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Keywords: An all-fiber-optic system for rapid detection of antibiotic concentration, based on an optical enzyme biosensor
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validated. During the experiment, p-lactamase(p-LS) is fixed on the polyaniline (PANI)-coated optical fiber by
cross-linking through glutaraldehyde (GA) covalent bonding. p-LS can hydrolyze p-lactam antibiotics to generate
acidic by-products that transform polyaniline from the form of the emerald base to emerald salt, which results in
the surface refractive index (RI) variation of MFI, to convert MFI wavelength and FBGs power macroscopic
change for feedbackingly detecting the concentration of f-lactam antibiotics. The detection of amoxicillin (AMX)
in deionized water at concentrations in the range of 0.01-100 nM resulted in a wavelength change sensitivity of
0.6 nm/nM, and FBGs power difference change sensitivity of 1.3 dB/nM, with a detection limit LOD = 0.04 nM in
real food and urine samples. The sensing system by the same calibration technique can detect antibiotic con-
centrations in different substances (tap water, milk and artificial urine). This developed all-fiber-optic system can
be used as a rapid solution for the measurement of p-lactam antibiotic residues in food and the environment.
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Fig. 1. Experimental equipment and the fabrication of microfiber interferometer. (Illustration: Structure and parameters of the interferometer.).

1. Introduction

Antibiotics are a class of secondary metabolites produced by mi-
croorganisms or higher plants and animals in the course of their lives
that have anti-pathogenic or other activity and can interfere with the
developmental functions of other living cells chemical substances [1].
With the gradual increase in the use of antibiotics worldwide in recent
years to improve productivity, yield and quality of livestock, the wide-
spread use of antibiotics is an important factor in the increase of anti-
microbial resistance[2]. Most organizations have called for the
reduction or elimination of antibiotic use in the compound sector and
banning antibiotics in edible products such as pigs, chickens, and cattle
[3]. Recent studies have found that antibiotics have been detected in
hospital waste [4], industrial wastewater [5], and human domestic
wastewater at concentrations that exceed the safe use of antibiotics.
However, in the absence of stable antibiotic detection, this poses a sig-
nificant safety concern for the safe drinking of water quality.

At this stage of existence antibiotic detection usually uses solid phase
extraction, concentration, followed by chromatographic separation and
finally mass spectrometry. This process requires the use of complex
analytical instruments and specialized operators, but these costs are
often unaffordable for small and medium-sized enterprises, especially in
developing countries [6]. Immunoassay and bioinhibition-based kits can
detect antibiotic residues in food, and although they are inexpensive,
most of them do not provide accurate measurements and do not have
adequate detection limits [7]. Immunoassay techniques contain radio-
immunoassay [8], enzyme-linked immunosorbent assays [9], and
immunosensors [10], which do not require tedious steps, are low-cost
and fast detection, but they only provide preliminary screening of an-
tibiotics and do not provide accurate detection. Some classical methods
have high detection accuracy, but they are complicated to operate and
require expensive costs. This process requires the use of sophisticated
analytical instruments and specialized operators.

Some methods for detecting antibiotic concentrations have been
reported in recent years in articles, such as electrochemical methods
[1112], colorimetric methods [1314], and photoelectric methods [15].
Yu, Z. G. et al. used methylene blue-modified aptamer probes for the
detection of ampicillin antibiotics using an electrochemical approach
[11]. Wu, Y. et al. used an electrochemical approach based on single
graphene nanosheets preabsorbed with hematein/ionic liquids/
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penicillinase for the detection of penicillin [12]. Ain, N.U. et al. reported
a colorimetric detection based on quercetin-coated silver nanoparticles
to selectively identify amoxicillin [13], and Sethu, N. et al. established
an iron-dependent lipid peroxidation to develop a rapid and sensitive
colorimetric assay for detecting aminoglycoside antibiotics [14]. Guliy,
O. L. et al. used a system consisting of Pseudomonas aeruginosa TSh-18
and a photoelectric sensor for the detection of ampicillin [15]. The
above approach is simpler to operate than the classical detection
methods, but the detection accuracy and detection limits do not meet the
requirements of detection. With the continuous development of fiber
optic sensing technology, it provides a new idea for the detection of
antibiotics due to the advantages of low price, simple operation, and
high sensitivity. For example, Ayankojo, A. G. et al. used surface plas-
mon resonance, a label-free sensing platform with molecularly imprin-
ted polymer as a robust recognition element for real-time detection of
antibiotics [16]. Gao, D. et al. reported a sensor based on micro-
structured hollow fibers with a suspended core fabricated using optical
fluid Raman spectroscopy for the detection of ceftriaxone [17]. Nag, P.
et al. reported a sensor attached p-LS to a U-shaped optical fiber to utilize
the hydrolysis properties of -LS for detecting antibiotics [18]. In recent
years, microfiber has been gradually applied as a tool for detecting
specific substances by virtue of its extremely low optical transmission
loss, high core-cladding refractive index difference, and a large per-
centage of evanescent wave transmission. The method of combining
materials with optical fiber to form a fiber sensor operates simply
operationally, is efficient, easy to implement, which can be specific for
the detection of the substance, and provides a novel platform for the
detection of antibiotics.

