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Given the challenges facing on-site analysis, molecularly imprinted polymers (MIPs) based optical fiber
(OF) sensors are earning worldwide attention because of their integration of high specificity (from MIPs)
and flexible sensing ability (from OF sensors). As such, how to design an efficient MIPs based OF sensor
becomes a timely research topic. In this review, we discuss the state-of-the-art of MIPs based OF sensors,
including the simply combined MIP/OF sensors and the directly integrated MIP@OF sensors. We first
summarize the progress of MIP/OF sensors using MIPs as solid phase extraction materials and binding
films. In addition, we give a comprehensive overview of the MIP@OF sensors, with an emphasis on

fluorescence, surface plasmon resonance (SPR), gratings, interferometry, lossy mode resonance and in-
tensity distribution based MIP@OF sensors. Finally, the challenges and future perspectives of the on-site
applications of these sensors are highlighted.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

On-site analysis using advanced sensors has attracted increasing
attention in various fields including industry, agriculture, aero-
space, biomedicine and environmental science. As a major branch
of sensors, chemical sensors have been widely used in the detection
of chemical and biological analytes in various sample matrices. Due
to the fact that analytes usually present at trace level, chemical
sensors should possess high selectivity and sensitivity during the
applications. In this case, enhancing the specificity of the molecular
recognition element in chemical sensors is particularly important.

One of the most efficient ways to address this challenge is the
construction of recognition elements in chemical sensors with
molecularly imprinted polymers (MIPs). It is known that MIPs are
synthetic receptors generated by molecular imprinting [1]. Due to
the physicochemical affinities between the functional groups of the
template molecule and the functional moieties of the monomer, a
template-monomer complex is first formed. After the polymeriza-
tion and subsequent extraction, imprinted cavities (which are
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complementary to the template in size, shape and interaction
points) are created. In comparison with other receptors, a distinc-
tive nature of MIPs is the molecular recognition specificity. For this
reason, molecular imprinting has emerged as a promising approach
to enhance the target selectivity of chemical sensors [2].

Another type of sensors, optical fiber (OF) sensor, is also
becoming a research focus for on-site analysis and remote sensing
due to OFs’ merits of miniaturization, portability, user-friendly
operations, disposability, facile integration with various functional
platforms, and availability at inaccessible sites (e.g., remote areas,
strong magnetic fields and harsh environments), respectively [3].
These advantages provide the OF sensors with great potentials in
practical sensitive responses towards electrical, mechanical [4] and
chemical [5] parameters including strain, stress, magnetic field,
current, temperature, vibration and chemical signals. In the litera-
tures, a variety of sensing strategies of sensors have been demon-
strated [6], including fluorescence, surface plasmon effect,
interferometry, gratings, etc. Recently, with the development of
functional materials (e.g., aptamer, enzyme and artificial antibody),
OF sensors have also showed great feasibility in the detection of
low-level chemical and biological analytes in various samples [7,8].

Thanks to the numerous advantages of molecular imprinting and
OF technique, MIPs based OF sensors have been proposed. To date,
they have attracted numerous attentions because of the high
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selectivity and great potentials for on-site analysis and remote
sensing [9]. On the basis of the coupling methods between the MIPs
and the OF sensors, we categorized them into simply combined MIP/
OF sensors and directly integrated MIP@OF sensors. In the simply
combined MIP/OF sensors, MIPs that were used for isolation of the
analytes functioned independently in parallel with the OF sensors (as
a detector). For the directly integrated MIP@OF sensors, MIPs were
modified onto the optical fiber to fabricate the sensing platform.
When the target analytes were bound onto this sensing platform, the
optical properties of the MIP materials changed, which further
resulted in the change of the wavelength, intensity, phase, or po-
larization state of the light signal (the intensity ratio change and
wavelength shift per unit change in concentration of analytes are
usually defined as sensitivity). In the literatures, the MIPs based OF
sensor is proceeding rapidly in terms of its innovation and feasibility
for on-site detection [10]. As such, how to design an efficient MIPs
based OF sensor becomes a timely research topic.

Here, we summarize the current state-of-the-art of the simply
combined MIP/OF sensors based on the two structural formats of
MIPs: SPE column based and film based MIP/OF sensors. Then we
give an integral overview of the directly integrated MIP@OF sen-
sors. Beyond the thorough explanations of the sensor fabrication
process concerning both MIP and OF preparation, we look into a
wide range of sensing strategies including fluorescence, SPR, grat-
ings, interferometry, lossy mode resonance and intensity distribu-
tion with the particular emphasis on the technical details and their
effects on the performance. Finally, we discuss the challenges of the
real-life applications of these sensors and envision the future per-
spectives in this field for achieving technological maturity.

2. Simply combined MIP/OF sensors

For sensors based on the simple combination of MIPs and OFs,
MIPs served as the independent recognition element, while the OFs
acted as the auxiliary of the detector to transmit light. Therefore,
this type of MIPs based OF sensor was named MIP/OF sensor. The
configuration of the MIP/OF sensors is flexible because the two
parts of the sensors worked independently in the whole sensing
process. So far, based on the structure of MIPs, there are two main
formats reported: SPE column based MIP/OF sensors and film based
MIP/OF sensors.

