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Abstract: Currently, analyzing pharmaceuticals and biomarkers is crucial for ensuring medication
safety and protecting life and health, and there is an urgent need to develop new and efficient
analytical techniques in view of the limitations of traditional analytical methods. Molecularly
imprinted ratiometric fluorescent (MI-RFL) sensors have received increasing attention in the field
of analytical detection due to their high selectivity, sensitivity and anti-interference ability, short
response time, and visualization. This review summarizes the recent advances of MI-RFL sensors in
the field of pharmaceuticals and biomarkers detection. Firstly, the fluorescence sources and working
mechanisms of MI-RFL sensors are briefly introduced. On this basis, new techniques and strategies
for preparing molecularly imprinted polymers, such as dummy template imprinting, nanoimprinting,
multi-template imprinting, and stimulus-responsive imprinting strategies, are presented. Then, dual-
and triple-emission types of fluorescent sensors are introduced. Subsequently, specific applications of
MI-RFL sensors in pharmaceutical analysis and biomarkers detection are highlighted. In addition,
innovative applications of MI-RFL sensors in point-of-care testing are discussed in-depth. Finally, the
challenges of MI-RFL sensors for analysis of pharmaceuticals and biomarkers are proposed, and the
research outlook and development trends of MI-RFL sensors are prospected.

Keywords: molecularly imprinted polymers; ratiometric fluorescent sensor; point-of-care testing;
pharmaceuticals; biomarkers; review

1. Introduction

Nowadays, the analysis of pharmaceuticals and biomarkers is increasingly becoming
the focus of scientific research and public health. Pharmaceutical analysis includes drug
quality control, drug metabolism analysis, and drug residues analysis to ensure the safety
and efficacy of pharmaceuticals. The emergence of drug residues as a global public health
challenge is of particular concern [1]. Residues of veterinary drugs, pesticides, and other
chemical substances not only pollute the natural environment and disrupt the ecological
balance but also accumulate through the food chain, posing a long-term threat to human
health, such as inducing chronic diseases and immune system disorders [2]. Biomarkers
are biochemical indicators that reflect changes in the structure or function of body systems
and organs [3]. Pharmaceuticals and biomarkers are closely related [4]. The metabolic
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process of pharmaceuticals in the body produces various biomarkers, and changes in
these biomarkers can reflect the efficacy and safety of pharmaceuticals. At the same time,
biomarkers can also be used as diagnostic indicators of diseases and provide a basis for
pharmaceutical development and treatment. Given the importance of pharmaceuticals and
biomarkers analysis, it is quite imperative to find efficient, accurate, rapid, and practical
analytical methods.

Currently, the commonly used analytical technologies of high-performance liquid
chromatography (HPLC) [5], capillary electrophoresis (CE) [6], gas chromatography-mass
spectrometry (GC-MS) [7], LC-MS/MS [8], and enzyme-linked immunosorbent assay
(ELISA) [9] encounter limitations, such as complex operation, expensive equipment, and
long analysis time [10]. Point-of-care testing (POCT) is an emerging rapid detection method
that allows rapid detection at the sampling points using a portable analytical instrument.
Its significant advantage is that it is easy to operate without complex pretreatment steps,
thus reducing the dependence on professional operators and greatly reducing the risk of
deterioration, contamination, or loss of samples that may occur during transportation and
storage, further improving the accuracy and reliability of test results [11,12].

In recent years, fluorescence sensors have received increasing attention as an effective
tool for efficient and rapid detection [13-15]. Especially, ratiometric fluorescent sensors
are becoming research hotspots [15-18] since they have target-independent internal self-
correction ability and can provide more accurate analysis results and visualization by
eliminating external disturbances often perplexing the conventional single-emission sys-
tems [13,14], such as background fluorescence and environmental changes. For example,
Miao et al. [18] constructed a three-emission ratio fluorescence sensor based on carbon
point-gold nanocluster nanocomposites for the detection of tetracycline. Ratio fluorescence
assays have been widely used in the analysis of pharmaceuticals and biomarkers [17-20].
Meanwhile, molecularly imprinted polymers (MIPs) prepared by molecular imprinting
technology (MIT) also have been increasingly utilized for the selective recognization and
adsorption of target compounds (e.g., pharmaceuticals and biomarkers) in complex matri-
ces [21,22]. By incorporating MIPs into ratiometric fluorescence sensors, the constructed
molecularly imprinted ratiometric fluorescent (MI-RFL) sensors can combine the advan-
tages of MIPs recognization and ratiometric fluorescence detection and thereby possess
superiorities, such as excellent selectivity, high sensitivity, fast response, high accuracy
and reliability, simple operation, and easy visualization in detection, even POCT of trace
analytes from complex matrices [20,23,24].

MI-RFL sensors usually adopt dual- or triple-emission design according to the number
of emission peaks, and post-imprinting mixing (PIMix) and post-imprinting modification
(PIMod) strategies are increasingly employed for constructing the sensor to improve the
overall analytical performance [25]. The sensors have displayed versatile applications,
especially in the analysis of pharmaceuticals and biomarkers. Figure 1 illustrates the classi-
fication of pharmaceuticals involved in recent years and typical representative substances.
For example, Arslan et al. [26] constructed a MI-RFL sensor based on MIPs-coated quantum
dots (MIP-QDs) to selectively detect double-stranded DNA (dsDNA). Chen et al. [27] de-
veloped a kind of bimetallic nanozyme triple-emission MI-RFL sensor for the ultrasensitive
analysis of triclosan (TCS). In addition, with the rapid development of POCT technology,
the MI-RFL sensors show great potential in practical applications. By combining test strips,
smartphones, microfluidic paper chips, and other portable devices, it can realize rapid
and accurate on-site detection of drug residues and biomarkers and provide efficient and
convenient solutions for many fields, such as agriculture, animal husbandry, food safety,
and environmental monitoring.
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Figure 1. Classification of pharmaceuticals involved in the MI-RFL sensing analysis and representa-

tive substances.

Therefore, this work reviews recent research advances in MI-RFL sensors for analysis
of pharmaceuticals and biomarkers since 2019. Figure 2 schematically shows the main
content of the review. Firstly, the fluorescence sources of MI-RFL sensors, their work-
ing mechanisms, and new techniques and strategies for preparing MIPs are overviewed.
Then the dual- and triple-emission types of fluorescent sensors are introduced. Typical
applications of MI-RFL sensors for pharmaceutical analysis and biomarkers detection are
summarized. This is followed by an in-depth discussion of innovative applications of MI-
RFL sensors in POCT, including emerging technologies, such as test strips, smartphones,
and microfluidic chips. Finally, the multiple challenges of MI-RFL sensors in pharmaceuti-
cals and biomarkers analysis, such as material selection, preparation process, sensitivity,
and stability, are proposed, and the research future of MI-RFL sensors is also prospected,
focusing on the integration of new materials and technologies, as well as green and smart
strategies for more efficient, environmentally friendly, and sustainable development.