In this work, we design a PANI and p-LS coated all-fiber biosensors
optic sensor with MFI and FBGs power variations, which can detect
changes in the concentration of antibiotics (amoxicillin) due to changes
in the external refractive index caused by strong decaying fields. The
MFI wavelength RI sensitivity is 952.7 nm/RIU and the variation of the
power difference of the normalized FBG1-FBG2 under different RI
conditions with the power difference RI sensitivity of 4199.6 dB/RIU
and small cross-sensitizing properties. The experimental results show
that the sensitivity to detect wavelength change and power difference
change of AMX in the range of 0.01-100 nM is 0.6 nm/nM and 1.3 dB/
nM, respectively. The detection limit (LOD) obtains 0.04 nM in real food
and urine samples. Further tests are conducted on the sensing system for
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detecting antibiotic concentrations in different substances (tap water,
milk and artificial urine). The sensor provides a strong and favorable
platform for the detection of p-lactam antibiotics in the measurement of
beta-lactam residues in food and the environment.

2. Materials and methods
2.1. Reagents and instruments

Aniline (>99.5 %), phosphoric acid (AR, >85 wt% in H,0), ammo-
nium persulfate (AR, 98.5 %), glutaraldehyde (25 % in H,0), Milk
(procured from local mall), artificial urine (procured from Regan Bio,
pH =7). p-lactamase (Lyophilized powder, 10 million units), amoxicillin
(>99 %), erythromycin (Biotechnology grade), levofloxacin (98 %),
doxycycline hydrochloride (ACS grade, 95-102 %), rifampicin (97 %),
5-fluorocytosine (99 %), tobramycin (potency: >900uG/mg, 98 %), are
purchased from Shanghai Maclean Biochemical Technology Co.
(Shanghai China). Deionized water (Resistivity > 18 MQ-cm) is used for
dissolution in all experiments.

Optical equipment included an amplified spontaneous emission light
source (ASE, MClight, China), optical spectrum analyzer (OSA, Anritsu
MS9740A, Japan), Optical power meter (OPM, China), Fiber Optic
Circulator. Auxiliary instruments included a fiber optic fusion splicer
(Fujikura FSM-60S, Japan), Taper pulled (ZOLIX, MC600, China), digital
refractometer (Brix/RI-Check Reichert, USA), optical microscope (Cai-
kon DMM-200C), and temperature chamber (NG6000-2). The equip-
ment used for characterization includes a Field emission scanning
electron microscope (Hitachi SU8100, Japan), Fourier Infrared Spec-
troscopy (Bruker ALPHAII, Germany), and High-resolution Mass spec-
trometry (Waters 1515, solan X70 FT-MS, America).

2.2. Experimental setup and fabrication of microfiber interferometer

Fig. 1 shows the experimental setup and the fabrication of the mi-
crofiber interferometer (MFI). The light is emitted from the ASE (range
1528-1603 nm, power 10 mW), passes through the MFI, is transmitted
to two FBGs, and finally detected by the OSA (range 600-1700 nm,
resolution 0.03 nm). By using two fiber circulators to access the two
OPMs it is possible to monitor the power changes of the FBGs in real-
time. The fiber diameter is gradually reduced from 125 pm to 12 pm
by heating with a butane flame gun (8S for the photosensitive fiber part)
and automatic uniform stretching using a motion controller. Set the
operating parameters of the motion controller to avoid experimental
errors, in which the pulling cone speed is 2 mm/s, the acceleration is 5
mm/s?, the maximum speed is 9 mm/s, and the pulling cone distance is
19 mm, and finally a stable microfiber interferometer is prepared. The
inset part (red dotted line) is the schematic of the structural parameters
of the MFI. The upper part is an isometric magnification taken using an
optical microscope, and the lower part shows the specific parameters of
the MFL. Consists of two transition regions with a length of 4 mm and a
Waist region with a length of 11 mm and a diameter of 12 um.

2.3. Sensing principle

2.3.1. Principle of microfiber interferometer

The MFI is prepared by fused pulling taper as shown in Fig. 1 (inset).
Due to the thinning of the fiber diameter in the middle region of the
ultrafine fiber sensor, the core and cladding diameters are also
decreasing. When the incident light enters the ultrafine fiber, a part of
the light continues to propagate along the core, and the other part of the
light enters the tapered transition region of the fiber to propagate. Under
the action of the evanescent field, a part of the core modes can be
coupled to the envelope of the tapered region with a smaller diameter,
thus exciting the higher-order modes in the envelope [19 20]. In the full-
waist region, the fundamental core and envelope modes propagate
simultaneously, which mainly propagating the fundamental (HE;;) and
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higher-order modes (HE;5) [21]. Fig. 1 (inset, below) shows the trans-
verse electric field amplitude distributions of HE;; and HE; 5 in the main
interferential modes. As the light propagates into the second tapered
transition region, the fundamental core and cladding modes couple,
reorganize, and produce an interferential pattern [22]. When the
external refractive index (RI) changes, the interferential wave appears
blue-shifted or red-shifted, and the sensitivity at this point can be used to
evaluate the RI performance of the sensor. It can be expressed as [21 23]

