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a b s t r a c t

A novel solid–liquid-core fiber-optic biosensor was fabricated for highly sensitive and selective detection

of 4-chlorophenol in water. The sensor comprised horseradish peroxidase (HRP)-coated U-shaped liquid-

core optical fiber (LCOF) and 4-chlorophenol permselective polymer membrane. The U-shaped LCOF was

filled with ethanol suspension of SiO2 particles and the polymer membrane was composed of molecu-

larly imprinted polymer, sulfonated polyethersulfone, and polysulfone. The morphology, composition, and

surface luminous properties of the sensing region were examined. The effects of the diameter and con-

tent of SiO2 particles and temperature of 4-chlorophenol solutions on the sensitivity of the biosensors

were investigated. Further, the sensitivity, selectivity, response time, and limit of detection (LOD) of the

biosensors was investigated. In addition, the effects of fiber core materials on the light transmission in

sensing region were investigated and a biosensor sensing model was established. The proposed sensor

exhibited high selectivity for 4-chlorophenol with satisfactory sensitivity, LOD, and response time: -1.18

(μg/L)−1, 30 μg/L, and 400 s, respectively. The results are expected to aid in the development of methods

for enhancing sensitivity of fiber-optic sensors and surface luminous intensity of optical fibers.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

4-Chlorophenol (4-CP) is an important chlorophenol widely

used in the industrial production of pesticides, drugs, dyes, and

plastics [1]. 4-CP is highly toxic, carcinogenic, persistent, and

biodegradable [2], and poses a serious threat to water ecological

security and human health [3–5]. Therefore, the design and fab-

rication of online sensors for accurate quantification of the 4-CP

concentration in wastewater is crucial for both the aquatic envi-

ronment and human health.

To realize online detection of the concentration of 4-CP and

phenolic compounds, electrochemical, photoelectrochemical, and

fiber-optic sensors have been exploited [2,6–8]. Among online

methods, fiber-optic sensors, such as surface plasmon resonance

(SPR) fiber biosensors [9], long-period fiber grating (LPFG) biosen-

sors [10,11], photochemical fiber-optic sensors [11,12], and optic-

fiber evanescent wave (EW) sensors [7,11,12], have emerged as al-

ternatives for the detection of phenolic compounds. In particular,
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the reported optical fiber sensors rely on photocatalytic or enzy-

matic reactions between photocatalysts or enzymes and phenolic

compounds to form soluble products such as catechol, o-quinone,

and melanin [11–14]. Soluble byproducts exhibit a higher refractive

index (RI) than their monomeric precursors, thus increasing the RI

of the solution [11,12]. Consequently, the transmitted light inten-

sity or center wavelength of the absorption spectrum of the fiber

sensors is changed [7,11,15], enabling the detection of phenolic

compounds. However, fiber-optic sensors still experience the criti-

cal problem of low sensitivity [7,11,12,16]. The unsatisfactory sen-

sitivity is due to the low light intensity of the solid optical fibers

on the unclad surface, because the fibers with normal core-clad

structures with core-clad waveguides provide very low SPR/LSPR

excitation light at the surface of the fiber [16,17]. Therefore, en-

hancing the effective excitation light for analytes using fibers with

standard core-clad structures is challenging.

This study proposed a simple strategy for enhancing the lu-

minous intensity on the fiber surface using hollow capillary op-

tical fibers (HCOFs). Subsequently, a novel solid-liquid-core opti-

cal fiber (S–LCOF) biosensor for the highly sensitive and selective
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Fig. 1. Schematic of sensor fabrication: (a) preparation of U-shaped solid–HCOFs

and (b) fabrication of HRP-coated U-shaped optical fibers.

detection of 4-chlorophenol based on U-shaped HCOFs was fabri-

cated, as shown in Fig. 1. The biosensor was based on horseradish

peroxidase (HRP)-coated U-shaped liquid-core optical fiber (LCOF)

and molecularly imprinted polymer (MIP)-copolymer (sulfonated

polyethersulfone and polysulfone, SPP) membranes. Further, the U-

shaped LCOFs was filled with an ethanol suspension of SiO2 parti-

cles (ESSP).

The preparation of U-shaped S–LCOFs and solid quartz optical

fibers (SOFs), HRP-coated U-shaped optical fibers, and 4-CP selec-

tive permeation membranes is shown in Section S1 (Supporting

information). The material characterization, preparation of the an-

alytical solution, and test system and operation are presented in

Sections S2-S4 (Supporting information). The measurement system

is shown in Fig. S1 (Supporting information). The theoretical model

of the biosensors is presented in Section S5 (Supporting informa-

tion). The light transmission models in the U-shaped SOF and U-

shaped S–LCOFs with pure ethanol and ESSP are shown in Fig. S2

(Supporting information).

