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In this paper, a high performance differential sensing system combining microfiber interferometer (MFI) and
fiber Bragg gratings (FBGs) based on molecularly imprinted polymer (MIP) film is proposed for specific propofol
concentration detection. Surface refractive index changes are translated into interference wavelength shift
resulting in the change of grating power difference, which helps simplify demodulation equipment. Beta-
cyclodextrin (B-CD) assisted MIP film enables optic-fiber system to have specific recognition of propofol.
Experimental results show that the sensing system has an obvious response to propofol in the concentration range
of 0.001-10 mM, and a sensitivity of 6.04 nm/mM and the optimal sensitivity of differential modulation is 10.89
dB/mM in the concentration range of 0.001-0.05 mM. The sensing system also has excellent stability and
specificity in artificial urine environment. The proposed sensing system not only provides a new method for the
determination of propofol concentration, broadens the application field of optical sensor, and provides a new

platform for application in biomedicine fields.

1. Introduction

Continuous total intravenous infusion of propofol is widely used in
surgery as an important method to maintain general anesthesia [1].
After intravenous administration of propofol, there is a rapid balance
between plasma and highly perfused brain tissue, which is the reason for
the rapid onset of anesthesia. Furthermore, propofol can decompose in a
short period of time, thus the abuse of propofol is particularly easily
masked, which generates potential tolerance, psychological depen-
dence, and even death [2]. The concentration of anesthesia must be
immediately distinguished for diagnosis, and there is currently no
method to measure or detect the concentration of anesthetic propofol in
real time. Therefore, it is necessary to establish a highly sensitive and
simple sensing system for the real-time monitoring propofol
concentration.

In previous studies, there are three main methods for detecting
propofol concentration. The first method is chromatography, which can
be used for detection in high-performance liquid chromatography
(HPLC) and gas chromatography-mass spectrometry (GC-MS). Jason
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Yarbrough et al. have established and validated the HPLC method for
determining the content of propofol [3]. Wakako Hikiji, et al. have used
a selective ion monitoring mode for determining propofol in human
whole blood, brain, liver, and adipose tissue using the GC-MS method
[4]. Chromatography can be used in combination with various mea-
surement techniques, however, this approach is not capable of contin-
uous monitoring and necessitates large and costly equipment. The
second method is to use electrochemical technology to detect propofol.
David C. Ferrier et al. have used an enzyme based electrochemical
biosensor based on cytochrome P450 2B6, gold nanoparticles, and chi-
tosan membrane to detect propofol [5]. Chandan Kafey et al. have
designed an electrochemical microchannel sensor based on TizCyTx
reduced graphene oxide (rGO) chitosan microchannels for detecting
propofol solution [6]. However, the passivation of the electrode surface
may occur from the formation of insoluble polymers on the electrode
caused by the electrochemical oxidation of propofol. The third method is
to detect propofol through optical method. Chien-Chong Hong et al.
have proposed a handheld analyzer with disposable lab-on-a-chip
technology for the electrical detection of the anesthetic propofol in
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human plasma samples for clinical diagnoses [1]. Francisco U. Her-
nandez et al. have prepared a U-shaped functional fiber optic sensor for
detecting propofol concentration using molecularly imprinted polymers
(MIP) liquid phase deposition protocol technology [7]. The optical
method is expected to make up for the defects of the other methods, and
realizes a highly sensitive, simple and rust-proof biochemical detection
technology. As a promising approach, molecular imprinting technology
(MIT) possess the major unique features of structure predictability,
recognition specificity and application universality, which has received
widespread attention and become attractive in many fields.

The combination of MIT and fiber optic sensors has many applica-
tions in substance specific detection. Anand M. Shrivastav, et al. have
reported the preparation and characterization of a surface plasmon
resonance based fiber optic sensor for molecular imprinting detection of
melamine within the range of melamine concentration from 107M to 10°
IM [8]. Harshit Agrawal, et al. have designed a successful preparation
and characterization of a MIP surface plasmon resonance based fiber
optic sensor for detecting atrazine with the detection concentration
range of 0 M to 107M [9]. Pintu Gorai et al. have designed optical sensor
that utilizes a combination of photonic crystal fiber based mode inter-
ferometry and MIP nanoparticles to exhibit specific and reproducible
detection performance in the detection range of 108 to 10°3M [10]. The
above research progress can be seen that fiber optic sensor provide a
number of benefits, including low cost, corrosion resistance, high
sensitivity, resistance to electromagnetic interference, and compact size
and light weight. Combining molecular imprinting, this sensor has sig-
nificant advantages in improving the specificity of detecting target
molecule.