1 dAR.n
ARcom

dRg,
_ 2
where '=1 — A

value is negative. A is the wavelength of the dip angle in the emission

di A

dR,, T

(€]
% is the dispersion factor, and the calculated

spectrum, and % is the refractive index-dependent change induced by
a small change of wavelength. Ry, is the RI of the surrounding medium.
‘%R% is the RI of the external refractive index effect. From Equation (1),

the MFI with small diameter and small index difference has high
sensitivity because the index increment of HE;5 mode is larger than that
of HE;; mode with the increase of external RI [21], The ARy, is the
difference between the validity of the core and cladding modes. R, and
R, are the RI of the microfiber core and cladding. The relationship be-
tween them can be expressed as

AReemn = Reo — Rt 3

dARccm = ARcemp — ARccml (4)

The Finite Element Analysis software shows that the refractive index
of the surrounding air is 1. When the RI difference increases due to the
influence of small changes in the wavelength or refractive index of the
surrounding air, AR, the refractive index increment of the HE;5 mode

is larger than that of the HE;; mode, and therefore dﬁiﬁ;’" is negative, and

the discretization factor I is also negative. The results show that the
wavelength redshifts with increasing RI [21].

2.3.2. Detection principle of fiber bragg gratings

When the RI around the changes and the wavelength is red-shifted,
while the wavelength of the FBG stays constant, and the reflective in-
tensities of the two FBGs change in opposite trends. The intensity dif-
ference of the two FBGs is more sensitive to RI than a single reflected
intensity, which can be written as [24]

A1:1,—12:/

= RiS()Ty (A — AA) — RyS(22) T (A — A2)

S(A)-Ty(A— AA)-Ry-8(4 — Ay)dA

S(A)-Ty(A — AA)-Ry-8(A — Ay)di

()

where AI is the differential intensity of the two FBGs. I; and I are the
reflected intensities of FBG1 and FBG2, S(1) is the power spectral density
function of the light source. T; (1) and T, (1) are the initial transmission
spectral functions of the two linear regions of the MFI. 1; and A, are the
wavelengths of FBG1 and FBG2, and §(4) is the wavelength shift of the
MFI induced by the change of external index of refraction. R; and R, are
the reflection coefficients of FBG1 and FBG2, §(4 —4;) is the unit pulse
function, and R;-5(4—41) and Rz-6(A—412) are the reflection spectral
functions of the FBGs, which is described as a pulse function because the
bandwidth of the FBGs is smaller than that of the MFI. Since §(4) is
related to the RI, the measurement of the RI can be done by calculating
the differential intensity of the two FBGs. In addition, the wavelengths of
the FBGs and FMI change less with increasing temperature, which
minimizes the temperature dependence of the RI measurement [2526].
Two FBGs are used as line markers, and the intensity of their reflection
peaks reflected the intensity of the FMI spectrum in real time. The
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Fig. 2. Schematic diagram of the biosensor detection principle.
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Fig. 3. (a) The Spectrum of Microfiber interferometer and fiber grating power variations in the all-fiber system (b) RI response performance of the all-fiber system (c)

Temperature response performance of the all-fiber system.

estimation accuracy of the total spectral shift is improved by utilizing
two FBGs. When the output spectrum is red-shifted, the intensity of the
fiber grating peaks changes accordingly. When used to normalize
AI(FBG1-FBG2), the change in the power of the FBGs can be utilized to
detect the change in specific substance concentration [18].

2.3.3. Biofiber sensor detection principle

We designed a PANI-modified fiber optic biosensor for the detection
of B-LS antibiotics. As shown in Fig. 2 (green). Aniline is polymerized
into PANI by polymerization in an acidic environment and subsequently
functionalized into the tapered region of the MFI. pB-LS is immobilized
onto the PANI-coated optical fiber by using the glutaraldehyde (GA)
covalent cross-linking method with the help of aldehyde groups at both
ends. Since the abrupt field of the MFI can extend to the outer surface of
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the cladding, this means that the abrupt field can be used to detect small
changes in the effective RI of the microfiber surface with the binding of
amoxicillin (AMX) to the cladding [27]. As shown in Fig. 2 (red and
yellow), when B-LS bind to AMX, these B-LS are serine hydrolases in
which the hydroxyl group of a serine amino acid attacks the carbon-
based carbon of the amide bond in the B-LS ring of the antibiotic
(amoxicillin) to form an acylase intermediate, which is subsequently
hydrolyzed to form various degradation products and a proton H [28].
As shown in Fig. 2 (purple), the protons and acidic products produced by
hydrolysis lead to a change in the local pH in the vicinity of the PANI,
which protonates the PANI nanofibers and alters their charge distribu-
tion, resulting in the transition of the PANI from the emeraldine base
(EB) to the emeraldine salt (ES) oxidation state [29]. As shown in Fig. 2
(left), the color change of the sphere reveals the experimental
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Fig. 4. (a) Diagram of the fabricated model of the MFI biosensor. (b) (left): selection of the time of the MFI coated with PANI. (right): the change relation of coating
time with the power difference of FBGs and wavelength change of PANI-coated at 8 min. (c) (Left): Variation of coating time and power difference of FBGs about GA

