmission principle of light in optical fiber, it can be deduced that 6
approximate expression as [43,44]:

27tLAne”

0= ("L

(2)
where L is the length of the tapered area, which is the effective length of
the dual-mode interference path, and the optical range difference be-
tween the two modes is almost the same, and A is the wavelength of the
propagating light in the fiber. Angy is the effective refractive index
difference between the cladding and the core [44], which can be
expressed as:

Anyy = ng ™ — niore 3)

where ni}“fddi"g is the effective refractive index of the cladding and n{gf* is
the effective refractive index of the core. When the phase difference § =
(2n + 1)z, the Mach-Zehnder interference condition is satisfied, and the
resonant peak wavelength (corresponding to the trough) of the trans-
mission spectrum can be introduced by Formula. (4) [44]:

_ 2AneﬂL
S 2n+1

n @
where 4, represents the wavelength of the ny, order resonance peak. The
effective refractive index difference An, change can cause the wave-
length 4, shift.

In general, the external RI sensitivity of an interferometer can be
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Fig. 2. (a) The detecting response of lead ion under different PDA-MA immersing times with the functional sensing probe; (b) A summarized histogram (left); the
metallographic microscopic image after immersing 90 min (right); (c) The wavelength shift of the interference spectrum preparing the functional sensing probe in
90 min (left); the Fourier Transform Infrared Spectroscopy of PDA and PDA-MA film (right).

expressed by [33,41,45]:

dA _ l 1 dAn,,ff
dn, T Ang dngy

)

dA . . . . . . . .
where' =1 7ﬁ"ﬁ 2L is the dispersion coefficient, which is a negative
o
. . . dAny;
number [41], and n,y, is the RI of the surrounding medium. # is the
ex

index dependent change caused by small changes in RI of the external
environment [45]. When the external RI increases, the effective expo-
nents of both fundamental and higher-order modes rise correspondingly
[46]. It is the exponential difference due to the tiny diameter of the
microfiber that leads to its high RI sensitivity.

When a functional film is attached to the surface of the microfiber, it
constitutes a microfiber sensing probe that can detect specific sub-
stances, as shown in Fig. 1 (b). Functional groups such as amino,
carboxyl and hydroxyl groups are often used in heavy metal ion detec-
tion because they have been shown to have effective binding sites with
heavy metal ions [24,39]. Usually, MA has a large number of carboxyl
groups [39]. In detail, MA has the general formula HOCCH = CHCO,H,
wherein it has two carboxyl groups, one of which is attached to the
polydopamine by dehydration condensation with the amino group in the
polydopamine to form an amide bond [40]. The second carboxyl group
of MA trapped Pb%tasa way to change the RI (pps—ma) of the lead ion-
sensitive film, which can cause red-shift the wavelength. The RI sensi-
tivity of microfiber ion-sensor derived from Formula (5) is demonstrated
as:

dA Ry dAn.
"I Anef/ dnpps_ya

e S (6)
dnpps_pa

When the PDA-MA coated microfiber sensing probe is exposed to
Pb?* concentration, the spectrum shifts toward long-waves indicating
successful ion-detection.

3.2. Refractive index and temperature performance

Fig. 1 (c, left) shows the spectrum of the microfiber interferometer
with detecting wavelength marked in red dot. In order to accurately
measure the sensing performance of microfiber interferometer to
external RI changes, the sodium chloride solutions as the simulated

external RI solution are used by the digital refractometer to determine RI
values. The redshift spectrums of different RI solutions are recorded at
room temperature (26°C). In Fig. 1 (c, right), the experiment results
shows that the RI sensitivity of this interferometer reaches
1243.455 nm/RIU in the range of 1.3342 ~ 1.3511 with a fitting degree
R? of 0.99279.