In this study, a MIP differential sensing system combining microfiber
interferometer (MFI) and fiber Bragg gratings (FBGs) is proposed and
verified for the specific detection of propofol concentration. Surface
refractive index changes are translated into interference wavelength
shift resulting in the change of grating power difference, which help
simplify demodulation method. The detected RI sensitivity responses are
1294.46 nm/RIU (MFI) and 2957.26 dB/RIU (FBGs), and the corre-
sponding low temperature responses are — 0.07 nm/°C (MFI) and 0.35
dB/°C (FBGs). Subsequent experimental analysis have showed that the
detected significantly propofol is in the concentration range of
0.001-10 mM, with sensitivity of 6.04 nm/mM and 10.89 dB/mM, and
the system also has excellent sensing performance in artificial urine
environment. This system presents a new compact all-fiber inquiry
scheme, which has stability and specificity, and can serve as a platform
for various biochemical detection.

2. Materials and methods
2.1. Reagents and instruments

Dopamine hydrochloride (98 %), Tris-Hydrochloride (pHS8.5),
2,6-Diisopropylphenol (98 %), p-CD (98 %), and Triton x-100 (biotech
grade) are purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). In the course of the experiment, deionised water
(DIconductivity is 200-10 ps/cm) was used. The sample membrane was
characterised by Fourier transform infrared spectrometer (FTIR ATR,
Burker ALPHAII, Germany), and the surface of microfiber was charac-
terised by scanning electron microscope (SEM, Teslacan Mira4 HITACHI
Regulus8100, Japan; Zeiss Sigma 300, Germany).

In this paper, we used the photosensitive single-mode fiber (Nufern,
USA, GF3). The reason for using this fiber is that its high contrast and
high sensitivity to refractive index make it easier to make microfiber
interferometer for better sensing performance. Amplified spontaneous
emission light source (ASE, Minchuang Optoelectronics, China, range of
1528-1603 nm, power of 10dBm), and spectral analyser (OSA, Anritsu,
Japan, AnritsuMS9740A, range of 600-1750 nm). Equipment used in
the preparation of MFI had optical fiber welding machine (Fujikura
FSM-60S, Japan) and motion controller (Zolix, MC600, China). In
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addition, digital refractive index metre (Reichert 13940000, United
States) was used to measure the refractive index of the solution, optical
photopower metre (OPM, LT500DB, China) was used to measure the
intensity change in the optical path, and metallurgical microscope
(Caikon, DMM-200C, China) was used to observe the macrostructure of
optical. The groove moulds used in the experiment was made using a 3D
printer (DDKUN, D160max, China).

2.2. Experimental setup

All fiber differential sensing system was shown in Fig. 1. The optical
signal was sent from the ASE light source with an output power of 10 dB,
transmitted to the MFI, through the circulator; to the FBGy, then to the
FBGoy, followed by the circulators, and finally collected by the OSA with
a resolution of 0.03 nm to record the interference spectrum at this
moment. In addition, circulator has three interfaces, Part 1, 2, and 3. The
optical signal enters the circulator from Part 1, leaves from Part 2, and
enters the next optical device. Part 3 is used to connect OPM, the OPM;,
OPMj; can detect the intensity of the FBG » to simplify the demodulation
equipment. In Section 1 of the Supplementary Material, Table S1 and S2
discussed the preparation process of FBGs and the specific parameters.

2.3. The microfiber interferometer fabrication

The MFI adopted a single-mode fiber-germanium-doped fiber-single-
mode fiber combination structure. We used a butane flame to heat the
germanium-doped fiber for 5-10 s. Then, the diameter of the optical
fiber was gradually narrowed from 125 pm to about micron-meter scale,
and a kind of MFI with high sensitivity and good stability was prepared.
In order to minimize the experimental error, we had set the parameters
of the motion controller including the motion distance of 18 mm, the
speed of 2 mm/s, the acceleration of 5 mm/s?, and the maximum speed
of 9 mm/s. The part circled by the red dotted line in Fig. 1 showed the
structure parameters of the MFI were annotated. These paremeters
included two transition regions of 3 mm and a waist region of 13 mm
length and approximately 10 pm diameter. In Section 2 of the Supple-
mentary Material, Fig. S1 and Table S3 discussed the RI sensitivity of
MFIs with different structural parameters. The blue arrow above was the
macroscopic structure of the various parts of the MFI, which was the
actual pattern observed by the metallurgical microscope. The reason for
using germanium-doped fiber is that its high contrast and high sensi-
tivity to refractive index make it easier to make MFI and have better
sensing performance [11-13]. Compared with ordinary fiber, germa-
nium-doped fiber has higher core refractive index and lower optical loss
[14,15]. The Coating Material for germanium-doped fiber is Acrylate.