and p-LS. (right): Stability experiment of the full-fiber system biosensor.

phenomenon, where the color of the PANI solution changes from blue to
green when the pH decreases, which induces a change in the RI around
the PANI nanofiber-modified fiber. A similar-style all fiber system based
on a microfiber interferometer coated a functional film and power
changes of FBGs is proposed to realize for the specific detection of
amoxicillin concentration.

3. Results and discussion

3.1. The performance of all-fiber systems with MFI and FBGs power
variations

Experiments on the RI and temperature response of the MFI and FBGs
power variations of the all-fiber system are performed. The interfero-
gram of the all-fiber system is shown in Fig. 3 (a, top), where it can be
seen that the two FBGs (The wavelengths of 1539.4 nm and 1551.55 nm)
are located on either side of an interferometer dip (1542 nm). In order to
simulate the spectral phenomenon, the RI of the all-fiber system is varied
using different concentrations of NaCl solutions, and the RI values of
these solutions are measured by a digital refractometer with an accuracy
of 0.0002. When the RI around the all-fiber system changes, the inter-
ferometer wavelength is red-shifted, while the wavelength of the FBGs
stays the same, and the reflective intensity of the two FBGs changes in
the opposite trend. The changes in the Spectrum of the all-fiber system at
RIof 1.3399 and 1.342 are shown in Fig. 3 (a, bottom), from which it can
be seen that the MFI wavelengths are redshift. The FBGs wavelength are
keeping constant but the FBG1 power is increased and the FBG2 power is
decreased. The reflected power of the two FBGs is recorded using two
OPMs and their power difference is calculated. The power changes of
FBG1 and FBG2 for different RI are shown in Fig. 3(b, top), where the
power of FBG1 decreases and the power of FBG2 increases when the RI
increases. Fig. 3 (b, bottom, black) shows the wavelength variation of
the MFI under different RI conditions, and the results show that the MFI
wavelength is gradually redshifted during the experiment with the
sensitivity of the RI of 952.7 nm/RIU. Fig. 3 (b, bottom, red) shows the
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variation of the power difference of the normalized FBG1-FBG2 under
different RI conditions, and the results show that the power difference is
gradually increasing during the experiment with the FBGs power
different sensitivity of RI is 4199.6 dB/RIU. The change of FBGs power
difference is more sensitive to RI than any single reflected power of FBG,
and the change of FBGs power difference is more sensitive to RI than the
change of MFI wavelength.

Temperature information is also important in RI measurements
because thermo-optic and thermal expansion effects lead to changes in
the spectrum and cause temperature cross-sensitivity [30]. In order to
characterize the change in the temperature response of the all-fiber
system, the all-fiber system is placed in a thermostat and the heating
device varies from 30°C to 90°C. The temperature performance of the
all-fiber system is shown in Fig. 3(c). As the temperature increases,
wavelength of the two FBGs are in redshift, as shown in Fig. 3 (c, top) the
temperature response sensitivity of FBG1 and FBG2 are 0.01 nm/°C and
0.08 nm/°C, which indicates that the temperature change has a small
effect on the wavelength sensitivity of the FBGs. The temperature
sensitivity for the difference in power of the two FBGs is 0.07 dB/°C, and
Fig. 3 (c, bottom, black) shows the wavelength sensitivity of the MFI for
different temperature conditions is —0.02 nm/°C. The all-fiber system
eliminates temperature cross-sensitivity relative to RI sensitivity.

3.2. Fabrication of biosensors for all-fiber system

In order to achieve specific detection of AMX concentration, an all-
fiber system with a microfiber optic interferometer based on PANI-
coated functional films and FBGs power variation is proposed. Fig. 4
(a, top) shows the coating of the MFI throughout the experiment. In
order to modify the optical fiber with PANI nanofibers[18], 50 mM of
aniline and 50 mM of ammonium persulfate (APS) are reconstituted by
adding them to 1 M of phosphoric acid, respectively. And then 1 mL of
each of the reconstituted aniline and ammonium persulfate solutions are
mixed to oxidize the aniline to OANI, and APS acted as the oxidizing
agent for the redox polymerization in this process. During the
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Fig. 5. (a) Interferogram of the biosensor detecting different concentrations of AMX. (b) Response calibration curves of the biosensor to detect different concen-
trations of AMX (prepared in deionized water). (c) Response calibration curves of the biosensor to detect different concentrations of AMX (prepared in tap water). (d)
Response calibration curves of the biosensor to detect different concentrations of AMX (prepared in artificial urine) (e) Response calibration curves of the biosensor to

detect different concentrations of AMX (prepared in milk).

experiment, it can be seen that the polymerization mixture solution
gradually changed from colorless to light blue and finally to blue, which
proved the oxidative polymerization of PANI, and the whole process is
polymerized at room temperature for about 20 min, as shown in Fig. 4
(a, bottom).