Figure 2. The main content of this review.
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2. Fluorescent Signal Source and Working Mechanism of MI-RFL Sensor
2.1. Fluorescent Signal Source

The MI-RFL sensor generates two or more emission peaks through its fluorescence
signal source at a specific excitation wavelength, resulting in a fluorescence response signal
and a reference signal [28,29]. Therefore, in the construction of an MI-RFL sensor, the
crucial point is to select the appropriate fluorescence source, according to the change of
fluorescence signal after the target is identified, to achieve high sensitivity and selective
quantitative detection of the target. Currently, fluorescent materials commonly used
to construct MI-RFL sensors mainly include fluorescent dyes, QDs, carbon dots (CDs),
upconversion nanoparticles (UCNPs), and metal nanoclusters (MNCs) [30].

2.1.1. Fluorescent Dyes

Fluorescent dyes (also known as fluorophores/reactive dyes) can be described simply
as molecules (essentially non-proteins) that perform their function under a microscope by
absorbing light of a given wavelength and re-emitting it to a longer wavelength. Rhodamine
and fluorescein are some of the most common fluorescent dyes; these fluorescent dyes are
relatively inexpensive and easy to handle and can be excited efficiently by a wide range
of excitation wavelengths, making them very attractive for these applications. They are
characterized by narrow (slightly structured) absorption and emission bands that tend to
map onto each other [30,31]. Chu et al. [32] synthesized an MI-RFL sensor for the selective
and sensitive detection of 2,4-dichlorophenoxyacetic acid (2,4-D) using the fluorescein
nitrobenzoxadiazole (NBD) as a fluorescent source by sol-gel polymerization.

2.1.2. Quantum Dots

Currently, the most used fluorescent nanoparticles in MI-RFL sensors are quantum
dots. With higher brightness, chemical stability, biocompatibility, narrow bandwidth, and
specific surface area, QDs overcome the problems of organic dyes with low photostability,
narrow excitation bands, low signal intensity, and broad emission spectra [33,34]. QDs are
usually categorized as semiconductor or carbon-based QDs. Semiconductor QDs consist of
elements of groups II-VI, III-V, and IV-VI of the periodic table and are representative of
inorganic fluorescent nanomaterials (CdSe, CdS, CdTe, ZnS, etc.). Carbon-based QDs are
classified into graphene quantum dots (GQDs), carbon quantum dots (CDs), and carbon
nanodots (CNDs) [35]. For example, You et al. [36] constructed an MI-RFL sensor using
blue and red CdSe/ZnS QDs grafted on a silica layer as a fluorescence source. Zhu et al. [37]
prepared a novel MI-RFL from Mn-ZnS QDs and GQDs@SiO; as a fluorescence source for
sensitive and selective visual detection of sinapic acid. Liu et al. [38] constructed MI-RFL
using CDs, which was applied to the highly selective and sensitive detection of tetracycline
(TC). Zhang et al. [39] encapsulated N, S, B doped CNDs, and red CNDs into MIPs to form
MI-RFL for the detection of furazolidone (FZD).

2.1.3. Upconversion Nanoparticles

UCNPs are a special type of nanomaterials mainly composed of oxides or fluorides
doped with rare earth elements. Compared with quantum dots, rare earths have the
advantages of low cost, low toxicity, low photodamage, high photostability, and strong and
sharp fluorescence emission [40]. Currently, UCNPs have been applied in biological and
pharmaceutical fields. For example, Shen et al. [41] successfully developed a novel double-
MI-RFL sensor based on multilayered core-shell-structured Eu,Tb-doped Y,03@SiO, for
detecting carbofuran (CF).

2.1.4. Metal Nanoclusters

MN(Cs are defined as isolated particles less than 2 nm in size containing several to
hundreds of metal atoms, which act as a bridge between metal atoms and metal nanopar-
ticles [42]. MNCs, such as AuNCs, AgNCs, and CuNCs, are widely used in various
applications due to their excellent properties, such as high fluorescence, high resistance to
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photobleaching, biocompatibility (compared to organic dyes and toxic QDs), low toxicity,
and unique spectrofluorimetric properties [43]. Pirot et al. [44] successfully developed an
MI-RFL-based sensor using blue copper nanoclusters (b-CuNCs) and yellow carbon dots
(y-CDs) as fluorescent signal sources, with ascorbic acid (AA) cavities printed on ZIF-8.

2.2. Working Mechanism of MI-RFL Sensor

MI-RFL sensors work by creating cavities in MIPs polymers that match the shape
and function of the template molecules and use these cavities to alter the fluorophore
microenvironment by specific recognition of the target and then detect the concentration of
the target by the change of the ratiometric fluorescence signal. Regarding ratiometric fluo-
rescence sensors, the target response mechanisms mainly include fluorescence resonance
energy transfer (FRET), inner filter effect (IFE), photoinduced electron transfer (PET), and
others [45].

2.2.1. FRET

FRET, first proposed by Forster [46], refers to a non-radiative energy transfer process
in which the excited-state donor transfers energy to the acceptor when the fluorescence
spectrum of the donor overlaps with the excitation spectrum of the acceptor and the spatial
distance between the two is sufficiently close [47]. FRET has the advantages of small
fluorescence detection error, weak background signal [48], and strong anti-jamming ability,
which is conducive to the improvement of ratiometric fluorescence sensors in terms of
measurement accuracy and stability, enhancement of sensitivity and resolution, and appli-
cability to complex environments, as well as real-time monitoring and visualization, among
other significant advantages, environment, and real-time monitoring and visualization. Fu
et al. [49] prepared a novel dual-emission MI-RFL sensor that achieves efficient and visual
detection of phycoerythrin (PE) through the FRET mechanism. It provides new tools and
strategies for biomolecule detection and promotes the development of high-sensitivity and
high-selectivity detection technology.

2.2.2.IFE

As a non-radiative energy conversion process, IFE is usually generated when the
absorption spectrum of a light-absorbing substance (the fluorophore itself or other coex-
isting substances) overlaps with the fluorescence excitation or emission spectrum and the
excitation or emission light of the fluorophore is partially absorbed, and sensors based
on the IFE can convert absorption signals into fluorescence signals, thus improving the
detection sensitivity and selectivity [50,51]. The fluorescence lifetime of the fluorescent
groups decreases significantly during the FRET process, whereas the fluorescence lifetime
is almost constant during the IFE process [52]. Li et al. [53] successfully synthesized a
novel dual-emission MI-RFL sensor (B,N-CDs/ZIF-8@MIP) based on the IFE mechanism to
achieve specific and rapid visual detection of doxycycline (DOX). It provides a new idea for
efficient, highly selective, sensitive, and intuitive visual detection of coloured substances in
complex matrix environments.