3. Results and discussion
3.1. Sensor principle

3.1.1. Principle of microfiber interferometer

Tapered optical fiber requires two taper sections used as optical
components to construct the MFI diverse applications. The core and
cladding modes are transmitted simultaneously with the mainly prop-
agating fundamental mode (HE;) and higher-order mode (HE;5) [16].
These tapered joints in optical fiber are used to couple the large amount
of light energy of fundamental mode to the cladding modes. When the
light passes through the first tapered part, the energy field distribution
of the fundamental mode cannot change rapidly due to the small
diameter, so that the local fundamental mode remains in the tapered
region. This will result in leakage of the evanescent wave through the
cladding area. Thus, the energy loss of the fundamental mode is con-
verted to the higher-order cladding mode.This phenomenon is known as
the core-cladding transition [17]. At the steep slope of the taper region, a
large number of modes are excited and coupled with the guided light
into high-order modes. These higher-order modes are coupled back to
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Fig. 1. Composition of high sensitivity differential sensing system. The part of the red dotted line are the MFI and the real picture of each part of the MFI observed by

a metallurgical microscope.

the fundamental mode in the second taper region for producing inter-
ference, as shown in Fig. 2 (a).

The peak wavelength of Mach-Zehnder interferometer (MZI) spec-
trum can be calculated by the following formula [18]:

Am = AngL/m,(m=1,2,3,...) (€))
where m is the order of MZI interference fringes, L is the length of MZI,
Angg is the effective refractive index (RI) difference between the clad-
ding and the core.

Thus, the free spectral range (FSR) of MZI is as follows:
FSR = 2%/ AngyL @)

In general, the external sensitivity RI of an interferometer can be

expressed as [19]:
di/dne, =10 1/T e (1/Angys @ dAngy/dne,) 3)

Among them, I' =1—-1/AnedAn/dA is dispersion coefficient, which

'
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shows that the exponential difference is affected by the wavelength and
RI change. And dAngy/dn,, is the index dependent change caused by
small changes in RI of the external environment. When the external RI
increases, the effective exponents of both fundamental and higher-order
modes rise correspondingly [20]. It is the exponential difference due to
the tiny diameter of the microfiber that leads to its high RI sensitivity.

Therefore, when the functional film is attached to the surface of the
microfiber, it constitutes a microfiber sensing probe to detect a specific
substance. When the probe detects different concentrations of propofol,
the wavelength shifts due to the RI surface changes.

3.1.2. Principle of fiber Bragg grating
FBG is a periodic perturbation of refractive index along optical fiber
core. The formula for the reflected wavelength can be expressed as [21]:

ﬂB = 2TleffA (4)

where /3 is the central wavelength of FBG, n. is the effective refractive
index of the optical fiber core, and A is the grating period.

(b) Glucopyranose unit \

Glucopyranose unit
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Fig. 2. (a) The transverse electric field amplitude distribution of HE;; and HE;» in the main interference mode. (b) -CD (hosts) and propofol molecule (guest) can

form inclusion complexes through host-guest interactions.
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Two FBGs are selected so that they fall on the rising and falling edges
of the two adjacent peaks of the interference spectrum. As the sur-
rounding refractive index (SRI) increases, the RI difference between the
core and cladding is reduced, then the effective RI of the MFI increases
because of the Goos-Hanchen shift [22], Therefore, the peak wavelength
of the MZI will shift to the longer wavelength while the Bragg wave-
length keeps unchanged. In addition, the two slopes of the transmission
spectrum of the MFI are opposite, thus the reflection intensities of the
two FBGs change in the opposite trend. Their intensity difference is more
sensitive to the SRI than any of the single reflective intensity of two
FBGs, which can be written as:

AI = Il —12
/ s

e Ry 0 8(A—)di
= Rls(ﬂl)Tl (/11 — Aﬂ) —

e Ty(A—Al) o Ry o 5(A—Ay)di— / S(4) o To(A— AX)