2.1. SPE column based MIP/OF sensors

Due to the high selectivity, effective enrichment and high po-
tential for automation, MIPs based SPE (MIP-SPE) has been one of
the most important sample pretreatment approaches. Other than
conventional detectors (e.g., mass spectrometry), OFs based sensors
were also used to measure the fluorescent target concentration in
the MIP-SPE procedure. Thanks to the flexibility of the OFs based
sensor, both the free target remaining in the solution after the
adsorption and the bound target on the MIPs could be detected. For
example, by connecting two OFs on each side of a flow cell where
the effluent from the MIP columns flew through, the concentration
of un-adsorbed analytes in the solution was determined by the
transmitted absorbance spectra [11,12]. The same concept was also
successfully applied in analyzing the adsorption behavior of MIP
materials [13].

For the detection of the bound target on the column after the
MIP-SPE procedure, the MIP columns could be coupled with the OF
sensors [14] as well. As seen in Fig. 1a, with the O-ring as the
connector between MIP-SPE columns and the end of the fiber, the
excitation light from the light source and the fluorescence emission
to the spectrometer could travel through the OF [14—16]. For
example, using this SPE column based MIP/OF sensor, an on-line
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detection of the environmental pollutant was achieved with a
limit of detection (LOD) of 1.38 uM [16].

The significant merit of this type of SPE column based MIP/OF
sensor is that OFs and MIPs are separately established, the synthesis
and performance of the MIPs and OF sensors are both controlled at
the optimized conditions. However, so far, this format depends
heavily on the optical properties of analytes, more effort is still
needed for developing diverse sensing strategies to broaden its
applicability.

2.2. Film based MIP/OF sensors

Regarding the film based MIP/OF sensors, MIPs as the recogni-
tion element in the sensor were modified onto the film. Besides
fluorescence based OF sensors [17], localized surface plasmon
resonance (LSPR), diffraction [18—22] and Raman [23] phenome-
non based OF sensors were also coupled with the MIP film. The
LSPR-based MIP/OF sensors required the layer of metal nano-
particle deposited below the MIP layer [24,25]. Encouragingly, with
the high sensitivity of LSPR phenomenon to the changes of the MIP
layer, gas sensing was achieved in both literatures. As for the
diffraction-based MIP/OF sensors, colloidal crystal templating as
the photonic element was widely applied with the MIP layer
(Fig. 1b). It could produce reflected diffraction phenomenon [20]
that could be recognized by spectrometer. Accordingly, Lai's group
has achieved on-site detection in fish [21] and wine [22], with the
detection LOD of 16.5 pg mL~! and 10 pM, respectively.

As discussed above, OFs in the film based MIP/OF sensors played
the roles of both excitation and recording. Due to OFs’ advantages of
miniaturization and ease of integration, composite films with
proper optical properties can all be potential candidates of this type
of format. Following this idea, we recently reported a fast and stable
sensing system based on the MIP/OF format, which was capable of
imaging Fe** in living cells [26].

For the MIP/OF sensors, their analytical performances depend
on MIPs and the sensing strategy of OFs. Generally, the selectivity of
MIP/OF sensors is mainly contributed by MIPs, while the sensitivity
is dominated by the sensing strategy of OFs. Therefore, different
degrees of focus should be placed on the optimization of MIPs and
sensing strategies when developing MIP/OF sensors with different
requirements. Moreover, concerning the instrumental set-up, OFs
mainly act as a light transmitter with the ease of operation, which
could be combined with a diversity of MIP formats (including
particles [26,27]) and further enrich the application scenes (on-site
or in-vivo) of MIP based optical sensors with different sensing
strategies [2].

3. Directly integrated MIP@OF sensors

Integrating MIPs directly with OFs is a step towards the
compactness and miniaturization of the MIP/OF sensor. In this
concept, OFs serve as not only the optical transmission channel, but
also the transduction element. Thus, this type of sensor is referred
as MIP@OF sensor. When compared to simply combined MIP/OF
sensors, the compatibility between MIPs and OFs should be of prior
consideration. Thus, the options of MIPs are restricted in this re-
gard, and the fabrication process of the sensors requires a high
degree of elaboration. The performance parameters of all addressed
MIP@OF sensors were tabulated in Table 1.