The PANI obtained by polymerization is immobilized on MFI of an
all-fiber system by in-situ growth method. The optical density of the
PANI microfiber deposited on the MFI plays an important role in the
sensitivity of the all-fiber system; the lower the coverage of PANI on the
surface of MFI has lower sensitivity, whereas the higher the coverage has
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the higher sensitivity, due to the larger total surface area available for
protonation. However, it should be noted that there is a tradeoff be-
tween PANI functional time and RI sensitivity (together with trans-
mission loss). To determine the optimal time for the PANI functional
membrane, the MFI is immersed in PANI solution for 5 min, 8 min, and
12 min. The results are shown in Fig. 4(b, left). In detail, the MFI after 5
min of PANI functional membrane (Red data) detected various con-
centrations of AMX (5 nM, 10 nM, 50 nM, and 100 nM), and the
wavelength is shifted by 1.05 nm, 1.325 nm, 1.325 nm, and 1.39 nm,
respectively. The MFI on PANI functional time of 12 min (Blue data) is
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detected various concentrations of AMX (5 nM, 10 nM, 50 nM, and 100
nM), and the wavelength is shifted by 0.45 nm, 0.325 nm, 0.325 nm and
0.325 nm, respectively. The MFI after coating PANI functional mem-
brane for 8 min (Green data) detected different concentrations of AMX
(5 nM, 10 nM, 50 nM, and 100 nM), and the wavelength is shifted by
1.05 nm, 1.875 nm, 1.95 nm, and 2.625 nm, respectively. It can be
concluded that 8 min is the optimal coating time, which not only can
detect the larger concentration of AMX, but also the sensitivity
maximum. Fig. 4 (b, right, purple) shows that the power difference of
FBGs of the all-fiber system for coating 8 min is linear with time. During
the coating process (8 min), the change of the interference spectrums is
recorded by an OSA, which can be seen that the interference dips are in
the regular redshift in Fig. 4 (b, right), proving that there is a PANI
functional film attached to the MFI surface.

B-LS is immobilized on PANI-coated microfiber by covalent cross-
linking with GA. During the experiments, the PANI-coated full-fiber
system is incubated in 1 % (v/ v) GA aqueous solution for 40 min and is
immobilized 120 IU/mL of p-LS (reconstituted in DI) on the MFI for 40
min. In Fig. 4 (c, left) the black line indicates the change of power dif-
ference of FBGs when GA is incubated on PANI-attached MIF for 40 min.
In detail, the power difference changes 5.48 dB from O min to 20 min,
and from 20 min to 40 min the power difference changes only 0.35 dB,
which showing that the curves gradually became towards stability after
GA incubated on MFI for 20 min. The red line indicates the change of
power difference of FBGs after p-LS incubated on MIF with PANI/GA for
40 min. From 0 min to 20 min, the power difference of FBGs changes
0.94 dB, and from 20 min to 40 min the power difference changes only
0.28 dB, and it can be seen that the curve gradually became smooth
when B-LS is incubated on MFI for 20 min. In order to demonstrate the
stability of the biological system, the biosensor based on PANI/GA/p-LS
is subjected for washing experiments in DI solution for 90 s. In Fig. 4(c,
right), the results show that the interference spectrum is basically un-
changed, and the wavelength of MFI error fluctuation is 0.01 nm. the
power difference of FBGs changed to 0.02 dB. Finally, the full-fiber
system biosensor based on PANI/GA/B-LS is successfully prepared and
used for the next detection experiment.

3.3. Detection of amoxicillin

In this experiment, the response of PANI/GA/B-LS thin-film based
functional biosensors to p-lactam antibiotics (AMX is chosen for this
experiment) at different concentrations (0.01 nM-100 nM) in DI and tap
water is investigated. During the experiments, AMX solutions with
concentrations of 0.01 nM, 0.05 nM, 0.1 nM, 0.5 nM, 1 nM, 5nM, 10 nM,
50 nM, and 100 nM are prepared. Specifically, an aqueous AMX solution
of 100 nM is prepared and then diluted with DI to the final concentra-
tions. During the detection process, starting from small concentrations,
MFI based functional film is immersed in the AMX aqueous solution for
10 min, and the interference wave at final stabilization is selected as the
most important data for this study. The wavelength change of the
interference spectrum is recorded, and the transmission spectrum is
shown in Fig. 5(a). Fig. 5(a, left) shows the wavelength response of the
interference spectrum using PANI/GA/B-LS thin film functional
biosensor to detect different concentrations of AMX. Fig. 5(a, right)
shows the displacement change of the corresponding interference
spectrum. It can be seen that the wavelength is gradually red-shifted as
the concentration increases.