2.2.3. PET

A typical PET system consists of a fluorophore and a receptor bound by a spacer
group, forming a “fluorophore-spacer group-receptor” model. When the receptor is not
bound to the analyte, the fluorophore-spacer group-receptor model loses fluorescence
due to the PET process from the receptor to the fluorophore [28,54]. However, when the
receptor partially binds to the analyte, the PET action is inhibited or even completely
blocked, at which point the fluorophore can emit fluorescence normally upon excitation.
Hao et al. [55] constructed a novel MI-RFL sensor based on PET mechanism by sol-gel
method for rapid recognition and detection of difenoconazole, which greatly improved
the visual detection performance of ratiometric fluorescent sensors and achieved visual
detection from fluorescence quenching to fluorescence conversion.
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2.2.4. Other Mechanisms

Other mechanisms, such as intramolecular charge transfer (ICT) and aggregation-
induced emission (AIE), are less common than the above three but also show unique
applications in specific fields. ICT refers to the intramolecular charge transfer of a donor-
acceptor after a molecule has been excited by light and is caused by electron conjugation
of the electron-donor group with the electron-acceptor group [54]. In contrast to the
PET mechanism, the ICT process causes a significant fluorescence band shift, whereas
PET quenching does not result in a spectral shift [45]. Miao et al. [56] prepared a novel
ratiometric fluorescent sensor for quantitative detection of biogenic amines based on the ICT
mechanism. AIE refers to the phenomenon that a class of molecules that do not emit light or
emit light weakly in solution emit significantly more light in the aggregated state or in solid
films. AIE characteristics have the advantages of low background, good photostability, and
high quantum yield [57]. Huang et al. [58] prepared a dual-emission ratiometric fluorescent
sensor based on the AIE mechanism for the detection of antibiotics in the environment. It
provides a reliable method for quantitatively identifying and distinguishing antibiotics
with different or similar structures.

3. New Techniques and Strategies for the Preparation of MIPs

The main methods for the preparation of MI-RFL sensors used for biological and
pharmaceutical assays in complex samples are free radical polymerization and sol-gel poly-
merization. In addition to polymerization methods, several novel imprinting techniques
and strategies have been developed to improve the performance of MIPs. Novel molecular
imprinting strategies include surface imprinting, nanoimprinting, dummy imprinting,
multi-template imprinting, and stimulus-responsive imprinting strategies.

3.1. Surface Imprinting Technology

Surface imprinting technology involves the preparation of thin layers of polymeric
material by controlling the template at or near the surface of the material to create more
effective recognition sites [21]. It can overcome the disadvantages of low binding capacity
and difficult elution of conventional MIPs. Core-shell structures are the main type of
surface-imprinted MIPs and are widely used due to their increased specific surface area
and better binding ability. Li et al. [59] constructed a nanoscale core-shell structure, MI-
RFL sensor, by surface imprinting using the sol-gel method. This sensor combines the
high sensitivity of fluorescence detection with the high selectivity of MIPs for the specific
identification and accurate quantification of trace folic acid (FA) in complex matrices.

3.2. Nanoimprinting Technology

Nanoimprinting technology prepares nanoscale MIPs. Nanomaterials have a large
specific sur face area and specific volume, exposing more binding sites to attract the tar-
get analytes and improving the binding capacity of MIPs [60]. Li et al. [61] developed
a novel MI-RFL sensor based on nanoimprinting technology for FRET-based thermoreg-
ulated sensing and detection of cyanobacteria protein targets. This study provides a
simple, fast, and intelligent method for the identification and analysis of trace proteins
in complex aqueous matrices and promotes the development of protein imprinting and
nanoimprinting-related research.

3.3. Dummy Imprinting Strateqy

The dummy template imprinting strategy, also known as pseudo-template imprinting
strategy, uses compounds that are similar to the target compound in shape, size, structure,
and function as templates [22]. It is particularly suitable for target compounds with low
abundance (lack of access), high cost, easy degradation, or unstable under polymerization
conditions [62]. This strategy can effectively avoid the risk of template leakage and inac-
curate detection results. MI-RFL sensors prepared using the dummy template imprinting
strategy have been widely used for analytical detection of pharmaceuticals and organisms.
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Qi et al. [63] used monensin as the fragmentary dummy template molecule and prepared a
MI-RFL sensor by precipitation polymerization to detect ciguatoxin P-CTX-3C with high
sensitivity and selectivity. Li et al. [64] constructed a highly sensitive MI-RFL sensor for the
detection of microcystins (MCs) using metformin as a dummy template. The sensor has good
optical properties, water solubility, low toxicity, low cost, and environmental friendliness.

3.4. Multi-Template Imprinting Strategy

Multi-template imprinting technology, which uses multiple targets/species as tem-
plates, allows for the creation of multiple types of recognition sites in a single polymer
material, enabling the efficient removal and enrichment of multiple analytes in a single
process, overcoming the potential limitations of single-template MIPs when dealing with
multiple impurities [65]. Luo et al. [66] constructed a novel dual-emission MI-RFL sen-
sor based on sol-gel method using a versatile monomer imprinting strategy. The sensor
has good sensitivity, selectivity, and anti-interference, which provides a reference for the
detection of harmful alkaloids.

3.5. Stimulus-Response Imprinting Strategy

Stimuli-responsive molecular imprinting strategy is an approach to prepare MIPs
with specific responsive properties. This strategy prepares stimuli-responsive imprinted
polymers (SR-MIPs) by introducing stimuli-responsive monomers or elements, such as pH,
light, heat, and magnetism, during the preparation process with the help of techniques such
as reactive polymerization, click chemistry, and others [67]. Tang et al. [68] designed an
acid-sensitive, tri-emitting MI-RFL-based sensor to achieve dual-mode visual detection of
ibuprofen (IP), chloramphenicol (CAP), and florfenicol (FF). A new strategy was provided
for the detection of multi-target substances in real environments.

4. Types of Fluorescence Emission from the MI-RFL Sensor

Currently, MI-RFL sensors include two types: dual-emission and triple-emission. Of
these, dual-emission systems are more common due to their relatively simple configuration
and wide applicability. The dual-emission system defines the response signal and reference
signal by integrating two luminescent substances with different response characteristics
so as to achieve dual fluorescence signal output [69]. The output response of the sensor is
linearly related to the number of molecules to be measured in a certain range. According
to the different nature of the reference signal, MI-RFL sensors can be subdivided into two
categories: one is to introduce a second signal that is insensitive to the target as a reference.