3.1. Fabrication of MIP@OF sensors
3.1.1. Modification of MIPs onto OFs

For all the MIP@OF sensors, the MIPs (layers or particles) were
modified on the outset of OFs, serving to selectively recognize and
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Fig. 1. Schematic illustrations of simply combined MIP/OF sensors. a) The experimental setup of SPE column based MIP/OF sensors; b) Experimental setup of film based MIP/OF

sensors using diffraction as the sensing strategy.

capture the analytes in the samples. Generally, the modification
approaches of the MIPs onto OFs include dip coating [59], drop
coating [35] and spin coating [60]. Furthermore, considering the
polymerized state of the imprinting ingredients during the modi-
fication, the modification of MIPs can be divided into 2 categories:
in-situ polymerization method and post-polymerization method.
For the in-situ polymerization method, pre-polymerization solu-
tions were typically prepared by mixing the monomers, templates,
cross-linkers, initiators and porogen solvents. By exposing to
heat, light or electrons, the pre-polymerization mixtures were
polymerized and in-situ coated onto the OFs. Among these poly-
merization methods, radical polymerization where azobisisobu-
tyronitrile (AIBN) or ammonium persulfate (APS) were used as
initiators was the most popular way. Photopolymerization was of
practical significance because the experimental setup for the OFs
could readily provide the light sources [58,61]. As for electro-
polymerization, it was helpful for obtaining controllable thickness
of MIP layer to achieve plasmon signals in the case of SPR-based
MIP@OF sensors [49]. Regarding the post-polymerization method,
the MIP particles were synthesized before the modification process.
The coupling of MIPs on the surface of OFs included physical
adsorption and chemical grafting. The physical adsorption strategy
was usually achieved through “gluing” MIPs onto OFs using
hydrogels such as polyvinyl alcohol [62,63] and polyethyleneglycol
diacrylate [34]. However, considering the destruction to the
hydrogel structure by the high energy of the laser beam, the
detection time should be restricted within seconds. Moreover, the
stability pf the MIP@OFs by this physical adsorption method was
unsatisfactory. One strategy to enhance the stability between the
MIPs and the OFs was adding a metal layer between the MIP layers

and OFs, which took the advantage of the electrostatic forces be-
tween the metal ions and MIP matrix, and was usually employed in
SPR-based MIP@OF sensors [64]. To further increase the stability of
the MIP@OF sensors, chemical grafting of OFs was carried out to
obtain a chemically bound MIP layer. So far, vinyl group [29,47] and
amino group [48,51,55,65] based silane coupling agents were used.
Besides, the chemical grafting of OFs with a layer of nanoparticles
(e.g., SiO2 nanoparticles) was also reported to provide high surface
area for the MIP modification [52].

In short, the in-situ polymerization method requires less
experimental operation, and the light source for the detection can
readily facilitate the polymerization process. Nevertheless, it still
remains a challenge to manage the polymerization condition so
that OF sensors are reproducible in industrial-scale production
[48]. For the post-polymerization method, it shows the disadvan-
tage of more handling procedures. Besides, homogenous coating of
MIP materials onto OFs should be of primary concern for enhancing
the performance and stability of the sensors [28,34,63].

3.1.2. Generation of sensing platform on OFs

The commercialized OFs are generally made of plastic (POFs) or
silica (SOFs). In comparison, the SOFs are superior in providing
high-bandwidth and low-loss long-distance transmission in harsh
environment and are more widely used [66], while the POFs are
more resilient, more bio-friendly, lighter, cheaper and have huge
potential in low-cost and in-vivo applications [60]. Especially, when
the disposability is among the priorities when developing an on-
site sensor, POFs can be a nice candidate [62,63]. To construct a
MIP@OF sensor using the commercialized OFs, a sensing platform is
needed on the OFs. At the sensing platform of MIP@OFs, the binding
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Table 1
Performance parameters of MIP@OF sensors.
Sensor Analyte Sample Incubation time LOD Sensitivity Range Ref.
Fluorescence  Organophosphates ~ Water 14 min 5x10 ¢ mgL"’ 5 x 107%-100 mg L™ [28]
Cocaine Water 15 min 2x10°°M 0-5x 1074 M [29]
2,4-D Water 10 min 25 x107°M 0-25x%x 108 M [30]
Bisphenol A Water 2 min 1.7 x 103 mg L! 3x1035mglL™! [31]
Enrofloxacin Serum > 60 min 4%x10%M 29 x 1077-2154 x 10°° M [32]
D-aspartic acid Water - 1.8 x10°°M 0-10°M [33]
Ciprofloxacin Water 30 min 6.86 x 1075 M 10755 x 1074 M [34]
SPR Vitamin B3 Water 40's - 1483 x 103 nmLmg!' 0-10*mg L™’ [35]
L-nicotine Water 10 min 1.86 x 1074 M 13 x 10 nm M~! 0-103 M [36]
TNT Water 5 min 72x107'M 8.3 x 10° nm M ™! 0-1074M [37]
Atrazine Water - 192 x 107 M 21.99 nm log™' M 0-107’ M [38]
Melamine Water - 9.87 x 107°M - 1077-107' M [39]
Tetracycline Water 40s 22 x107°M 1.5 x 108 nm M~! 108-10°M [40]
Ascorbic acid Water <5s 7383 x 107" M 45.1 nm log™' M 107810 M [41]
Erythromycin Water <15s 162 x 10°M 2.05 x 10 nm M~! 1.62 x 107°-1074 M [42]
Serum transferrin ~ Water 10 min 12x107° M - 12x107°-1.8 x 1072 M [43]
Perfluorooctanoate ~ Water 10 min 1.3 x 104 mgL™! 2214 x10*nmLmg™!  0-4x 103 mgL! [44]
Dopamine Cerebrospinal fluid 10's 1.89 x 107" M 68.58 nm log™!' M 0-10°M [45]
Furfural Wine 5 min 0.004 mg L~! 2549 nm L mg~! 0-5.8mg L! [46]
Gratings Maltol Jelly 10 min 8.1 x10°M 6.3 x 10° nm M~! 0-10°°M [47]
Vancomycin Plasma 45 min 1.8 x107°M — 1087 x 1074 M [48]
Formaldehyde Gas - — 21 x 103 nmLmg! - [49]
TMPyP Water 15 min — — 0-1074M [50]
Carboxyl-fentanyl ~ Water 20 min 0.05 mg L' - 0-1mgL™! [51]
Creatinine Urine 5 min 10°°M 200 nm M~! 0-0.025 M [52]
Interferometry  Microcystin-LR Water 2 min — 124 x 10* nm L mg~! 3-14 x 10 *mg L! [53]
Parathion Methyl ~ Water 1 min 7.943 x 1074 M 1.3 x 102 nm M™! 10712107 M [54]
C-reactive protein ~ Water 30 min 5813 x 100 mg L' 0.88 nm log mL ng~! 107 3-10 > mg L [55]
LMR? Cortisol Saliva 20s 259 x 108 mgL! 12.8 nmlogmL g™! 107°-0.1 mg L! [56]
p-Cresol Urine 15s 28 x 1078 M 1.186 x 10’ nm M ! 0-103M [57]
Intensity Dibenzyl disulfide  Oil 5 min 53 x 1078 M 52 x 10° M~ 1P 53x1082x10°M [58]