The FESEM images of the SiO2 particles with a micro-nano

spherical structure (average diameter: 0.5, 1.0, 2.0, and 3.0 μm) are

shown in Figs. S3a-d (Supporting information). Fig. S3e (Support-

ing information) shows that the SiO2 particles were uniformly dis-

persed in ethanol, and the ESSP displayed high light transmittance.

LCOF with clean and smooth surfaces are shown in Figs. 2a and b,

respectively. The surface elements were Si and O (Fig. S4a in Sup-

porting information). Images of the fiber exhibiting a rough sur-

face with polydopamine particles after polydopamine polymeriza-

tion are shown in Figs. 2c and d. The elements on the fiber sur-

face changed to Si, O, C, and N; the newly added elements, C and

N, on the fiber surface originated from polydopamine (Fig. S4b

in Supporting information). This illustrates that dopamine self-

polymerizes and coats the surface of the optical fiber. The surface

morphology of the HRP-coated fibers is shown in Figs. 2e and f.

Comparing the foregoing with the image in Fig. 2d, the surface

roughness of the fiber increased because the HRP enzyme was im-

mobilized on the polydopamine surface. Upon comparing Fig. S4b

with Fig. S4c (Supporting information), Fe is observed to have been

added owing to the HRP containing this element. This indicates

that HRP was immobilized on the fiber. A new insoluble polymer

coated the fiber surface (Figs. 2g and h). Furthermore, by compar-

ing Fig. S4c with Fig. S4d (Supporting information), the Cl from 4-

CP was exposed. Thus, it can be concluded that HRP catalysis of 4-

CP resulted in the generation of insoluble chlorine-containing pol-

yaromatic products on the surface. Fig. S5 (Supporting information)

further confirms that the improved surface roughness in Figs. 2g

and h is because of the production of new insoluble products dur-

ing HRP catalysis of 4-CP instead of the molecular absorption of

4-CP. FESEM images of the MIP–SPP membrane with a rough sur-

face due to the MIP microspheres (diameter: 1–2μm) are shown in

Figs. 2i and j.

The luminescence characteristics and sensitivity of the sensors

without HRP coating were experimentally studied, and the re-

sults showed that the luminance of the U-shaped LCOF filled with

an ethanol suspension of 0.5 μm SiO2 particles was the highest

(Fig. 3a). The reasons for this are as follows. First, the RI of the

cladding is higher than that of the fiber core (RIs of air, ethanol,

and SiO2 are, respectively, 1.00, 1.362 and 1.451) [4,18]. The in-

crease in the RI of the fiber core to that of the cladding improved

the light transmission modes and induced light beams into the

fiber cladding via refraction at the core-cladding interface. Further-

more, when the sensing region was converted to an LCOF, light

rays, Iin, were refracted into the liquid core at the interface be-

tween the SOF and LCOF (Section S5); thus, the quality of the sur-

face luminous spectrum of HCOF and S–LCOFs was better than that

of the SOFs. Second, the RI of ethanol is higher than that of air,

which enhanced the transmission of light inside the fiber, result-

ing in a high light intensity in the U-shaped region of the fiber

core. Third, SiO2 particles can induce light scattering [19], result-

ing in high light-scattering efficiency in the fiber core and high lu-

minous power. Fourth, the light scattering intensity decreases with

increasing SiO2 diameter [20].

Fig. 3b shows that the luminous intensity from the U-shaped

SOF surface exhibited the lowest level because the emitted inten-

sity was based on the evanescent field [19,21,22]. The U-shaped

HCOF exhibited an abnormally high attenuation coefficient, and

even the luminous intensity was lower than that of the U-shaped

S–LCOF after 20mm. This is because the RI difference between the

air core and the silica cladding is too large, and a large propaga-

tion loss is caused by the refraction and evanescent field when the

fiber length is less than 20mm; however, when the length is more

than 20mm, the luminous intensity at the fiber surface is based

on the evanescent field. Moreover, close to the U-shaped region,

the luminous intensity increases because of internal light reflection

in the U-shaped region [4,19]. Furthermore, the highest luminous

light intensity of the U-shaped LCOF filled with 0.5 μm SiO2 parti-

cles occurred because of the highest light scattering intensity.

Fig. 3c shows that the U-shaped S–LCOF filled with ethanol sus-

pension of 1.0 μm SiO2 particles exhibited the highest sensitivity

of −0.033 (μg/L)−1, which is 3.60 and 2.19 times that of the SOF

sensor and U-shaped sensor, respectively. The reasons for this are

as follows. First, S–LCOF exhibited a high surface luminous inten-

sity. Second, although the surface luminous intensity of the fibers

with 0.5 μm SiO2 particles was higher than that of the fibers with

1.0 μm SiO2 particles, the forward scattering, which is an impor-

tant factor for improving the sensitivity of the sensor, decreased

with increasing SiO2 particle size [20]. Third, the number of SiO2

particles decreased with an increase in their size when the SiO2

content is constant, which decreased N (N is the number of scatter-

ing times of light passing through the SiO2 microspheres.) (Section

S5). Fourth, the scattering angle (β) decreased with increasing SiO2

particle diameter. Eq. S13 (Supporting information) shows that the

sensitivity of the sensor decreased with decreasing N and β .