In the fabrication of MI-RFL sensors, two key technological paths exist, namely PIMix
and PIMod. PIMix mainly refers to the process of mixing the imprinted polymer with
fluorophores or other functional materials in a certain proportion. The key to this process is
to ensure that the components can be evenly distributed and the overall performance of the
sensor is stable [15]. PIMod, on the other hand, is a further chemical or physical treatment
of an already formed impression polymer to improve its properties or to endow it with new
functions. This process reduces background interference, improves recognition selectivity
and sensitivity, and enables intra-imprint signal transduction [24,70]. For example, Wang
et al. [16] constructed a novel dual-emission MI-RFL sensor to achieve naked-eye detection
of bovine serum albumin (BSA) by mixing green-emitting fluorescent MIPs (g-MIPs) and
red-emitting CdS/CdTe QDs (r-QDs) in an appropriate ratio using the PIMix strategy. The
preparation of MIPs by the PIMix method is shown in Figure 3A. With the increase of
BSA concentration, the green fluorescence intensity gradually decreased, while the red
fluorescence intensity remained constant. The other is to apply two signal changes in the
target response, thus realizing dual-emission ratiometric fluorescence detection, which is a
simpler ratiometric strategy with lower background noise and higher signal-to-background
ratio [71]. Li et al. [72] constructed a novel MI-RFL sensor for the detection of p-nitroaniline
(p-NA) by mixing CDs@MIP and FITC@SiO; in appropriate ratios using the PIMix strategy.
Using CDs@MIP as the response signal and FITC@SiO; as the reference enhancement signal,
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p-NA quenches the fluorescence intensity of CDs@MIP and enhances the fluorescence
intensity of FITC@SiO,. Wei et al. [73] successfully constructed a dual-emission MI-RFL
sensor by anchoring CdTe QDs to multistage mesoporous MIPs as analytical signals via
PIMod to improve the detection sensitivity of the conventional doping method for the
detection of imidacloprid (IDP) pesticide. The process of preparing MI-RFL sensors via
doping and PIMod methods is shown in Figure 3B.

Although the visualization ability of dual emission is much higher than that of sin-
gle emission MI-RFL sensor. However, the colour evolution window established by two
fluorescence emission peaks is still not wide enough [74,75]. The triple-emission MI-RFL
sensor achieves a higher level of sensitivity and accuracy due to its multi-channel signal
output, which significantly optimizes the visualization and overall analysis performance.
For example, Wen et al. [76] successfully constructed a triple-emission MI-RFL sensor for
the visualization and detection of FA in food samples by PIMix r-MIPs and g-MIPs, and the
preparation process is shown in Figure 3C. The sensor is promising, and when combined
with MIT and skillfully applied with PIMix strategies, the selectivity and sensitivity of the
sensor in complex environments can be significantly enhanced, thus further expanding its
application in pharmaceutical analysis, biomarkers detection, and environmental monitoring.
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Figure 3. (A) The preparation process of green-mission MIPs (g-MIPs) and the construction of dual-
emission sensors (FL-MIPs) by PIMix method [16]. (B) The synthesis process of SiCDs, CdTe QDs,
and MIFP-SiCDs@CdTe QDs by PIMod method [73]. (C) Procedure for the preparation of r-MIPs and
g-MIPs and the construction of MI-RFL sensors by PIMix method [76].

5. Application of MI-RFL Sensors in Analysis of Pharmaceuticals and Biomarkers

The MI-RFL sensors simulate the specific binding of antigen-antibody in MIT and
combine the advantages of anti-interference and fast reaction of ratio fluorescence detec-
tion and thereby realize highly specific recognition and accurate quantification of target
molecules, for instance, high selectivity and sensitivity in pharmaceuticals and biomarkers
analysis [77,78]. It can accurately detect drug residues and biomarkers, so it is widely used
in pharmaceutical safety monitoring and life science research. Table 1 summarizes some
typical applications of MI-RFL sensors in pharmaceuticals and biomarkers analysis, further
highlighting their wide applicability and great potential.
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Table 1. Application of MI-RFL Sensors in the Analysis of Pharmaceuticals and Biomarkers.
Fluorescence Functional . Polymerization = Working Imprinting . o o
Type Analyte Sources Monomer Crosslinker Method Mechanism Strategy Linear Range LOD Real Sample Recovery (%)  RSD (%) Ref.
Pharmaceuticals NOR CDs MAA EDGMA - ICT Surface 5-50 nM 1.35 nM Tap water, river 93-106.8 2.0-3.6 [79]
analysis imprinting water
DOX CdTe QDs APTES TEOS Sol-gel IFE Dummy 0.1-50 uM 0.061 uM Seawater, 91.6-107.5 2.9-4.6 [80]
method template reservoir water,
imprinting urine
CDs APTES TEOS Sol-gel AIE, IFE - 0.05-20 mg/L 14.21 ng/mL Lake water, milk 90.16-97.18 <4.77 [53]
method
TC WOs. QDs MAA EDGMA - PET, IFE - 0.01-10.0 pmol/L 3.23 nmol/L and Milk, egg 92.7-102.9 <1.59 [81]
20.0-80.0 pwmol/L 6.37 umol/L
CDs APTES TEOS Sol-gel ET - 25-2000 nM 7.9 nM Milk 94.2-103.7 1.5-5.3 [82]
method
QDs AM EGDMA Precipitation ET - 10-160 wmol/L 0.35 umol/L Milk 96.3-106.2 1943 [83]
polymeriza-
tion
CDs AM EGDMA - ET Surface 0-50 nM 1.19nM River water, tap 99.13-102.75 0.67-0.98 [38]
imprinting wate
SDZ CDs 4-VP MBAAM - ET - 2-20 pumol/L 4.2 nmol/L Lake water, tap 94.1-96.5 1.6-34 [84]
water
CdTe QDs AM MBAAM - - - 0-100 pmol/L 11 nmol/L Tap water, lake 92.0-95.1 <3.6 [85]
water
FzZD CNDs AMPS EDGMA Suspension IFE - 5-400 mg/L 1.98 mg/L Chicken feed, 90-110 <3.7 [39]
polymeriza- honey, pork
tion
CAP QDs APTES TEOS Sol-gel PET Stimuli- 0.015-0.12nM 0.009 nM Lake water, 94.0-108.0 2.1-4.2 [68]
method responsive 0.12-17.22 nM chicken, fish,
human urine
NH2-UiO-66, APTES TEOS Sol-gel PET - 10 pM-0.5 nM 3.8 pM Meat, milk, 98.2-101.2 2.1-3.6 [86]
CdTe QDs method 0.5 nM—-4.5 nM honey
CIP CdTe QDs, APTES TEOS Sol-gel ET - 0.5-20 uM 0.09 uM Seawater 96.2-103.1 0.85-2.89 [87]
CDs method
TAP CDs APTES TEOS Sol-gel PET - 5.0 nM-6.0 uM 50 nug/kg Fish, shrimp, 95.0-105.0 3.145 [88]
method 6.0 uM-26.0 uM beef, milk
PNG CDs APTES TEOS Sol-gel EF - 1-32nM 0.34 nM Milk 98-103 <0.9 [89]
method
CLP CDs APTES TEOS Sol-gel ET _ 0.1-3 pg/L 0.035 ug/L Milk 96.5-106.6 1.1-35 [90]
method
DMZ CDs, CdSe APTES TEOS Sol-gel - - 0.06-14.1 ng/mL 47 pg/mL Pork, honey, 98.0-104.0 <3.9 [91]
method

eggs
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Table 1. Cont.