¢ Lossy mode resonance.
b Defined as intensity ratio change per unit change in concentration of analytes.

of analytes can induce the changes of the optical properties of the
MIP layer. When these changes are transmitted or transduced into
optical signals (e.g., intensity change, wavelength or phase shifts)
by different sensing strategies, the OFs subsequently deliver the
signals to the spectrometers for quantification of the analyte con-
centration. Therefore, in order to introduce the light propagating
from the core of the OFs to the MIP layer, it is necessary to treat the
sensing area of the OFs before the MIP modification, which is a vital
manufacture process influencing both the performance and prac-
ticability of the MIP@OFs.

There are four methods for outcoupling light into the MIP layer:
tip modification, uncladding, U-bent and grating (Fig. 2) [7], all of
which are designed on a small segment of OFs (point sensing/
sensing platform) [67]. It is seen in Fig. 2c that the fiber tip modi-
fication was achieved by depositing MIPs on the distal end of OFs
without altering the light's direction. Two types of MIP@OF sensors
have been proposed using the tip modification. One was the
MIP@OF sensor based on Fabry-Pérot interferometer, which
transferred the refractive index (RI) change of the MIP tips into the
wavelength shift of the interferometric spectra [53]. Another
intriguing one was the fluorescence-based MIP@OF sensor with a
core-shell microtip [30]. In this method, OFs were cleaved at one
end of the tips, and then a drop of polymer was formed as both the
support and transducer element for the successive deposition of
MIP layer. This strategy of microtip accelerated both the polymer-
ization and detection.

As a second method for outcoupling light into the MIP layer
(Fig. 2a), the uncladding was to remove the cladding of OFs around
[64] or along half [68] of its circumference at the sensing region. In
this case, it was the evanescent wave rather than the original
propagating light that reached out to contact with the MIP layer.
Most of the sensing strategies required the uncladding to achieve

proper sensitivities to the external signal alteration [69], except for
gratings-based MIP@OFs [49]. As the third method for introducing
light outside the OF cores, the inscription of a periodic grating
structure onto the core of OFs was requisite. Most commonly used
gratings included tilted fiber Bragg gratings (TFBGs) and long-
period gratings (LPGs) (Fig. 2d). Since the uncladding process was
exempted from this method, the mechanical strength of OFs was
preserved. It is noted that “U-bent” method (Fig. 2b) has not been
reported in MIP@OF sensors due to the difficulties in modifying the
MIP element onto the curved section of OFs.

3.2. Fluorescence-based MIP@OF sensors

3.2.1. Concept of quantitative analysis

Fluorescence MIP@OF sensor is the most common type in non-
functional MIP@OF sensors. The rationale of all the fluorescence-
based MIP@OF sensors is the alteration of fluorescence intensity
before and after the sensing. So far, three different sensing concepts
have been reported: directly quantitative analysis of the fluorescent
analyte itself (Fig. 3a), fluorescence change (enhancement) of the
MIP fluorophore by the non-fluorescent target binding (Fig. 3b),
displacement of a fluorescent analogue by the non-fluorescent
analyte binding (Fig. 3¢). The first concept of quantitative analysis
is the simplest way and requires the easiest setup. Research
exploring the fluorescent analytes has been reported recently,
where the detection of the antibiotic ciprofloxacin relied on its
strong fluorescence under the excitation at 400 nm [34]. Using this
fluorescence-based MIP@OF sensor, a detection limit of 6.86 pM
was achieved for the target ciprofloxacin. Beside ciprofloxacin,
bisphenol A with the excitation and emission wavelength at 276 nm
and 306 nm has also been selected as the analyte [31]. There are
two main disadvantages presented in this type of fluorescence
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Fig. 2. Schematic illustrations of methods for generation of sensing platform on OFs: a) uncladding, b) U-bent, c) tip modification and d) gratings. (Adapted from Ref. [7]. Copyright

(2021), Elsevier.).