In addition, the temperature analysis is performed for the range from
30 to 80°C. The interferometer is placed in a thermostat and the spec-
trum is recorded every 10 °C. In order to ensure the uniform heating to
minimize experimental errors, it is very important that before storing
the spectral data, the temperature needs to keep 5 min for reaching the
preset value. In Fig. 1 (c right, inset), the wavelength of the transmission
spectrum tends to blue-shift as the ambient temperature increases, and
the linear fit shows a low temperature sensitivity of —0.04 nm/°C with a
fit R% of 0.99611, which indicates that the microfiber interferometer has
a low temperature cross-sensitivity.

3.3. Characterization of the functional sensing probe

The combination of nano-functional layer with microfiber interfer-
ometer under specific conditions is of paramount importance to obtain
the functional sensing probe. A functional layer consisting of a PDA-MA
mixed solution (Section 2.3 for preparation method) is uniformly
applied to the microfiber surface by a one-step dip-drop coating method.
To determine the optimal time of the functional film, the similar struc-
ture of microfiber interferometer is soaked in PDA-MA solution for 30,
60 and 90 min to prepare the recognition sensing probe for detecting
lead ions. The wavelength responses of these probes in three coating
times for the same concentration gradient (1 0713,10712 1071, 10719,
1079, 1078, 1077 and 10°° mol/L) are shown in Fig. 2 (a). It can be
intuitively that when the coating time is 90 min, the detecting different
concentrations of lead ion is best, and the wavelength shift increases
significantly, which has a red-shift trend with the overall wavelength
shift reaching 6.3 nm. As a contrastive study, when the coating time is 30
or 60 min, the detection effect of lead ion is a flat shift trend and a small
amount of redshift. Fig. 2 (b, left) shows the statistical histogram of
wavelength shift for the recognition sensor at three coating times for
detecting lead ions. Thus, the optimal time for the functional sensing
probe is 90 min. Fig. 2 (b, right) shows the microscope image of the
functional sensing probe (90 min). In detail, there are obvious black
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Fig. 3. (a) The wavelength response of
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10" °mol/L. (e) The wavelength shift by
recording the spectrum of functional
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areas on the fiber surface appearing many uniform and fine particles.
Fig. 2 (c, left) shows the change of wavelength spectrum in 90 min. As
the coating time increases, the wavelength gradually redshifts with the
even growth trend. The final amount of red shift reaches 14.4 nm with
the rate of 0.16 nm/min.

To verify that the MA has been successfully connected to the PDA,
the FTIR spectrum in Fig. 2 (c, right) shows the two samples (PDA film
and PDA-MA film). The red line in the figure shows the infrared spec-
trum of PDA, where the absorption peak around 3280.37 cm™! is the
stretching vibration of the N-H group of catechol. The characteristic
peak is 1622.74 cm ! due to the stretching vibration of the aromatic ring
and the bending vibration of the N-H bond. The characteristic peak of
1521.42 cm™! corresponds to the shearing vibration of the N-H bond.
The absorption peaks at 1464.79 cm™* peak is related to the skeleton
vibration of benzene. The absorption peak of 1285.63 cm™! and
1140.12 cm™! can be attributed to the C-O stretching and primary amine
vibration of PDA [47,48]. The infrared spectrum of PDA combined with
MA is shown as the black line in Fig. 2 (c, right), and the vibration peak
at 3280.37 cm ! in PDA is attenuated to 3179.59 cm-1, which can be
presumed that the amino part is involved in the reaction [40]. The ab-
sorption peak at 1627.53 cm ™! corresponds to the C = O bond in maleic
acid. 1547.74 cm™!, 1584.68 cm™! and 1461.44 cm ™! correspond to
C=C bond in maleic acid, 1398.88 cm ™! and 1338.02 cm™! correspond
to —OH in maleic acid. The absorption peaks of 979.12 cm™},
892.98 cm™}, and 786.31 cm ™! correspond to the = C-H bond in maleic

acid [49,50]. The above phenomena indicate that the PDA-MA synthesis
of functional membrane is successful.