Fluorescence Functional Polymerization = Working Imprinting

Type Analyte Sources Monomer Crosslinker Method Mechanism Strategy Linear Range LOD Real Sample Recovery (%)  RSD (%) Ref.
KS QDs APTES TEOS Sol-gel ET - 3.00-105 uM 0.24 pM. River water 102.5-112.6 1.12-3.85 [92]
method
SS QDs APTES TEOS Sol-gel ET - 3.00-118 uM 0.22 pM. River water 97.7-106.6 2.17-6.21 [92]
method
E2 CdTe QDs APTES TEOS Sol-gel PET Surface 0.011-50 pug/L 3.3ng/L Tap water, river ~ 92.4-110.6 <25 [93]
method imprinting water, seawater,
milk
IMA QDs APTES TEOS Sol-gel PET - 5.0-80.0 pM 14 uM Puerariae 85.5-98.0 <4.2 [94]
method Lobatae Radix,
soil
DEL CdSe/ZnS APTES TEOS _ _ - 0.01-40.0 mg/L 1.34 pg/L Aquatic 98.5-109.0 <75 [36]
QDs products,
seawater
Mal N-CDs, APTES TEOS Sol-gel - - 1-10 uM 0.05 uM Lettuce, tap 93.0-99.3 <3.1 [95]
Eu-MOF method water, soil
1-NP QDs APTES TEOS - PET - 6.0-140.0 pM 0.45 M Lycium 94-105 <441 [93]
barbarum,
Dendrobium
officinale
Propazine QDS APTES TEOS Sol-gel PET - 0.005-2.000 mg/L 0.001 mg/L Seawater, fish 92.0-114.6 <6.3 [96]
method
24-D CdTe QDs, 4-VP EGDMA - - Surface 0—-25 uM 0.13 uM Drinking water, 99.2-100.8 1.5-3.3 [97]
NBD imprinting lake water,
urban runoff
water, paddy
field water
NBD APTES TEOS Sol-gel PET Surface 0.1-3 uM 0.023 uM River water, tap 94-108 <5 [32]
method imprinting water
CdTe QDs 4-VP EGDMA - - Surface 0-25 uM 0.12 uM Milk 96.0-104.0 <4.0 [98]
imprinting
CdTe QDs, APTES TEOS Sol-gel FRET Surface 0.56-80 uM 90 nM Soybean 86.2-109.5 <4.19 [78]
NBD method imprinting sprouts, lake
water
CdTe QDs, 4-VvP EGDMA - - Surface 0—-15 uM 0.13 uM Milk 96.0—103.2 1.5-5.5 [99]
NBD imprinting
CdTe QDs, APTES TEOS - ET Surface 0.51-80 umol/L 0.17 umol/L Cucumber 96.6-104.2 5.5-6.1 [100]
imprinting
CDs, FBM APTES TEOS Sol-gel PET, IFE - 1.0 x 10712-1.2 x 75 x 1073 M River water, 7.1-103.3 1.3-2.7 [101]
method 107°M grass, cabbage,

apple
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Table 1. Cont.
Fluorescence Functional . Polymerization = Working Imprinting . o o
Type Analyte Sources Monomer Crosslinker Method Mechanism Strategy Linear Range LOD Real Sample Recovery (%)  RSD (%) Ref.
1DP QDs APTES TEOS - ET - 5ng/mL-0.5 3.55ng/mL River water and 97.64-109.88 1.00-4.65 [73]
png/mL corn
TMX CDs APTES TEOS Sol-gel - - 0.05-25 uM 13.5 nM Fruit, Chinese 91.40-105.7 1.64-3.49 [102]
method cabbages, river
water
LC CDs APTES TEOS - ET Surface 1-150 pug/L 0.048 ug/L Tap water, tea, 87.93-101.4 1.5-5.1 [103]
imprinting cucumber, apple
CF Si0,@Y,03: MAA DMAEA Sol-gel FRET, PET 10-100 pg/ml 4 pg/ml Rhubarb, 85.7-92.2 <3 [41]
(Eu®*, Tb3*) method wolfberry
Pretilachlor  QDs APTES TEOS Microemulsion  PET Surface 0.001-5.0 mg/L 0.05 ug/L Fish, river water ~ 92.2-107.6 <6.5 [104]
polymeriza- imprinting
tion
Difenocon- CDs, NBD APTES TEOS Sol-gel PET Surface 0.3~60 umol/L 75 nmol/L Tomato 102.1-111.2 3.1-42 [55]
azole method imprinting
CDs, APTES TEOS - IFE - - 0.18 ug/mL Cucumber 102.2-108.8 47-5.6 [105]
CdTe QDs
FA CdTe QDs APTES TEOS Sol-gel - Surface 0.05-50 ppm 0.005 ppm FA tablets, milk 89.39-103.43 <3.37 [76]
method imprinting powder
QDs APTES TEOS Sol-gel PET - 0.01-50 ppm 0.0052 ppm Milk powder, 99.5-108.0 <3.0 [75]
method folic acid tablets,
porcine serum
CdTe QDs, APTES TEOS Sol-gel PET Surface 0.23-113 uM 48 nM Pinach, broccoli,  94.8-104.2 - [59]
method imprinting tomatoes,
oranges
AAs QDs APTES TEOS Sol-gel PET Multi- 24-1200 nM 9.58 nM Asarum 90.10-97.62 1324 [106]
method Template
Imprinting
ME QDs APTES TEOS Sol-gel IFE Multi- 17.1-343 nM 6.46 nM Asarum 97.82-107.93 1.3-4.0 [106]
method Template
Imprinting
AAI CDs 4-VP EGDMA - PET 1.0-120.0 pmol/L 0.45 pmol/L Asarum 5.5-107.3 2.0 [107]
MTX CDs APTES TEOS Copolymeriza-  IFE - 5-2000 ng/mL 1.5 ng/mL Rabbit plasma, 97.80-99.20 1.28-2.53 [108]
tion parenteral
DA QDs, CDs AM, VPBA MBAAM Precipitation - - 0-600 nM 12.35 nM Human serum 98.02-104.06 <445 [109]
polymeriza-
tion
DA CdTe QDs VPBA MBAAmM - ET Surface 0-1.2 x 107 M (100-150) x 10~° Human serum 100.14-104.46 <5 [110]

imprinting

M
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Table 1. Cont.