RgS(ﬂz)Tg (/12 — Al)
()

where AI is the differential intensity of the two FBGs, I; and I, are the
reflective intensities of the FBG; and FBGy, S(4) is the power spectral
density function of light source, T; (1) and T»(4) are the initial trans-
mission spectrum functions of the two linear regions of the MFI. A ; and A
2 are the Bragg wavelengths of FBG; and FBG,, A1 is the wavelength shift
of the spectrum of the MFI induced by the change of the SRI. R; and Ry
are the reflective coefficients of the FBG; and FBG, §() is the unit im-
pulse function. R;6(1 —41) and R28(A —42) are the reflective spectrum
functions of the FBGs which are described as impulse functions because
the bandwidths of the FBGs are far smaller than that of the MFI. Thus,
the SRI measurement can be accomplished by calculating the differential
intensity of the two FBGs. Besides, the MFI is blue shift, which results in
the advantage of minimal temperature dependence for the RI mea-
surement. Because their response to temperature is relatively small, the
grating wavelength difference between the two FBGs can help the
refractive index measurement to eliminate cross-sensitivity.
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3.1.3. Synthesis of propofol imprinted polymer

The approach used in this study detects capture of propofol on the
surface of the MFI with the aid of cyclodextrins. Cyclodextrins Fig. 2. (b)
are offer an alternative for its biocompatibility and have been used as a
host compounds for other type of analytes [23,24].

The MIT used in this sensor is to recognize propofol specifically
through the host-guest interaction between the propofol binding sites
assisted by cyclodextrin and embedded in the PDA film formed on the
fiber surface.Through the host-guest interaction between the propofol
binding sites assisted by cyclodextrin, it is embedded in the PDA film
formed on the fiber surface for specific recognition of propofol. This step
of the process is that the functional groups are kept in place by a highly
cross-linked polymer matrix, thus trapping the template in a rigid cavity.
Consequently, the pre-polymerization complex is formed. Finally, the
template is removed from the resulting polymer matrix to obtain MIP.

The application of MIT in this sensor is achieved by the following
specific film preparation, as shown in Fig. 3.The formation process of
PDA is shown in Step 1 of Fig. 3. Dopamine (DA) is oxidized to
5,6-dihydroxyindole (DHI) under alkaline conditions (Tris-Hydrochlo-
ride, pH = 8.5), and further polymerized to polydopamine [25]. The
most relevant reasons for the super-adhesive properties of PDA are the
presence of catechol functional groups that can form covalent or non-
covalent bonds (hydrogen bonds, van der Waalsforces, or stacking
forces) with the surface of the substrate material [26]. Therefore, 3-CD
can also be attached to PDA, and the combination of both can be
attached to the specific microfiber biological probe.The next part of Step
1 in Fig. 3 is the 3D model of the three substances, where the positions of
hydrogen bonds and covalent bonds can be clearly seen.

According to the polymer formation principle described above, -CD:
propofol (v: v 1: 1) mixed solution is on the coated PDA microfiber. As
mentioned above, the PDA has strong bonding properties, so the poly-
mer can adhere to the surface of the PDA, as shown in Fig. 3. Step 2.

As shown in Fig. 3 Step 3, in order to enable the film to have specific
recognition of propofol, a template removal solution (Tratone x-100: DI
water v: v 1: 10) is used to eluate the propofol on the surface of the film,
and the MIP film for the detection of propofol is established.
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| ©  Beta Cyclodextrins 1
| ) S 1
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.
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Fig. 3. The principle and preparation of MIP optic fiber sensor.
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3.2. Refractive index and temperature performance

Fig. 4 (a, top) shows the original spectrum of the MFI and two FBGs
combined differential sensing system, in which the part marked with
black letters are the position of FBGs on the interference spectrum. In
order to accurately measure the sensing performance of the differential
sensing system to the change of external RI, the sodium chloride solution
is used to simulate the external RI solution, and the digital refractometer
is used to detect the RI value of the sodium chloride solution. Fig. 4 (a,
bottom) shows the redshift spectrums of different RI solutions are
recorded at room temperature (26°C). Fig. 4 (b, top) shows that the
power changes of two FBGs with the increase of RI value. It can be seen
that with the gradual increase of RI value, the power of FBG; gradually
increases and the power of FBG; gradually decreases. The two FBGs are
used to make a difference to improve the estimation accuracy of the total
spectral frequency shift. When the output spectrum experienced a red-
shift, the intensity of the FBG peaks changed accordingly [27]. It can be
seen in Fig. 4 (b, bottom) that the RI sensitivity of the MFI and FBG; —
FBG;, power difference are 1294.46 nm/RIU and 2957.26 dB/RIU in the
range of 1.3387 to 1.3415, respectively. Based on the following formula
(6) [20], their LOD for refractive index are 0.00003 RIU (MFI) and
0.000009 RIU (FBG), respectively.