3.4. Pb?* detection and specific detection

The schematic diagram of the PDA-MA thin-film functionalized mi-
crofiber sensing probe for the detection of Pb?* concentration is shown
in Fig. 1(b). According to Section 2.3, a layer of PDA-MA functional film
is grown on the fiber surface by in situ one-step immersion method,
which is successfully fabricated a good probe. This probe detects Pb*
solutions in the order from low to high concentrations, and the corre-
sponding interference spectrums are recorded for each concentration.
Pb?* solutions with different concentrations of 10’14, 10’13, 10’12,
10711 1071, 107°, 1078, 1077 and 107® mol/L are obtained by dis-
solving PbCl, powder with DI. The carboxyl group of MA can trap Pb?*
in aqueous solution [39], which affects the RI of the functional film of
the microfiber interferometer resulting the wavelength change of the
interference spectrum.

Fig. 3 (a) and Fig. 3 (b) shows the detection result for Pb2* con-
centrations. The blue region in Fig. 3 (a) represents the wavelength shift
with increasing Pb?" concentration, which indicates an obvious redshift
phenomenon in the interference spectrum. Fig. 3 (b) shows the macro-
scopic shift of the corresponding interference spectra, and it is clear that
the interference spectra drift in the direction of longer wavelengths.
Through three experiments under the same steps and conditions, the
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Fig. 4. (a) SEM characterization of the fiber coated with PDA-MA film (left); EDS analysis (right) with the mapping analysis (b) of the sensing probe surface after

detecting Pb*.

obtained wavelength shift trend with error analysis (Relative Standard
Deviation) is shown in Fig. 3 (c). It can be seen that the detection curve
gradually saturates greater than 1071° mol/L. The main reason for this
phenomenon is the film limited surface area on fiber. Fig. 3 (d) shows in
detail the response of the functionalized microfiber sensing probe to
Pb?* concentration in the ultra-low range of 10"1*-107!° mol/L with a
detection sensitivity of 1.85 x 108 nm/(mol/L). The wavelength shift
within the error range of this PDA-MA film functional probe is obtained
by recording the spectrum in DI for three experiments by the same steps
and conditions to verify the stability, as shown in Fig. 3 (e). In detail, the
average wavelength shift deviation of the three experiments is 0.15 nm
and the average standard deviation is 0.05 nm, which is a small value
within the acceptable range and the main reason for the error is caused
by thermal noise. The theoretical detection limit can be calculated as
LOD = 36/S, where ¢ is the standard deviation of the error measure-
ment, which has been obtained as 0.05 nm, and S is the slope of the
calibration curve [51], which is 1.85 x 108 nm/ (mol/L). The LOD can
be calculated as 0.81 x 10~° mol/L (0.1678 ppb), which is lower than
the concentration of lead ions in drinking water stipulated by WHO

(10 ppb). Combining all the above analysis and test results, it can be
concluded that the PDA-MA functionalized microfiber sensor has high
accuracy, good repeatability and superior stability in response to Pb%",

To verify the specificity of the sensor, three experiments are per-
formed with the same method for different heavy metal ions (Cd2*,
Ni%*, Hg?*, Na*) with concentrations in the range of 1071%-1071% mol/
L. As shown in Fig. 3 (f), the wavelength shifts of the different heavy
metal ions relative to DI resulted in 4.5 nm (Pb*"), 1.85 nm (Cd*"),
1.55 nm (Ni%"), 1.4 nm (Hg?"), and 1 nm (Na™). It can be seen from the
figure that the response of the sensor to Pb?* is significantly higher than
that of other heavy metal ions because the functional membrane with
carboxyl groups exerts a more obvious force on lead ions, indicating that
the sensor has good specificity for lead ions.