MIP@OF sensor. One is that only a limited variety of the analytes
bear the satisfactory fluorescent properties. The other is that
necessary steps to rinse and relocate the MIP@OF sensor after the
adsorption process to eliminate the background fluorescence from
the sample are time-consuming. The second concept for quantita-
tive analysis is the fluorescence enhancement of the MIP fluo-
rophore by the non-fluorescent target binding. The presence of the
fluorophore in the MIPs is originated from the use of fluorescent
monomers or additional fluorescent component during polymeri-
zation. So far, the fluorescent monomers for the generation of MIPs
on the MIP@OF sensors included acrylamidofluorescein (AAF)
[29,70], perylene bisimide monomer (PBIM) [33], N-2-(6-(4-
methylpiperazin-1-yl)1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl-ethyl)acrylamide (FIM) [30,63]. Besides the fluorescent mono-
mers, Europium as a luminescent lanthanide was the only addi-
tional fluorescent component that have been incorporated into the
MIP@OF senor build-up. The luminescent lanthanide not only
functioned as a signal transducer, but also strengthened the affinity
of the MIPs toward the templates [28]. The third mechanism for
quantitative analysis is the displacement of a fluorescent analogue
by the non-fluorescent analyte binding. In order to quantify the
target's concentration, competitive binding experiments with the
addition of target's analogue as the fluorescent probe are
cumbersome [30]. There was an intriguing report about an
immuno-like MIP@OF sensing array for antibiotic analysis [32].
Though the manufacture of the MIP@OF sensor in this work was
formidably complex, it proved the potentials of MIP@OFs as bio-
mimetic sensors for multiplexed detection.

3.2.2. Configurations

As seen in Fig. 3d and e, the basic instrumental setups of
fluorescence-based MIP@OF sensors include the light source,
MIP@OFs, the spectrofluorometer and optical spectrum analyzer.

Besides the MIP layers that are designed according to the research
interests, two sensing setups have been reported regarding how the
fluorescence travels to the spectrofluorometer: by another fiber
(transferring) (Fig. 3d) and by the same fiber (backtracking)
(Fig. 3e). “Transferring” requires an external fiber optic spectro-
fluorometer to capture the fluorescent emission, which is released
from a confined area like a fiber tip or a cuvette, and transferred to
the spectrometer by the connector-terminated OFs. In 2013,
Haupt's group reported the MIP-coated microtip to facilitate faster
manufacture (within seconds) and sensing response (10 min of
incubation) [30]. However, applying “transferring” leads to extra
steps such as retrieving fibers from the analyte solution and
installing the fiber probes into the spectrometer, which restrict the
applicability in on-site and remote monitoring. Therefore, future
miniaturization such as microfluidic sensor chips [30] could
enhance the fluorescence signal transmission and thus exempt
sensors from the need of multi-steps “transferring”. Accordingly, an
on-line system which could serve as the reference for realizing
future miniaturization was proposed by Xiong et al. [31]. In this
study, the MIP@OF sensor was fixed in a capillary tube where
sample solutions and elusion solutions passed through. The fluo-
rescence detector fixed outside the tube could record the signals
without further manual operations. For “backtracking”, both exci-
tation injection and fluorescence collection are realized through
the Y-shaped bifurcated fiber probe. So far, fluorescence-based
MIP@OF sensors with Y-shaped OFs have been widely used for
quantitative detection [29,30,34,63,70]. By controlling the fluores-
cence signals to travel back through the same fiber, the detection
suffers less from the ambient interferences. Therefore, low-
background and direct detection while the probe remained in the
analyte solution were achieved [63]. This type of configuration is
conducive to the remote real-time detection, because the Y-shaped
fiber breaks the length confinement of the fiber probe with an extra
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fiber arm, and the operation of the detection is user-friendly. Other
than these merits, the disposability of the probe was first achieved
by the flange adapter in our group [34]. The introduction of the
flange adapter facilitated the facile detachment and replacement of
the fiber probe.

It is seen from Table 1 that the major drawback of the
fluorescence-based MIP@OF sensors is their relatively long incu-
bation time, which prevents significantly their applicability in on-
site real-sample detection. As a method to overcome this chal-
lenge, the concept of “microtip” might be an efficient way to speed
up both the manufacture and testing process.