LOD = 35/S (6)

In addition, the temperature analysis is performed for the range from
30 to 70°C. The MFI and FBGs are placed simultaneously in a thermostat
and the spectrums are recorded every 5°C. In order to ensure the uni-
form heating to minimize experimental error, it is very important that
before storing the spectral data, the temperature needs to keep 5 min for
reaching the preset value. In Fig. 4 (c,top), the wavelength of the FBGs
transmission spectrum tends to red-shift as the ambient temperature
increases, and the linear fit shows a low temperature sensitivity of FBGy
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of 0.008 nm/°C and FBG; of 0.009 nm/°C. It can be seen in Fig. 4 (c,
bottom) that the temperature sensitivity of the MFI and FBG; — FBG
power difference are — 0.07 nm/°C and 0.35 dB/°C, respectively, which
indicates that the differential detection sensing system has cross-
sensitivity.

3.3. Fabrication of biological probe

In the experiment, Tris-Hydrochloride is used to dissolve DA. Mix
and shake 1 mL of hydrochloric acid buffer and 2 mg of DA to configure a
2 mg/mL solution. The MFI is immersed in this PDA solution for some
time and removed from the this solution at about 8 nm wavelength drift
During this process, DA gradually polymerizes, reflecting the gradual
change from colorless to black, and a uniform PDA film is formed on the
microfiber surface. In Fig. 5 (a) the transmission spectrum is redshifted
with the increase of time. Fig. 5 (b) shows the change in the wavelength
shift of the MFI and the power difference of grating during the plating of
the PDA film. The sensitivity of the MFI is 0.22 nm/min, and the
sensitivity of FBG; — FBGj is 0.44 dB/min.

Then, configure a 30 mM mixture of $-CD: propofol mixed solution.
Firstly, 0.8 g of p-CD is added to 10 mL of DI water and stirred at 60°C for
15 min to obtain -CD solution. After this, mix 1 mL of propofol, 1 mL of
p-CD solution and 89 ml of DI water, and ultrasonic stirring is performed
for 3 h to obtain 30 mM of $-CD: propofol (v: v 1: 1) mixed solution. The
propofol functional film is obtained by dropping p-CD: propofol solution
on the coated PDA microfiber for remaining for 20 min. Fig. 5 (c) shows
the change in the wavelength shift of the MFI and the power difference
of grating during the plating of propofol functional film. The sensitivity
of the MFI is 0.01 nm/min, and the sensitivity of FBG; — FBG; 0.03 dB/
min.

Finally, configure the template to remove the solution. 1 mL of Triton
x-100 is added to 10 mL of DI water, stirred at room temperature (26°C)
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for 10 min for obtaining a mixed solution, which is applied to the surface
of the MFI for propofol functional film. After standing for 5 min, the
propofol on functional membrane is washed to obtain MIP sensor with
specific recognition of propofol. Fig. 5 (d) shows the response of FBGs
power difference during template removal.

In the experimental stage, in order to select the best coating time of
f-CD: propofol mixed film on microfiber surface, 20 min, 30 min, 40 min
and 60 min are selected in order to optimize the performance of the
sensors with other preparation conditions remaining constant (template
removal time of 5 min). These prepare MIP sensors are used to investi-
gate the detection ability of propofol in the concentration range of 0.001
mM-10 mM. As shown in Fig. 5 (e), the first five points are selected at
propofol concentrations of 0.001-10 mM and their wavelength drift
sensitivities are calculated, which are 0.21 nm/mM for 60 min, 0.33 nm/
mM for 40 min, 3.88 nm/mM for 30 min, and 7.58 nm/mM for 20 min,
respectively. And the corresponding wavelength drifts are 1.95 nm,
2.55 nm, 2.55 nm and 3.45 nm, respectively. It can be concluded that 20
min is the optimum coating time. The reason for this phenomenon is that
if the immersion time in the p-CD: propofol mixed solution is too short,
too little polymer may be attached to the PDA layer, resulting in insuf-
ficient specific binding sites. When the immersion time of the polymeric
solution is too long, it may cause the polymer layer on the microfiber
surface to be too thick, which is not conducive to the increase of RI
sensitivity and leads to larger spectral losses. It should be noted that
there is a trade-off between RI sensitivity and transmission loss (as well
as stability) [28,29]. In summary, the time of 20 min for coating -CD:
propofol films is chosen.