In Fig. S6 (Supporting information), the U-shaped S–LCOFs ex-

hibited good sensitivity corresponding to a high luminous light in-

tensity when the fiber core was filled with an ethanol suspension

of 2.5% w/v 1.0 μm SiO2 particles. The highest sensitivity of the

sensor occurred because of its high surface luminous intensity and

large N.

The shapes of the transmission spectra of the U-shaped S–LCOF

with and without HRP coating are similar, as shown in Fig. 4a.

However, the amplitude was ordered as follows: uncoated fiber in

the absence of H2O2 > HRP-coated fiber in the absence of H2O2

> HRP-coated fiber in the presence of H2O2. The reasons for this

are as follows. The light beam incident on the surface of the fiber
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Fig. 2. FESEM images of fiber’s sensing region: (a and b) LCOF, (c and d) polydopamine-coated S–LCOF, (e and f) HRP-coated S–LCOF, (g and h) insoluble polymer (4-CP

oxidation product)-coated S–LCOF, and (i and j) MIP–SPP membrane.

Fig. 3. Luminous characteristics of the sensing region and sensitivity of sensors: (a) the surface emission spectrum (SES) of the sensing region at fiber length 30mm (the

SiO2 doping content in ethanol was 2.0% w/v), (b) surface luminous intensities in the sensing regions, and (c) sensitivity of sensors without HRP coating (4-CP temperature

and pH are 20 °C and 7.4, respectively, and sample time is 630 s).

Fig. 4. Performance of U-shaped S–LCOF biosensor (SiO2 diameter and doping content are 1μm and 2.5% w/v, respectively; 4-CP temperature and pH are 20 °C and 7.4,

respectively): (a) transmission spectrum (TS) in 100mg/L 4-CP solution; (b) sensitivity of sensors (bare U-shaped S–LCOF sensor, HRP-coated S–LCOF sensor, HRP-coated

S–LCOF sensor with H2O2 present; sample time is 630 s); (c) response time of sensor in 100-mg/L 4-CP solution (sample time is 630 s); (d) selectivity of sensor (“purified”

means no other additives (e.g., 3-CP, phenol, and 4-FP), sample time is 400 s); and (e) LOD of sensor (sample time is 400 s).

core entered and was absorbed by the HRP coating. Furthermore,

the HRP coating had a higher RI than the 4-CP solution, result-

ing in a higher loss of transmitted light. Consequently, the quality

of the transmission spectrum of the HRP-coated fibers was lower

than that of the uncoated fibers. In particular, the quality of the

transmission spectrum of the HRP-coated fiber decreased further

in the presence of H2O2. This can be attributed to HRP-catalyzed

4-CP in the presence of H2O2 which can generate insoluble poly-

mers and attach to the surface of the fiber (Figs. 2d and i). The

polymer had a higher RI and rougher surface than that of the HRP

coating. This increased the light scattering and absorption, which

decreased the transmission quality of the optical fiber.

Fig. 4b shows that when the U-shaped sensing region was

coated with HRP, the sensor exhibited a higher sensitivity because

the HRP coating enhanced the molecular absorption of 4-CP. More-

over, when H2O2 was added to the 4-CP solution, the sensitiv-

ity increased significantly because both HRP and H2O2 contributed

to the catalytic reaction of 4-CP and produced an insoluble poly-

mer. The insoluble polymer enhanced the luminous light absorp-

tion and light scattering at the interface between the fiber and

coating. Therefore, the HRP enzyme-catalyzed reaction of 4-CP to

produce insoluble products can significantly improve the sensitiv-

ity of the U-shaped S–LCOF sensors.

The effect of the temperature of 4-CP solution on the sensor

sensitivity was further investigated. The experimental results are

shown in Fig. S7 (Supporting information), and it can be seen from

the figure that when the temperature was 25 °C, the sensor sen-

sitivity reached its highest value (−1.28 (μg/L)−1), which was 2.29

and 13.99 times higher than that of our previously reported [7] and

U-shaped solid−fiber-optic sensors, respectively. The reasons for

this are as follows. First, the RIs decreased from the core of the

SOF to that of the LCOF, that is, n1 > n′
1; the RIs increased from

the liquid core to the cladding, that is, n′
1 (n′′

1) < n′
2 (Section S5);

and the doped SiO2 in the liquid core enhanced light scattering,

which changed the light transmission modes in the sensing region

and increased the surface luminous intensity of the S-LCOF sensor.