3.3. SPR-based MIP@OF sensors

3.3.1. Sensing mechanism and setup

Due to its ultra-sensitivity, fast response and versatility, SPR
technique has proved its prime reliability and applicability in the
detection of copious chemical and biological agents [35,71]. In or-
der to produce OF sensors for on-site detection, SPR technique can
be an excellent choice. The according sensing mechanism focuses
on the surface plasmons at the metal-dielectric interface, where a
metal layer is sprayed between the MIP layers and OFs, and MIP
layers serve as the dielectric interface in the case of SPR-based
MIP@OF sensors. When the evanescent wave of the incident light
of a certain wavelength matches the surface plasmon wave, a sig-
nificant transfer of the energy from the incident photons to the

surface plasmons will happen, which leads to a sharp dip (reso-
nance wavelength) on the SPR spectrum. Since the resonance
wavelength is affected by the RI of the MIP layer (which changes
upon the binding of different amounts of analytes), the alteration of
the resonance wavelength is thus determined by the function of
analyte concentration change. The detailed elaboration can be
found in the previous review by Sharma et al. [72].

In regard with the instrumental setup, SPR-based sensors have
the similar configuration (light source, MIP@OFs and spectrometer)
as that of the fluorescence-based MIP@OF counterpart. Besides,
SPR-based sensors also carry the merits of low sample requirement
and short incubation time due to its ultra-sensitivity towards the RI
of the MIP layer. In the literature, SPR-based MIP@OF sensors were
reported to fulfill the detection by the minimum sample require-
ment of <100 pL [60,68]. The time required for recording the SPR
spectra was usually less than 5 min, which is rather practically
competent compared to the fluorescence-based MIP@OF sensors
regarding the on-site application. Encouragingly, Cennamo et, al
has reported a proof of concept of the SPR-based MIP@OF sensor for
fast on-site SARS-CoV-2 detection that took around 10 min [10].
Regarding the on-site application, it is possible for all components
of the instrument to be compacted and miniaturized with satis-
factory robustness. The graphic sketch of the according setup is
shown in Fig. 4a. However, unlike spectrofluorometers, the spec-
trometers for SPR signals are more expensive regarding the
manufacture and maintenance [34].
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3.3.2. Improved performance of SPR-based MIP@OF sensors

There are several strategies reported in the literatures to
improve the detection performance of SPR-based MIP@OF sensors.
Similar as other types of MIP@OF sensors, tapering is the most basic
strategy by altering the sensors’ geometry. As an important indi-
cator of the performance of MIP@OF sensors, sensitivity (defined by
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the resonance wavelength shift per unit change in concentration of
analytes) was reported to increase 10 times after the tapering [37].
Likewise, higher taper ratio (the diameter of the tapered region/
original diameter of the OF) brought about higher sensitivity as well
[36]. LSPR is another well-researched type of surface plasmon
phenomenon. Rather than spreading across the metal-dielectric
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interface, the oscillation of electrons is confined in metal nano-
structures (Fig. 4b), leading to the enhancement of the electric field
[71]. Together with the larger interaction surfaces between the
metal and MIP layer provided by the nanostructures, the LSPR-
based sensors were endowed with higher sensitivity and lower
LOD compared to its SPR counterpart [37]. With this strategy, gold
nanostars and silver nanoparticles [40,41] based MIP@OF sensors
have been designed. Encouragingly, the highest sensitivity of the
SPR-based MIP@OF sensor for ascorbic acid reached 45.1 nm log ™!
M [41]. Besides the change of the metal layer, change of the MIP
layer in the SPR-based MIP@OF sensor could also increase the
performance of the sensors. Recently, “colloidal crystal templated”
imprinted layer prepared by tridimensional packed monodisperse
polystyrene nanospheres in the imprinting system was reported to
enhance the binding performance of the MIP layer by providing
higher surface area and spatial binding sites for MIPs (Fig. 4b). The
sensitivity of the SPR-based MIP@OF sensor was accordingly found
to be 1483 x 1073 nm L mg~ L. Moreover, the analyte-triggered
deformation of the MIP layer as a novel perspective of perfor-
mance optimization was recently proposed by Cennamo et al.,
which brought the LOD of the SPR-based MIP@OF sensor to as low
as 1.2 fM [43]. Moreover, other strategies related with improving
the performance of the SPR-based MIP@OF sensor have been pro-
posed by inserting an extra layer of materials (Fig. 4c). For example,
a photoresist buffer layer was deposited between the metal layer
and OFs [44,60,61,68], which functioned like another metal layer to
enhance the detection sensitivity of the sensor [73]. Between the
metal and MIP layer, an aluminum layer was also inserted to in-
crease the sensor sensitivity by absorbing more light and creating
larger shift in the resonance wavelength [38,39]. Similarly, an extra
layer of multiwalled carbon nanotubes between the metal and MIP
layer could boost the charge transfer reaction at the metal/MIP
interface, by which a LOD of 18.9 pM was achieved [45].