Fluorescence Functional Polymerization = Working Imprinting

Type Analyte Sources Monomer Crosslinker Method Mechanism Strategy Linear Range LOD Real Sample Recovery (%)  RSD (%) Ref.
CTD CDs APTES TEOS Sol-gel ET Surface 0.5-1000 nM 0.15nM Blood 96.12-107.40 2.87-3.96 [111]
method imprinting
AA CdTeS QDs, APTES TEOS Sol-gel ET - 1-500 uM 0.78 uM Vitamin C 96.0-99.0 <1.7 [112]
ZnCdS QDs method tablets
CuNCs, CDs APTES TEOS Sol-gel - Surface 4.0-22.0 uM 1.56 uM Vitamin C tablet,  81.69-106.11 0.10-0.44 [44]
method imprinting human serum
ACO FeS; QDs MAA, AM EDGMA Sol-gel ET - 0.05-5.0 uM 24 nM Fuzi Lizhong 95.2-103.1 <5.0 [66]
method Pills
Metronida-  CDs APTES TEOS Sol-gel - - 25-1000 nmol /L 7.2 nmol/L Honey 92.3-95.1 2.5-4.6 [113]
zole method
Biomarkers Histamine QDs APTES TEOS Sol-gel PET - 1-60 UM 21.9nM Mackerel, 96.52-105.32 1.57-5.57 [114]
analysis method frozen atlantic
cod, canned
tuna
AD BA-EuMOFs - TEOS - FRET Surface 1-50 mg/L 0.26 mg/L Human urine 96.11-101.79 <2.87 [115]
imprinting
BSA QDs APTES TEOS Sol-gel PET - 2-64 uM 0.5 uM Milk, power 95.9-104.8 <4 [16]
method milk, human
serum, bovine
calf serum
L-Tyr CdTe QDs APTES TEOS Sol-gel IFE Surface 1.0 x 1071925 x 8.0 x107'M Urine, serum 99.07-101.18 2.00-3.57 [17]
method imprinting 1078 M
dsDNA QDs APTES TEOS Sol-gel PRET Surface 0.089-1.79 ug/mL  19.48 ng/mL Urine 102.6-106.0 2.07-3.15 [26]
method imprinting
CNP NBD, CDs APTES TEOS Sol-gel PET Surface 5-80 pg/mL 2.87 pg/mL Human serum 97.3-104 <4.7 [116]
method imprinting
BHb CdTe QDs APTES TEOS Sol-gel PET Surface 0.025—-3 uM 7.8 nM Urine 99.25—-111.7 <3.2 [117]
method imprinting
PE CDs APTES TEOS - FRET Surface 5-200 ng/mL 1.5 ng/mL Human serum 95.94-104.26 1.62—4.65 [49]
imprinting

SDZ: sulfadiazine, TAP: thiamphenicol, CLP: chloramphenicol, DMZ: dimenidazole, KS: kanamycin sulfate, SS: streptomycin sulphate, IMA: imazapyr, LC: A-Cyhalothrin, DA: dopamine,
ACO: aconitine, MAA: methacrylic acid, EGDMA: ethylene glycol dimethacrylate, APTES: 3-aminopropyltriethoxysilane, TEOS: tetraethyl orthosilicate, AM: acrylamide, MBAAM:
N,N-methylbisacrylamide, 4-VP: 4-Vinylpyridine, DMAEA: dimethylaminoethyl methacrylate, VPBA: 4-vinylphenylboronic acid.
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5.1. Pharmaceutical Analysis

Pharmaceutical analysis is a key part of ensuring the quality and safety of phar-
maceuticals, and MI-RFL sensors can achieve high sensitivity and selective detection of
impurities [13,19], residues, and illegal additives in pharmaceuticals. It has been widely
used in the detection of trace pesticide residues, veterinary drug residues, and human drug
residues in pharmaceuticals. With its high sensitivity, high selectivity, and fast response,
MI-RFL sensors realize precise application in pharmaceutical analysis, effectively guarantee
food safety, promote precise monitoring and management of environmental pollutants,
and maintain human health.

5.1.1. Detection of Veterinary Drug Residues

Veterinary drug residues refer to the accumulation or residue of the original drug or
its metabolites in the body of livestock and poultry or their products (e.g., eggs, milk, and
meat) after the use of veterinary drugs. For example, antibiotics such as penicillin G (PNG)
and TC residues in food are easy to cause allergic reactions in humans and may even lead
to death. Currently, MI-RFL sensors have been widely used in the detection of veterinary
drug residues, with most studies focusing on the detection of antibiotics [38,39,53,68,79-92]
and hormone drugs [93].

1. Antibiotics

Antibiotic drugs are widely used in animal husbandry, but overuse or misuse may
lead to veterinary drug residues, posing a potential threat to human health. Studies have
shown that MI-RFL is effective in detecting veterinary drug residues. Miao et al. [80] pro-
posed a novel triple-emission MI-RFL sensor by PIMix strategy using MIPs with different
emission fluorescence and salicylamide as dummy templates. Bovine serum albumin (BSA)
was selected as a co-functional monomer and as a sensitizer for the AIE effect of DOX.
Figure 4A schematically shows the preparation and construction process of this sensor.
Blue-emitting CDs and red-emitting CdTe QDs were introduced into MIPs as response
signals, respectively. Upon recognition of DOX within 2 min, the blue and red fluorescence
of the triple-emitting MIPs sensor was quenched, while the green fluorescence of DOX was
enhanced, resulting in the observation of multiple colour variations of blue-violet-red-pink-
orange-yellow-green, with the limit of detection (LOD) of 0.061 uM. The sensor, with its
highly selective recognition capability, was successfully applied to the detection of DOX
in complex real samples, providing great application potential for rapid visual detection
of antibiotics in complex matrices. Wang et al. [87] successfully constructed an MI-RFL
sensor (CdTe/CDs@SiO,@MIPs) for the efficient and rapid detection of ciprofloxacin (CIP)
in seawater samples by sol-gel method. The preparation process is shown in Figure 4B.
The blue CDs were used as the reference signals, and the orange-yellow CdTe QDs were
used as the response signals. The sensor showed good linearity up to 20 umol/L with a
LOD of 0.09 umol/L and recoveries of 96.2-103.1% in seawater. After pretreatment with
solid phase microextraction, the sensor was successfully applied to the determination of
CIP in seawater. Under the 365 nm ultraviolet light, the sensor showed a green-blue colour
change window visible to the naked eye. The successful preparation of this sensor provides
a simple, versatile, and visible alternative method for the detection of CIP in seawater.
Therefore, the MI-RFL technique is expected to be used for rapid in situ visual detection of
various target analytes and to promote the development of MI-RFL technique.
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Figure 4. Scheme illustration of the MI-RFL sensors for the detection of veterinary drug residues.
(A) (i) Preparation strategy of a triple-emission MI-RFL sensor and (ii) detection of DOX [80].
(B) Preparation of CdTe/CQDs@SiO,@MIPs sensors for detecting CIP [87].