The detecting ability of propofol biodetection probes is obtained by
comparing different template removal times. Selecting the most recent
template removal time, as shown in Fig. 5 (f). Under the precondition
that other preparation conditions remain unchanged (p-CD: propofol
mixed film coating time of 20 min), template removal times of 2 min, 5
min and 10 min are selected. These prepared MIP sensors can detect
propofol concentration of 0.001-10 mM. Fig. 5 (f) shows that the

wavelength shift of 10 min is 1.57 nm, that of 5 min is 3.45 nm, and that
of 2 min is 3 nm, which is concluded that 5 min is the better time. The
reason for this phenomenon is that when the template removal time is
too short, the template molecules in the polymer may not be completely
removed, resulting in insufficient specific binding sites. However, when
the template removal time is too long, it may cause part of the PDA layer
on the microfiber surface to be washed away, so 5 min is the best tem-
plate removal time.

3.4. Detection of propofol

By placing the MIP sensor in DI water before the start of the detection
experiment, it can be seen that the sensor can exclude the influence of DI
water, as shown in Fig. 6 (a). The perturbed MFI wavelength drift is
0.073 nm, and the perturbed FBGs power change is 0.009 dB.

In the test, these propofol solutions of 0.001, 0.005, 0.01, 0.05, 0.1,
0.5, 1, 5 and 10 (in mM) concentrations are prepared. Specifically, first
dissolve 1 mL of propofol in 1 mL of Triton x-100 solution and stir at
room temperature for 20 min to obtain a mixed solution of propofol.
Then take 1 mL propofol mixed solution and add 269 mL DI water to get
10 mM propofol aqueous solution. The optical fiber MIP sensor starts
from the minimum concentration and detects each concentration for 3
min. The spectrum at the final stabilization is selected as the most
important data in this study.

The transmission spectra at different concentrations of propofol are
shown in Fig. 6 (b). As can be seen from the figure, the redshift on the
wavelength occurs as the concentration increases. Fig. 6(c) shows the
error bar analysis of the repeated experiments of concentration detec-
tion, and the change of the power difference between the MFI and the
FBGs. The relationship between the concentration at 0.001 to 10 mM
and wavelength shift and FBGs power difference, and the fitting of the
infrount four points is shown in the illustration in Fig. 6 (c). the fitting
wavelength shift sensitivity is 6.04 nm/mM, and the FBGs power dif-
ference sensitivity is 10.89 dB/mM. Fig. 6 (d) shows that the linear
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Fig. 6. (a) MIP sensor system stability measurement; (b) Wavelength shift diagram for concentration detection; (c) The variation of MFI and FBGs power difference
error bar with concentration; (d) Linear relationship between power difference and wavelength shift.

relationship between power difference and wavelength shift can be
represented by y = 0.5519x — 0.2019. Therefore, the wavelength shift
can be calculated by obtaining the power difference of FBGs, which
indicates that OPM can replace the spectral analyzer to monitor the
optical response of the sensing system.

3.5. Specific detection

The specific response of the sensor to the measured substance is an
important index to indicate the performance of the sensor. In order to
verify the sensor’s specific recognition, eight kinds of substances with

similar structure and molecular weight to propofol, except DI water, are
selected to perform specific experiments on the MIP sensor within the
concentration range of 0.001 to 10 mM, and the experiments are
repeated some times for each substance to exclude the influence of
chance on the experimental results. In Fig. 7, the experimental results
show that the redshifts of the highest concentrations of DI water, para-
cetaminophenol, glucose, uric acid, cholesterol, thymol and eugenol are
0 nm, 0.833 nm, 0.503 nm, 0.59 nm, 0.345 nm, 1.12 nm and 0.565 nm,
respectively and some substances have blue shift in other concentra-
tions. Thus, these results indicate that the response of the MIP sensor to
propofol is much higher than that of other substances, and the sensor has

-

bl‘/i (IIII] )

—~

Wa velengyy,

Fig. 7. The specific detection of the MIP sensor to propofol and specific substances (DI water, paracetamol, glucose, uric acid, cholesterol, thymol and eugenol)

within the concentration range of 0.001-10 mM.
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difference error bar with concentration; (c) Linear relationship between power difference and wavelength shift.

a good specific recognition of propofol.

3.6. Practical detection

In order to verify that the all fiber sensing system has good sensing
performance in the actual application, the artificial urine is utilized to
simulate the actual environment to detect propofol. Artificial urine is
used because actual urine contains a lot of impurities (the cations Na, K,
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NHy4, Ca and the anions, C1, SO4, PO4 and HCO3, escherichia, coli Aer-
obacter aerogenes, pseudomonas aeruginosa, proteus mirabilis, entero-
coccus, staphylococcus aureus and staphylococcus albus Etc.) [30].