In this experiment we refer to the log function for converting the
concentration of AMX added, then the relationship between the con-
centration of AMX and the wavelength shift is linear. Fig. 5(b) shows the
calibration curves for the wavelength shift of MFI (black line) and the
power difference change of FBGs (red line) in different concentrations of
AMX solution (aqueous AMX solution prepared in DI). Each experiment
is repeated three times under the same steps and conditions and
analyzed with error bars. when the biosensor detects different concen-
trations of AMX, a linear calibration curve with a detection sensitivity of
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wavelength shift is 0.6 nm/nM. If the concentration of the detected
substance is correct and the wavelength shift is known, the concentra-
tion of the analyte can be calculated by linear transformation. The
average wavelength shift deviation of the three experiments is 0.01 nm,
which is small within the acceptable range, and the main reason for the
error is thermal noise. The theoretical detection limit can be calculated
as LOD = 30/S, where ¢ is the standard deviation of the error mea-
surement, which is 0.01 nm, and S is the slope of the calibration curve is
0.6 nm/nM [31], which is calculated to be LOD = 0.05 nM. A linear
calibration curve with a detection sensitivity of power difference is 1.3
dB/nM, The theoretical detection limit LOD = 36/S = 0.04 nM, where ¢
=0.02 dB and S = 1.3 dB/nM.

Everyday tap water is likely to contain f-lactam antibiotics, non-
pB-lactam antibiotics, or a mixture of several other organic and inorganic
components. We select local tap water and configure it with different
concentrations of AMX (0.01 nM —100 nM), and test the AMX solution
in tap water using the same analytical method. To ensure that the ex-
periments are not generated by chance, each experiment is performed
three times and analyzed for errors. Fig. 5(c) shows the calibration curve
of the wavelength change of MFI and the power difference change of
FBGs (red line) of the sensor in tap water solutions with different con-
centrations of AMX. A linear calibration curve with a detection sensi-
tivity of wavelength shift is 0.8 nm/nM, the theoretical detection limit
LOD = 0.03 nM, and a detection sensitivity of power difference is 2.1
nm/nM, the theoretical detection limit of LOD = 0.02 nM. The Wave-
length shift of the MFI and intensity variation of the FBGs in tap water
will be higher than that detected in DI because tap water may contain a
small amount of AMX impurities. Finally, we can detect the concentra-
tion of AMX by judging the change of wavelength or the change of power
difference of the biosensor, and the lowest detection limit is 0.02 nM.
Combining the above analysis and test results, it can be concluded that
the functional biosensor based on the PANI/GA/f-LS thin film has high
precision and superior stability for AMX, and detecting the concentra-
tion of AMX by the power change of FBG can reduce the cost of the
system.

The practical application of the sensing system to test the detection
sensitivity of different concentrations of amoxicillin in artificial urine
and food (milk) is studied. During the experiment, 0.01 g of AMX is
added to 1 mL of artificial urine and milk, respectively, for obtaining a
0.027 M solution of AMX, which is later diluted with DI to the target
assay concentration. The concentration gradients are 0.01 nM, 0.05 nM,
0.1 nM, 0.5nM, 1, 5nM, 10 nM, 50 nM, and 100 nM. To ensure that the
experiments are not generated by chance, we do repeatability experi-
ments to analyze the errors. Fig. 5(d) shows the calibration curves for
wavelength shift of MFI (black line) and power difference of FBGs (red
line) in artificial urine with different concentrations of AMX. The
wavelength shift detection sensitivity is 0.63 nm/nM, with the theo-
retical detection limit LOD = 0.04 nM. The power difference detection
sensitivity is 1.62 dB/nM, with the theoretical detection limit LOD =
0.03 nM. Fig. 5(e) shows the calibration curves for the wavelength
change of MFI (black line) and the power difference change of FBGs (red
line) with different concentrations of AMX in milk. The sensitivity of
wavelength shift detection is 0.73 nm/nM, with the theoretical detec-
tion limit LOD = 0.04 nM. The sensitivity of power difference detection
is 1.99 dB/nM, with the theoretical detection limit LOD = 0.03 nM. An
all-fiber-optic system for rapid detection of antibiotic concentration has
been verified successfully in food samples and artificial urine.