Second, the activity of the HRP enzyme reached its highest level at

25 °C and pH 7.4, and the rate of movement of 4-CP molecules at

25 °C was acceptable; this supported the attainment of the highest

insoluble product yield during the sensor sample time; accordingly,

the sensor exhibited the highest sensitivity and lowest transmitted

light intensity (Fig. S7).

The relative change in the transmitted light intensity (RCTLI, see

Section S4) values of the sensor accurately tracing the dynamic

process of the 4-CP response with the catalytic reaction time are

shown in Fig. 4c. The sensor response with the SPM lagged behind
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that of the sensor with no SPM because of the mass transfer re-

sistance of the SPM to 4-CP transport. Although the sensor with

SPM exhibited a delayed response to 4-CP, the sensitivity (−1.18

(μg/L)−1) at a sample time of 630 s for the sensor with SPM only

had a 9.2% loss relative to the sensor without SPM. This can be at-

tributed to the following factors. First, SPM has high permeability

to 4-CP [7]. Second, the eluent rapidly elutes the 4-CP adsorbed

by SPM and transports it to the fiber surface [7]. Subsequently, in-

soluble polymers were generated and coated on the fiber surface

owing to the catalytic reaction between HRP and 4-CP in the pres-

ence of H2O2. Furthermore, when the sensor adoption time was

400 s (i.e., the catalytic reaction time was 400 s), the sensor sensi-

tivity (−0.93 (μg/L)−1) was 1.66 and 10.16 times higher than that

of our previously reported [7] and U-shaped SOF sensors, respec-

tively, reaching 66.9% of stable sensitivity. In addition, the sensor

also demonstrated high-repeatability (Fig. S8 in Supporting infor-

mation). Thus, for the measurements, a sampling time of 400 s was

sufficient.

The sensor without SPM exhibited strong sensitivity fluctua-

tions when other analytes were added to the 4-CP solution in the

presence of H2O2 (Fig. 4d). The addition of phenolic compounds

had the greatest impact on the sensitivity of the sensor because

HRP enzymes could oxidize most phenolic compounds to insoluble

polymers; HRP enzymes also exhibited the fastest selective oxida-

tion of phenol. Consequently, when 100-mg/L phenol was added to

the 100-mg/L 4-CP solution, the most significant change was ob-

served in sensor sensitivity. Other compounds such as NaCl, glu-

cose, and CuSO4 do not catalyze HRP enzymes to generate new

products. Nevertheless, their addition also changed the composi-

tion and RI of the 4-CP solution and enhanced the surface lumi-

nous light absorption intensity on the surface of the optical fiber,

thus modifying the sensor sensitivity. This illustrates that the SPR-

coated fiber-optic sensor without SPM does not enable the selec-

tive measurement of 4-CP in water. Moreover, the sensor with SPM

exhibited slight sensitivity fluctuations to phenolic organics and no

fluctuations to glucose molecules and ions. However, this was neg-

ligible compared to the response to 4-CP because the maximum

relative error was only 3.6%. This high selectivity can be attributed

to the MIP microspheres in the SPM with specific recognition of

the 4-CP configuration. Thus, the highly selective adsorption and

detection of 4-CP in water can be achieved using SPM.

Fig. 4e shows that the LOD, uncertainty, and maximum relative

error of the sensor were 30μg/L, less than 7.63%, and 7.4%, respec-

tively. As summarized in Table S1 (Supporting information), the

LOD of the sensor with the MIP–SPP membrane was equivalent

to that of other methods for detecting 4-CP. These results reveal

that the prepared HRP-coated S–LCOF biosensor with the MIP–SPP

membrane can be used for the selective and sensitive detection of

4-CP in water, and can compete with other sensors in terms of sen-

sitivity, selectivity, LOD, and response time.

In conclusion, a fiber-optic biosensor was fabricated by combin-

ing a U-shaped solid-liquid-core optic fiber, an HRP coating, and a

polymer membrane. The developed biosensor overcome the fun-

damental problem of low sensitivity associated with SOF sensors

with core-clad waveguides, which limits the effective surface lu-

minous intensity in the sensing region, through the rapid oxida-

tion of 4-CP using the HRP enzyme to form insoluble polymers in

the presence of H2O2 with a high RI and strong light absorbance

at the U-shaped surface. Furthermore, the fabricated biosensor re-

solved the problems of non-selectivity and high LOD of conven-

tional fiber-optic sensors for the detection of 4-CP in water, and

the high 4-CP permselectivity of the polymer membrane isolated

the permeation of other phenol compounds, glucose molecules,

and ions. It is expected that the proposed biosensor developed in

this study can be used for accurately detecting 4-CP in water and

promoting the engineering application of optical fiber sensors and

enzyme-catalyzed reaction technologies.
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