In brief, compared to the fluorescence-based MIP@OF sensors,
coupling the SPR phenomenon with MIP@OF sensors is promising
due to the less sample requirement, faster detection and high
sensitivity (Table 1). However, besides the higher cost for mainte-
nance, the other drawback might be that the metal applied might
face corrosion for long time usage in the harsh aqueous environ-
ment [6].

3.4. Other MIP@OF sensors

3.4.1. Gratings-based MIP@OF sensors

Optical fiber gratings are another strategy of MIP@OF sensors
that is about the transduction of the changes of the RI of MIP layers.
The basic principle of gratings is that periodical RI modulation of
OFs’ cores can lead to the backward/forward reflection of a certain
wavelength that is in phase with the grating period (Fig. 4d). Thus, a
dip called “resonance wavelength” on the transmission spectra will
be observed, which is decided by the effective RI of the OF cores and
sensitive to some physical parameters including temperature [74].
In order to detect the changes of the surrounding RI, two types of
gratings have been introduced to MIP@OF sensors including TFBGs
and LPGs. Both grating methods are designed to lead the light
outside to reach the interface between the cladding of OFs and
outer medium. Therefore, the resonance wavelengths where the
coupling happens between the core modes and clad modes also
depend on the surrounding RI that affects the effective RI of the
core mode [74], realizing the detection of the RI changes of MIP
layers when encountering with different concentrations of analy-
tes. As discussed above, one of the merits of grating-based MIP@OF
sensors is the exemption of uncladding procedures. However,
inscription of grating planes onto OFs with laser is necessary, which
could be lengthy together with the successive dehydrogenization in
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some cases [49], thus perplexing and increasing the cost of the
fabrication process. Meanwhile, since the grating period of LPGs
(100 pm—1 mm) is much larger than that of FBGs (<1 um), the
fabrication is generally much easier for LPGs.

Upon applying LPG-based MIP@OF sensors, its especially high
sensitivity to the ambient temperature should be considered when
detecting the analytes concentration changes [62]. Therefore, other
than the typical singular configuration [48], double-LPG configu-
ration has been proposed recently, in which one LPG acted as a
reference for the calibration of temperature [51]. In this study, the
LOD of 50 ng mL~! was achieved. Notably, due to its core-cladding
mechanism, optical fiber gratings can also be integrated with SPR-
based sensors. The according concept has been realized on the
hybrid TFBG-SPR MIP@OF sensor by Alvaro Gonzélez-Vila and col-
leagues [49]. In the study, TFBG was adjusted to incite the SPR
phenomenon, which increased the refractometric sensitivity of
SPR's signal. As a result, the TFBG-SPR MIP@OF sensor achieved the
detection of formaldehyde in gas, which further broadened the
application scenes of MIP@OF sensor. The sensitivity of the sensor
was 210 x 107> nm L mg . Recently, we reported that the
molecularly imprinted TiO, photocatalysts were efficient for
decomposition of the bound target pollutants on the MIPs [75].
Similarly, Wang et al. fabricated the imprinted TiO, nanofilm to-
wards Tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP) onto
the LPG-based MIP@OF sensor to realize the self-cleaning feature of
the sensor [50]. This work further enriched the potentials of
gratings-based MIP@OF sensors in highly automated on-site and
remote applications.

To date, the quantitative detection of gratings-based MIP@OF
sensors has been realized on water [50], jelly [47], porcine plasma
[48], and gas [49]. However, rather low sensitivity and high cost of
the fabrication are the main hurdles on its way for future on-site
application.

3.4.2. Interferometry-based MIP@OF sensors

Interferometry-based MIP@OF sensors exploit the interference
phenomenon between two lights that share the same frequency
and transmission direction with the constant phase difference [6].
One phase of the lights is affected by the RI of the sensing medium,
while the other remains unaffected as the fundamental mode.
Therefore, the effective phase difference of two lights changes due
to the RI change of the sensing element, which further leads to the
shift of the interference spectra. Generally, the dip wavelength of
the interference spectra is used for analyzing the shift.

Two configurations of the interferometry-based MIP@OF sensors
have been proposed. The first one was based on the Fabry-Pérot
interferometer with a simple fabrication process [53]. This type of
interferometer-based MIP@OF sensors utilized the partially reflective
end of the fiber (fiber tip method) with the MIP layer and an external
mirror to create the interference between the reflected lights. In this
configuration, the design of the sol-gel feature of the MIP layer was of
critical importance because of its transparency in the visible region,
which allowed the pass of incident lights. Thus, the effective phase
difference between two lights was decided by the thickness and the RI
of the sol-gel MIP layer [ 76]. The resulted sensor presented a detection
sensitivity of 1.24 x 10* nm L mg~' towards the target analyte. Be-
sides, this sensor showed low thermal cross-sensitivity. Another
configuration based on the Mach-Zehnder interferometer involved
the tapering process (Fig. 4d). The design was to fabricate regions of
microfibers produced by tapering between the non-tapered regions,
which introduced the evanescent wave into cladding modes at
tapered region and then redirected it back at non-tapered region,
resulting in the interferences [77]. Accordingly, Liu et al. prepared the
interferometry-based MIP@OF sensor with a single tapered region
(with a diameter of 730 um) [55]. Notably for the sensor, ultra-
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sensitivity and LOD 0f0.881 nmIgmLng~'and 5.813 x 10~ ®ngmL"!
respectively were achieved, which outperformed the commercial
sandwich-type ELISA kit by a huge margin. Recently, Shrivastav et al.
also developed an interferometry-based MIP@OF sensor with
concatenated tapered-regions (with a diameter of 10 pm), which
were to maintain the stable interference pattern while the RI of MIP
layer increased too largely [54]. Similarly, the detection method based
on this sensor realized the ultra-sensitivity and LOD of
1.30 x 102 nm M~! and 79.43 fM, respectively.