3.4. Specific detection

The specificity of the biosensor is an important criterion for evalu-
ating the performance of the biosensor. The biosensor selectively is
studied some non-f-lactam antibiotics such as erythromycin (macro-
lide), levofloxacin (fluoroquinolone), doxycycline (tetracycline),
rifampicin (anti-tuberculosis), 5-fluorocytosine (antifungal), tobramy-
cin (aminoglycoside). The experimental procedure is carried out by



D. Sun et al.

Journal of Colloid And Interface Science 658 (2024) 903-912

Y
In tap water  Sensor response in deionized water

(a) =5

~ Be ~
£ 31 3 2
= =
"]
fE = b4 » ZTO - <@
= 24 g § F &8 s
77} 3 ] 3 éi 2
= 3 4 B =38 42
T é‘ % 5 2@ =
a =
= 14 p’ a
- 58 o2 o I
o s, remiid e 2

> ° 3 ®
s 0 ©
= 0 ~

(

(g
—

(d

—

ravea I 2071 B-LS
——PANI hydrolyzed
368.1 v v
? »‘; AMX
o~ -
3 3213 2987 =
& g 384.1
g o
<
E =
o= = L I Ll Il Ll " )
£ Z P
©» = | AMX
= 8 349 N
E = 366.1
I—
=
1351 1000 , SR R T
4000 3000 2000 1000 280 310 M 3‘;‘(’:h 370 400
Wavenumber (cm™) ass/Charge
(e) ;
0.2 0.5 [
= Y=1.4910g(X)+7.09 =~
o~ P~ £ 61 =)
] ) R?=(0.99 10
E 0.1 0=0.01nm = g 2
- L03 o E 51 v=0.66log(X)+1.23 8
E 00 stsatitsatzatztsnas [ 3 = -66log(X)+1. ]
= = > 44 R*=0.98 ls ©
77 ) -
b &
= -0.11 & = =
gl) L0.1 = =n 34 o
2 0=0.025dB ol g =
- g S
%0.2 sprecgygrtizragann 5 Ez- /E/ . g
; g « §/ =]
= -0.3 4 Lo £ = 11 4 B
&
-0.4 r r . T v 0 T T T T r
0 20 40 60 80 100 0.01 0.1 1 10 100
Time (s) Concentration (nM)

Fig. 6. (a) Specific response of the biosensor based on PANI/GA/p-LS film to different substances (AMX, Tobramycin, 5-fluorocytosine, Rifampicin, Doxycycline
hydrochloride, Levofloxacin, Erythromycin). (b) SEM analysis of PANI coated optical fiber. (c) FTIR analysis of PANI, PANI/GA, and PANI/GA/-LS. (d) Mass spectra
of AMX and f-LS hydrolyzed AMX (yellow arrows indicate hydrolysis peaks). (e) The results of the sensor stability and detection sensitivity experiments obtained by
storing the biosensors at room temperature for 21 days. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

configuring different concentrations of aqueous solutions (0.01 nM-100
nM, obtained by dilution in DI) for the different substances. This
detecting process uses the same analytical method used in Section 3.3
for repeating the experiment three times then performing an error
analysis and selecting the final stabilized data as the experimental data.
Fig. 6(a) shows the response of the biosensor to different substances. The
results show that the wavelength shift and power difference changes of
AMX, Tobramycin, 5-fluorocytosine, Rifampicin, Doxycycline hydro-
chloride, Levofloxacin, and Erythromycin, in DI solution are 2.575 nm
(7.77 dB), —0.175 nm (-0.38 dB), 0.1 nm (0.5 dB), 0.175 nm (0.42 dB),
0.325 nm (1.07 dB), 0.275 nm (0.77 dB), and 0.125 nm (0.42 dB),
respectively, and the changes in the wavelength shifts and power dif-
ferences for AMX in tap water are 3.05 nm (8.32 dB). This indicates that
the response of the biosensor to AMX is much higher than that of other
substances, and it can be determined that the response of the sensor is
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for the enzymatic hydrolysis of specific f-lactam antibiotics and that the
sensor has good specificity for AMX.

The morphology of the PANI coated optical fiber is analyzed by field
emission SEM, as shown in Fig. 6(b). It can be seen that the PANI is
uniformly distributed on the microfiber After that, the PANI and GA
immobilized PANI (short for PANI/GA), and f-LS immobilized PANI/GA
(short for PANI/GA/f-LS) are subjected to FTIR analysis, respectively, as
shown in Fig. 6(c). The black line is the FTIR of PANI, from which it can
be seen that the peaks at 1625 cm ™! and 1437 cm ™! correspond to the
C—C stretching vibrations of the benzene and quinone rings of poly-
aniline. The sharp peaks at 1351 cm™' and 1000 cm™! are C—N ex-
tensions of PANI secondary aromatic amines [32]. The peak at 861 cm !
is the stretching of the C—C bond of the alkyl chain of PANI, and the
peak at 817 cm ™! is related to the bending and vibration of C—H in PANI
[18]. The red line indicates the FTIR of PANI/GA, and it can be seen that
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Table 1
Comparison of the performance of different methods for the detection of antibiotics.
Method Receptor Experimental LoD range Cost Publication Ref
date
Colorimetric Quercetagetin 4.46 x 10°°M 10 x 10 M medium 2018 [13]
coated AgNPs —95 x 107°M
Colorimetric Nitro blue tetrazolium 2.6x10°M 8x10°M medium 2023 [14]
—~50x10° M
Electrochemical Aptamer 1x10°°M 5x10°°M high 2018 [11]
~5000 x 10°°M
Electrochemical p-lactamase 0.79 x 107’ M 0.26 x 10°°M high 2014 [12]
~0.66 x 10°°M
Electro-optical sensor Pseudomonas putida TSh-18 1.4x10°M 1.4x10° M high 2021 [15]
-1.8x10°M
Surface plasmon resonance sensor Molecularly 0.073 x 10°°M 0.1x10°M medium 2018 [16]
imprinted polymer —2.6 x 10°°M
Surface-enhanced Raman spectroscopy sensor Rhodamine 6G 1x10°M 107'M - 10"°M medium 2019 [17]
U-shaped sensor Enzyme-p- 0.18 x 107°M 0.18 x 107°M medium 2021 [18]
lactamase —~1800 x 10°M
All-fiber biosensors optic sensor Enzyme-f- 0.05 x 107° M 0.01 x 107°M low 2023 this work
lactamase —100 x 10°° M