In the test, these propofol solutions of 0.001, 0.005, 0.01, 0.05, 0.1,
0.5, 1, 5, and 10 (in mM) concentrations adding in artificial urine are
prepared. As shown in Fig. 8. it is the response of the sensor to propofol
in the artificial urine environment. The sensor starts from the minimum
concentration and detects each concentration for 3 min (Consistent with

—

~
-CH Streaching -CO Streaching ~ N

-

-OH Streaching

N
® A\

(i) PDA

O p-cp

LZO'GLIC<¢

\

@ propotol |

£ (iv) MIP/propofol detection

4000 3000 2000 1000 0

Wave number (cm'l)

Fig. 9. (a) SEM image with 30,000x PDA magnification; (b) PDA, PDA/f-CD: propofol, PDA/B-CD: propofol/template removal solution and MIP/propofol detection
ATR-FTIR spectrometer analysis; (c) UV-vis spectra of (1) p-CD; (2) p-CD: propofol; (3) Triton: water; (4) propofol; (d) SEM image with 20,000x MIP films

magnification.
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the sensor detecting propofol in DI water). The spectrum at the final
stability is selected as the most important data in this study. Fig. 8.(a)
shows that the spectrum of the sensor shifts to the right as the concen-
tration of propofol increases. It can be seen from the figure that the
redshift on the wavelength of MFI occurs with the increase of the con-
centration, while the light intensity of FBG; increases and that of FBGy
decreases. Fig. 8 (b) shows the error bar analysis of the repeated ex-
periments of concentration detection, and the change of the power dif-
ference between the MFI and the grating. For the relationship between
the concentration of 0.001 to 10 mM and wavelength drift and FBGs
power difference, the fitting of the infrount four points is shown in the
illustration in Fig. 8 (b). The fitting sensitivity of wavelength drift is
1.11 nm/mM, and the grating power difference sensitivity is 5.94 dB/
mM. Fig. 8 (c) shows that the linear relationship between power dif-
ference and wavelength drift can be represented by y = 0.641x + 4.006.
Therefore, the wavelength shift can be calculated by obtaining the
power difference of FBGs.

3.7. Sensor characterization

In order to elucidate the interaction between the components of the
sensor film, the characteristics of the optical fiber coated with PDA film
is performed to observe by SEM. Fig. 9 (a) is the SEM image of the PDA
film on the surface of the optical fiber. When the optical fiber is
immersed in PDA solution for 40 min, it can be seen that the surface of
the optical fiber is covered by uniform particles [31,32].

The composition of MIP films is determined by attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectrometer. The
National Institute of Standards and Technology (NIST) in the United
States reported the wave numbers of the strongest vibration modes of
propofol measured by FTIR, which ar: 3610 cm ™, 2930-2850 cm ™,
1410 em™! and 1170 ecm™!. Four samples on the coated slides of (i)
PDA, (ii) PDA/ B-CD: propofol, (iii) PDA/ B-CD: propofol/template
removal solution and (iv) MIP/propofol detection are performed by
ATR-FTIR spectrometer analysis. Sample (iii) is added with Triton
x-100: DI water (v: v 1: 10) as a template removal solution to wash off
propofol on the surface of the film. The characterization results are
shown in Fig. 9(b). The wide peak of the PDA at 3200-2900 cm ! is due
to the O-H and N-H stretching vibration peaks [33]. The absorption
peak at 2941 cm ™! in sample (ii) is the characteristic absorption of p-CD:
propofol, which is indicated by the changes in O-H vibration here
binding of p-CD: propofol inclusion complex with PDA [34].The ab-
sorption peaks at 3177-3184 em~! and 1033-1035 cm™! are respec-
tively the stretching vibration of C-H and the stretching vibration of C-O
[31]. Comparing sample (iii) and sample (iv) at 787 cm~ 1910 cm’l, it
can be seen that sample (iii) has no peak value, but sample (iv) does,
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indicating that sample (iii) has no propofol and sample (iv) has the
presence of propofol [35].