2. Hormones

Hormonal drugs are mainly used to improve the reproductive and productive perfor-
mance of animals, such as sex hormones like estradiol. Residues of such pharmaceuticals
in animal food can interfere with hormone metabolism and physiological functions of
consumers, which is potentially hazardous to human health. Wang et al. [93] used 17§3-
estradiol (E2) as the template and PET as the response mechanism, mixed blue fluorescence
7-hydroxycoumarin (b-MIPs) and yellow fluorescence CdTe QDs(y-MIPs) based on PIMix
strategy to construct a new dual-emission MI-RFL sensor for the detection of E2. The results
showed that the sensor had good linearity in the concentration range of 0.011-50 pg/L,
with the LOD of 3.3 ng/L, the recoveries of 92.4-110.6%, and the relative standard deviation
(RSD) less than 2.5%. When E2 was detected by the sensor, yellow fluorescence quenched,
blue fluorescence increased, providing a green-blue visual monitoring window visible to
the naked eye. The specificity and sensitivity of the sensor, as well as the self-correction
and visualization of the dual signals, open more possibilities for future development of
multimodal visual sensing systems. How to effectively determine the mixing ratio of
dual-emission ratio fluorescence sensors is also an issue that needs further exploration.

5.1.2. Detection of Pesticide Residues

Long-term and large-scale use of pesticides can result in pesticide residues in agricul-
tural products, which include trace pesticide precursors, toxic metabolites, degradation
products and impurities, and so forth, and human ingestion may trigger chronic poisoning,
posing a potential threat to health. In addition, this overuse seriously disrupts the balance
and stability of the ecosystem, exacerbates food safety problems, and endangers human
health [118]. Currently, MI-RFL sensors have been widely used for the detection of pesticide
residues, with most studies focusing on the detection of insecticides [36,41,95,102,103,119],
herbicides [32,78,94,96,98,99,101,104]. and bactericides [92].

1. Insecticides

Insecticidal pesticides are chemical substances used to prevent, destroy, or control
pests. In the application of pesticide residue detection using the MI-RFL sensor, the
insecticides detected can be subdivided into several types, such as pyrethroids, carbamates,
organophosphates, and neonicotinoids. Carbaryl is widely used as a carbamate insecticide,
and its improper use can lead to pesticide residues, which pose a significant threat to
human health. Wang et al. [119] constructed an MI-RFL sensor based on fluorescence-
enhanced APTES@CdTeS QDs based on the response mechanism of PET, which was used
for the determination of 1-naphthol (1-NP), the synthetic raw material and metabolite
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of the pesticide carbaryl. The sensor showed a good linear relationship between the
fluorescence intensity ratio (Fse0/Fs97) and 1-NP concentration over a wide concentration
range (6.0-140.0 uM, LOD = 0.45 uM, RSD < 4.41%). The fluorescence of the sensor
changed from orange-red to blue-violet and was clearly visible. The method was applied
to detect 1-NP in traditional Chinese medicine (TCM) products with good recoveries,
demonstrating its potential for the detection of 1-NP and carbaryl. In addition, the simple
modification of QDs materials by APTES for fluorescence enhancement can expand the
responsiveness of the target object, which is very meaningful for fluorescence analysis, and
more detection systems can be developed based on this method. The organophosphorus
pesticide malathion (MAL) is a broad-spectrum insecticide. However, MAL has the toxicity
of inhibiting neurotransmitters, and its overuse can be hazardous to human health. Yang
et al. [120] constructed a novel MI-RFL sensor (N-CDs@Eu-MOF@MIP, BR@MIP) for the
selective identification and sensitive detection of MAL. N-doped carbon dots (N-CDs) act
as a fluorescence source to generate fluorescence signals, and the fluorescence colour of the
sensing system varies from red to blue, which is helpful for visual analysis. The specific
synthesis process of the N-CDs@Eu-MOF@MIP sensor is shown in Figure 5A. MAL showed
good linearity over 1-10 pM with a LOD of 0.05 uM. In addition, the recovery of the sensor
in real samples was 93.0-99.3%. In addition, the smartphone-based sensor was used to
detect MAL in simulated real samples, and a good practical application of the fluorescence
sensor was achieved. Therefore, this MI-RFL sensor construct provides a good strategy for
MAL detection.
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Figure 5. Scheme illustration of the MI-RFL sensor for the detection of pesticide residues. (A) Prepa-
ration and construction process of MI-RFL sensor (N-CDs@Eu-MOF@MIP, BR@MIP) for the detection
of MAL [120]. (B) Construction process of a novel MI-RFL sensor for the detection of propazine [96].
(C) Procedure for the construction of a triple-emission MI-RFL sensor for the detection of 2,4-D and
2,4-dichlorophenol [101].

2.  Herbicides

Herbicides are agents that destroy or inhibit plant growth by causing complete or
selective weed death. For example, promazine is a widely used triazine herbicide., and
its residue detection is important for agricultural cultivation and prevention of potential
risks to human health. Promazine is a widely used triazine herbicide. Given its stability,
resistance to degradation, and long half-life, it can accumulate in crops and can pose risks
to, inter alia, human health and ecosystems. Liu et al. [96] prepared a novel MI-RFL sensor
based on the PET mechanism for selective detection of propazine. Firstly, r-MIP-QDs and
b-MIP-QDs were synthesized by inverse microemulsion method using CdSe/ZnS QDs
(red light) and ZnCdS/ZnS QDs (blue light). b-MIP-QDs, r-MIP QDs, and GQDs (green
light) were mixed in an optimal ratio, and the construction and detection of the sensor are
shown in Figure 5B. At present, machine learning algorithms have been used to analyze
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complex fluorescence data, to realize the rapid identification and quantitative analysis
of target molecules. This experiment integrates the support vector regression algorithm
and the three-colour perception platform to facilitate model training on existing data and
realize pattern recognition and prediction of unknown colour values. The recoveries of this
sensor were 104.0-114.6% and 92.0-96.4%, respectively, and the LODs were 5.0 pg/kg and
1.0 pg/L. There should be a significant colour change (from rose to light orange, from dark
orange to olive, and ultimately to dark green) for the different concentrations of prochloraz,
showing excellent sensitivity. The sensor is of great practical importance as a rapid detection
method. Chen et al. [101] constructed a three-emission MI-RFL sensor for the simultaneous
detection of 2,4-D and 2,4-dichlorophenol by sol-gel method. The FBM@MIP was prepared
by grafting a nano-enzymatic fluorescent organic framework (Bi, Co-MOF) on the histidine-
modified Fe30O4 surface to form a nano-enzymatic complex (FBM) with dual enzyme activity
and imprinting the FBM@MIP with 2,4-D. The specific preparation flow of the sensor is
demonstrated in Figure 5C. The linear concentration ranges were 1.0 x 10712-1.2 x 1077 M
and 1.0 x 10712-4.8 x 1077 M, with LODs of 0.75 and 0.68 pM, respectively. And combine
with a smartphone to provide a new method for intelligent sensing of multiple targets at
the same time, which provides an ultrasensitive and novel strategy for the simultaneous
detection of multiple pollutants in a complex environment.