the modification of PANI with GA does not change much on most of the
peaks. However, the additional sharp peaks are observed at 1720 em™?
and 2935 cm™! due to -C=0 stretching and —CH stretching of the free
aldehyde group, which confirming the modification of PANI with GA
[33]. The blue line indicates the FTIR of the PANI/GA/pB-LS modified
fiber. The peak at 1622 cm™! is the C=0 vibration of the p-LS amide
bond, and the peak at 3213 em ! is the amide band of B-LS [34].

High-resolution mass spectrometry analysis of AMX and B-LS hy-
drolyzed AMX is performed. The results are shown in Fig. 6(d). The peak
of AMX molecule (molecular weight 365.4) is shown as the black line,
and a peak at m/z 349 appeared due to NHy loss [M—NH, + H]+. The
peak at m/z 366.1 corresponds to the sodium adduct [M—NH; + Na]+ of
the NH; eliminated molecular ion. The mass spectra of p-LS hydrolyzed
AMX are shown as the red line. It can be observed that the peak at m/z
349 disappears when B-LS is combined with AMX. The new peak at m/z
368.1 is hydrogen [Mhyd-NH> + H]+ of the hydrolyzed NH; elimination
molecular ion, and the peak at m/z 384.1 is sodium [MhydNH, + Na] +
adduct of hydrolyzed NH,. The peak at m/z 297.1 is the decarboxylated
form of the molecular ion eliminated by hydrolyzed NH, [18]. The
above analysis confirms that AMX can be hydrolyzed by $-LS and form
acidic by-products. Table 1 shows the comparison of the performance of
antibiotic detection by different methods. In comparison, our sensor is
simple to fabricate, easy to operate, with stable performance and high
sensitivity.

The effect of the biosensors long placed in some conditions on the
stability and detection sensitivity is experimentally verified. During the
experiment, the fabricated biosensors store at room temperature and
tested the stability and sensitivity on the twenty-first day and the obtain
experimental data are shown in Fig. 6(e). Fig. 6 (e, left) shows the
wavelength change and power difference over time for the sensor
washed in DI for 3 min. The wavelength fluctuation of 0.01 nm and the
power difference fluctuation of 0.025 dB do not change significantly
compared to the first day (0.01 nm (wavelength fluctuation), 0.02 dB
(power difference fluctuation)). Fig. 6 (e, right, purple line) shows the
fitted curve of the sensor power difference with concentration is 1.49
dB/nM, and Fig. 6 (e, right, blue line) shows the fitted curve of the
sensor wavelength change with concentration is 0.66 nm/nM. From the
experimental data, it can be seen that the stability of water washing on
the twenty-first day remained basically unchanged compared to the first
day (1.3 dB/nM (power difference sensitivities), 0.6 nm/nM (wave-
length change sensitivities)), It can be concluded that this sensing sys-
tem very good stability for detecting biosensor performance.

4. Conclusion

A fiber optic biosensing system capable of determining AMX
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concentration based on MFI wavelength and FBGs power difference
variation is developed. The sensing system by the same calibration
technique can detect antibiotic concentrations in different substances
(tap water, milk and artificial urine). Detecting AMX in the concentra-
tion range of 0.01-100 nM, experimental results show that MFI wave-
length variation detection sensitivity is 0.6 nm/nM, and FBGs power
difference change sensitivity of 1.3 dB/nM, with a detection limit LOD
= 0.04 nM in real food and urine samples. The developed biosensing
system are stable and specific, and this biosensing technology has great
potential for monitoring antibiotic concentrations in food and water. It
is also of great practical value for detecting antibiotic concentrations in
ordinary wastewater treatment plants and can also be used to monitor
the presence of f-lactam antibiotics in tap water and their removal
during treatment.
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