The binding of propofol to p-CD and the binding of propofol to Triton
x-100 are identified by Ultraviolet-visible spectroscopy (UV-vis). It is a
common method for forming cyclodextrin inclusions with guest mole-
cules [36,37]. Sample (1) in Fig. 9 (c) is the UV-vis spectrum of p-CD
[38]. It can be seen from (b) that f-CD does not show any absorption
spectrum in the entire wavelength range. In aqueous solution, there are
two strong maximum absorption peaks at 224 nm and 271 nm. The UV-
vis of sample (2) shows a slight broadening of the maximum absorption
peak from 200 to 300 nm, confirming the formation of the $-CD: pro-
pofol inclusion complex. The decrease in absorbance indicates that
propofol is encapsulated in a hydrophobic p-CD cavity [8]. Because
propofol is insoluble in DI water, Triton x-100 is used as the co solvent
for propofol in this design.The combination of propofol and Triton is
identified by UV-vis spectroscopy, as shown in Fig. 9 (c). In Fig. 9 (c),
sample (3) is the UV-vis spectrum of Triton x-100, with an absorption
spectrum at 234 nm [9]. sample(4) is the spectrum of the mixed aqueous
solution of propofol and Triton x-100, with two strong maximum ab-
sorption peaks at 228 nm and 265 nm. The UV absorption mode of the
mixed aqueous solution showed a slight broadening of the maximum
absorption peak from 200 to 300 nm, which confirmed that propofol is
dissolved by Triton x-100. The decrease in absorbance indicates that
propofol is encapsulated in a hydrophobic triton cavity [10].

In order to visually characterize the MIP films, we prepare the
characterized sample, which is a functional film mentioned in the
manuscript, is coated on an ordinary single-mode optical fiber. The in-
strument used in the process of characterization is scanning electron
microscopy (SEM, Zeiss Sigma 300, Germany). As shown in Fig. 9 (d),
the thickness of the functional film on the optical fiber surface is about
178.604 nm.

Table 1 shows a comparison of this work with some of the popular
methods currently used to detect isoproterenol concentrations. Optical
methods used in [1,7] have significant advantages for improving the
specificity of the propofol sensor, but the disadvantages such as the high
cost of preparation and the requirement of high signal processing
equipment should not be ignored. The use of electrochemical detection
techniques [5,6,39,40] have the advantages of accuracy and sensitivity,
but the insoluble polymers produced by the electrochemical reaction
passivate the surface of the electrodes to reduce the detection accuracy
and lifetime. In contrast, the paper proposed sensing system is not only
simple to fabricate and less costly, but also can more accurately detect
isoproterenol concentration in the low concentration range by detecting
the interferometric wavelength drift and FBG power difference.

Table 1
The different structures of the sensor to detect propofol.
Structure and material Connector identification element Concentration Sensor LOD Publication ~ Reference
range sensitivity date
Handheld analyzer and disposable MIP label-free electrical detection 6 x 10 *00.18 mM - 6 x 10 *“mM 2016 [1]
plastic lab on a chip techniques
Electrochemical cleaning procedure for Boron-doped diamond (BDD) and pencil 9.9 x 1030 8.05 1.1 x 1072pA/ (0.82 + 2018 [39]
long-term electrochemical graphite electrode (PGE) x 10~2mM uM 0.08)
monitoring 10-3mM
An enzyme-based electrochemical Cytochrome P450 2B6,gold nanoparticles 6x10%t06 x 4.2 + 0.2nA/ 4.02 x 2021 [5]
biosensor and chitosan film 102mM pg/ml/mm? 10> mM
U-shape functionalized optical fiber MIP liquid-phase deposition propofol 1x 102 to 8 x - 6.9 x 2022 [71
sensor techniques 103 mM 10 *mM
An electrochemical microcatheter TizCyTx-rGO-chitosan-based microcatheter 5x 1073 to 0.11 - 2 x 10°mM 2023 [6]
sensor mM
A disposable electrochemical sensor Composite of SnO, nanoparticle and Nb,CTx 1 x 10 °t0 0.3 mM  0.26 pyA/uM/cm? 2.4 x 2024 [40]
MXene (SnOy/Nb,CTx) 10 *mM
Functional micro fiber interferometer Molecularly imprinted films bound to 1 x 1073 to 10 mM 6.04 nm/mM 2 x 107°mM 2024 This work
and two-stage fiber Bragg gratings polydopamine 10.89 dB/mM
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4. Conclusion

This paper present a differential sensing system based on the com-
bination of MFI coated with MIP films and FBGs for for the measurement
of propofol. The MIP combination of target molecule causes the surface
RI change, which is converted into the interference wavelength shift for
resulting in a change in the FBGs power difference. The experimental
results of detecting propofol concentration in DI water show that the
sensor has obvious response in the concentration range of 0.001-10 mM,
and the sensitivity is as high as 6.04 nm/mM and 10.89 dB/mM. For
further research, the system also has excellent sensing performance in
artificial urine environment, the sensitivity of MFI is 1.11 nm/mM and
the two FBGs power difference sensitivity is 5.94 dB/mM. The ATR-FTIR
spectrometer shows that the sensor can indeed detect propofol. This
differential sensing system has a few strong advantages of high sensi-
tivity and good selectivity, which expects great potential in biomedical
applications.
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