However, though the Mach-Zehnder interferometer-based
sensors yield a better sensor performance with the miniaturized
structure, their mechanical strength is compromised by the
tapering process. Generally, compared to the grating-based coun-
terpart, the interferometry-based MIP@OF sensors show higher
sensitivity as well as more flexible fabrication process [6,78].

3.4.3. Lossy mode resonance MIP@OF sensors

Lossy mode resonance (LMR) technique is another promising
counterpart of SPR that shares the similar configurations, for which
the metal layer in SPR setup is instead switched into a layer of metal
oxides, polymer coatings or organometallics in LMR (Fig. 4d) [79].
In the two studies of LMR-based MIP@OF sensors, a layer of semi-
conductor metal oxide was applied, to which a part of the core
modes was lost. The LMR then happened when the lossy modes
that were sensitive to the RI change of MIP layer coupled to the
guided modes in the OF's core. Thus, a dip in the transmission
spectrum was observed as the resonance wavelength shifts when
the phase of lossy modes changes following the RI change of the
MIP layer. In the pioneer studies of Gupta's group, the sensitivity
and LOD of 1186 x 10’ nm M~' and 28 nM respectively were
achieved for the urinary p-cresol diagnosis with this LMR-based
MIP@OF sensor [57]. For the cortisol analysis in the artificial
saliva, LMR-based MIP@OF sensor showed a LOD of 25.9 fg mL™~!
[56]. Nevertheless, the study of LMR technique in OF sensors is still
in the preliminary stage, yet its continuous advancement indicates
that the LMR technique can be a prospective candidate for future
sensor development.

3.4.4. Intensity-based MIP@OF sensor

Other than the typical refractometric sensors, there was one
study that focused on transducing the RI change into the signal's
intensity change [58]. The configuration of the sensor was rather
simple, with two OFs placed in tight contact and a trench further
carved on top of them for the deposition of MIPs as the sensing
platform, resulting in the formation of two adjacent segmented
waveguide sensors (SWS) (Fig. 4d). The sensing mechanism of SWS
was based on the modal mismatch, by which the incident light
passing through one OF was distributed partially to the other OF.
The degree of this power distribution depended on the properties
of the sensing segment. Higher RI of the segment led to the higher
power distribution that could be denoted as the intensity ratio
between the two OFs. With this configuration, an on-site detection
of the target analytes in oil phase was achieved with a detection
LOD of 5.3 x 108 M. Even though intensity-based MIP@OF sensors
still require further research, its fairly easy fabrication process is
attractive for developing facile and low-cost sensors.

4. Conclusions and perspectives

In this paper, the MIPs based OF sensors including the simply
combined MIP/OF sensors and directly integrated MIP@OF sensors
have been comprehensively reviewed. For the MIP/OF sensors, the
independent functions of MIPs and OFs provide the sensor with
abundant choices regarding its construction. However, based on
the current progress of the MIP/OF sensors, it is seen that the
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limitations of detectable analytes for SPE column based MIP/OF
sensors still exist, while film based MIP/OF sensors are more ver-
satile regarding sensing strategies. Nevertheless, more formats like
nanoparticles based MIP/OF sensors should be exploited for future
on-site applications. We then gave a comprehensive overview of
the directly integrated MIP@OF sensors. We elaborated the sensor
fabrication by looking into the methods for modifying MIPs onto
OFs and generating sensing platforms on OFs. The configurations
and applicability of each sensing strategies were also highlighted.

Aside from great potentials of the MIPs based sensors for on-site
analysis, following challenges and perspectives for future research
are given: i) Besides the conventional MIPs functioned as the
recognition element in the sensors, “smart” MIPs can be further
developed to possess merits like self-cleaning and stimuli-
responsiveness; ii) Considering the aqueous property of the ma-
jority of environmental and biological samples, developing hydro-
philic MIPs while considering the facileness of modifying MIPs onto
OFs is of vital significance; iii) Each sensing strategies have distinct
advantages and disadvantages, the coupling of two or more sensing
strategies might lead to better performances.

So far, commercialized MIPs based sensors are still lacking. From
this aspect, all the above sensors are still within the stage of basic
scientific research, thus the sensing setups should be further
miniaturized, compact and easy to operate while keeping the bal-
ance between efficiency and robustness for realizing the real “on-
site” application.
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