3.5. Characterization of the functional sensing probe with Pb?*

The surface morphology and chemical composition of the PDA-MA
functionalized probe after capturing Pb?>* are analyzed by SEM and
EDS, as shown in Fig. 4. SEM image of the fiber with functional layer

Table 1
Comparison of different optic fiber sensors for Pb2* detection.
Structure Functional Materials Concentration range LOD Sensitivity Cost Manufacturing Refs.
difficulty
Clad etched- fiber Bragg AuNPs-maleic acid 10711077 mol/L 107" mol/L 0.56 nm/(mol/L) High difficultly [3]
grating (2 x 1077-20.72 ppb) (2 x 1077 ppb) (2.703 x 10~° nm/
ppb)
Microfiber coil resonator Black phosphorus 0.1-5 x 10* ppb 0.0285 ppb — Medium  Medium [5]
Long Period Fiber Grating Periodic mesoporous 0.093-96 ppm 20 ppb 1 nm/100 ppb High difficultly [16]
organosilica (93-9.6 x 10* ppb) (0.01 nm/ppb)
Tilted Fiber Grating Black phosphorus 0.1-1.5 x 107 ppb 0.25 ppb 0.5 x 10°2dB/ppb  High Medium [17]
Microfiber with two fiber L-glutathione 5-50 pg/L 5 pg/L — Medium  difficultly [18]
Bragg gratings (5-50 ppb) (5 ppb)
Single mode fiber-photonic Chitosan-polyvinyl 1-50 ppb 1.6 ppb 0.031 nm/ppb High difficultly [19]
crystal fiber alcohol,
glutathione-AuNPs
No-core fiber/Few-mode Smart hydrogel 2x107-1.2x 107° 2.452 x 1078 8.155 x 10° nm/ High difficultly [20]
fiber/ No-core fiber mol/L mol/L (mol/L)
(41.44-248.64 ppb) (5.0805 ppb) (3.936 x 1073 nm/
ppb)
Tapered microfiber Polydopamine- maleic 107'%-107° mol/L 0.81 x 10 °mol/  1.85 x 10° nm/ Low Easy This
interferometer acid (2 x 1077-207.2 ppb) L (mol/L) work

(0.1678 ppb) (0.893 nm/ppb)
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shows a uniform and dense nanoparticle film on the surface in Fig. 4 (a,
left). Fig. 4 (a, right) shows the results of the elemental analysis of the
fiber surface. The presence of N element indicates the successful
attachment of the PDA-MA functional layer [52] and the presence of Pb
element proves that the functionalized fiber can successfully trap Pb*.
Fig. 4 (b) shows the corresponding mapping analysis of Si, N, Pb and O
elements, which further verifies that the PDA-MA functional film is
successfully wrapped on the fiber surface and can be used to detect lead
ions in aqueous solutions.

To facilitate comparison, Table 1 shows the comparison between this
sensor and other methods that use optical fiber to detect the concen-
tration of Pb%". It can be clearly seen that the functionalized microfiber
sensor not only can accurately detect Pb>" concentrations in the ultra-
low concentration range with extremely high sensitivity and very low
LOD, but also is easy to manufacture and inexpensive compared with
some currently popular methods that use optical fibers to detect Pb?*
concentrations. All these fully demonstrate the advantages of the PDA-
MA functionalized microfiber sensor for trace Pb?* achieved by one-
step synthesis method.

4. Conclusion

In this work, a PDA-MA thin film functionalized microfiber inter-
ferometer with high stability and good selectivity is proposed for
detecting lead ions. The microfiber interferometer has a high RI sensi-
tivity response of 1243.455 nm/RIU and a low temperature cross-
response of —0.04 nm/°C. Functional film is in-situ grown on the sur-
face of microfiber interferometer by one-step immersion method.
Experimental results demonstrate that the sensor has obvious response
to Pb?" in the detection concentration range of 10™14-107® mol/L and a
sensitivity of 1.85 x 108 nm/(mol/L) in the ultra-low range of 10714
107!% mol/L with a detection limit of 0.1678 ppb. By using the repeated
measurements of other common metal ions, it is verified that this pro-
posed sensor has superior stability and specificity. The detection con-
centration of the sensor is lower than the standard set by the World
Health Organization, so the sensor can meet the detection of Pb%"
concentration in most environments. The realization of this sensor
broadens the application field of optical sensors and has guiding sig-
nificance for the research of optical environmental pollution sensors.
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