3.  Bactericides

In agriculture, bactericides are a class of pesticides used to control plant diseases
caused by various pathogenic microorganisms. Ma et al. [92] constructed a new MI-RFL
sensor and used greed fluorescence (NBD-APTES) as the control fluorescence source to
realize the rapid visual detection of difenoconazole by using the fluorescence changes of
cysteine-modified CDs (CDs-Cys). Under the optimized conditions, the linear range of the
fluorescence sensor was 0.3-60 pmol/L, the LOD was 75 nmol/L, and the sample recovery
was 102.1-111.2%. The sensor is highly specific and has been successfully applied to the
detection of real samples. Therefore, this sensor can be used as an analytical tool for difeno-
conazole and provide a basis for future research on the rapid detection of different pesticide
residues in the field. Compared with the current single fluorescence sensor, the combination
of ratio fluorescence greatly improved the visual detection performance of the sensor and
realized the visual detection from fluorescence quenching to fluorescence conversion.

5.1.3. Pharmaceuticals for Human Use

Analytical research on human pharmaceuticals plays an important role in safeguarding
public health and safety. With the advancement of modern medical technology, accurate
analysis of pharmaceutical components has become particularly important to optimize
drug formulations, enhance therapeutic efficacy, and accelerate the development of new
pharmaceuticals. However, human pharmaceuticals also have drug residues, which may
cause serious impacts on human health and the environment if not handled properly or
used in excess [121]. In this context, MI-RFL sensors, as an advanced detection technology,
have been widely used in the analysis and research of human pharmaceuticals, especially in
the accurate analysis of natural organic compounds, complex systems of TCM [66,106,111],
and chemically synthesized pharmaceuticals [44,59,68,76,108-110,112,113,121], showing
great potential.

1.  Natural Organic Compounds and TCM

Natural organic compounds are organic substances widely found in nature and syn-
thesized by living organisms, while TCM are medicines based on these natural organic
compounds and applied under the guidance of traditional Chinese medical techniques,
including botanicals and animal medicines. Nowadays, MI-RFL sensors have been widely
used in the field of natural organic compounds and TCM detection. Asarum belongs to
the genus Asarum of the Aristolochiaceae family and contains methyl eugenol (ME) and
aristolochic acid A (AAs), which have a wide range of pharmacological activities but have a
certain degree of hepatotoxicity and so forth. In order to detect the harmful components in
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TCM, Du et al. [106] employed a multi-template imprinting strategy with AAI and ME as
template molecules and two PQDs, CsPbBr® and CsPb (Br/I)?, as the fluorescence sources
and constructed a novel dual-emission MI-RFL sensor based on the sol-gel method and PET
response mechanism for the selective and sensitive detection of ME and AAs in Aristolochia
spp. The construction and detection process of the sensor is shown in Figure 6A. The sensor
has dual emission peaks at 515 nm and 650 nm, and the ME can only quench the emission
peak at 650 nm, while the AAs can quench both emission peaks. Therefore, the presence of
ME, AAs, or both can be qualitatively identified based on the different colours of the sensor.
In addition, the fluorescence intensity ratios at 650 nm and 515 nm showed a good linear
relationship with the concentrations of ME and AAs, with LODs of 8.3 nM for ME and
9.6 nM for AAs. The good selectivity of the sensor for the determination of ME and AAs
and the obvious colour changes in visual detection provide valuable insights for the rapid
detection of active ingredients in TCM. Canthaxanthin (CTD) is an active ingredient of
TCM with unique therapeutic effects, but it may lead to poisoning or death due to improper
use. Therefore, an analytical method is needed to monitor the concentration of CTD in
biological samples. Ling et al. [111] successfully constructed a dual-emission MI-RFL sensor
(CdTe@MIPs/CDs@NIPs) for the selective detection of CTD by using a sol-gel method, in
which CdTe@MIPs and CDs@NIPs were synthesized separately, and the construction flow
is shown in Figure 6B. The CDs@NIPs were directly used as the reference signals, while the
prepared CdTe@MIPs were used as the response signals. After the addition of CTD, the
fluorescence intensity of CdTe@MIPs decreased, while that of CDs@NIPs remained largely
unchanged, and the LOD was as low as 0.15 nM. The sensor was successfully applied to
the detection of CTD in human blood samples with recovery rates between 96.12-107.40%
and RSD between 2.87-3.96%. The recyclable ratio fluorescence sensor designed in this
study has the characteristics of low cost, simple operation, and high sensitivity, which has
broad application prospects in the detection of CTD and is expected to lay the foundation
for the application of poison sensing in forensic toxicology analysis.
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Figure 6. Scheme illustration of the MI-RFL sensor for the detection of pharmaceuticals for hu-
man use. (A) Preparation process of a dual-emission MI-RFL sensor for the detection of MEs
and AAs [106]. (B) Procedure of the main method for CTD detection in blood based on MI-RFL
sensor [111]. (C) Schematic illustrations of ZnCdS QDs@MIP/CdTeS QDs@SiO, sensor for the
recognition of AA [112].
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2. Synthetic Pharmaceuticals

Chemically synthesized pharmaceuticals are compounds with specific pharmacologi-
cal activity synthesized through a series of chemical reactions using organic or inorganic
compounds as raw materials. Although chemically synthesized pharmaceuticals are fast
and effective in the treatment of diseases, they are often accompanied by different degrees
of side effects, and the MI-RFL sensor can achieve sensitive and accurate detection of
chemically synthesized pharmaceuticals and their metabolites. Methotrexate (MTX) is
a chemotherapeutic pharmaceutical that is widely used in the treatment of various can-
cers, but the use of MTX is often accompanied by side effects such as hepatotoxicity and
cardiotoxicity, and the therapeutic range of MTX is very narrow, with high doses being
life-threatening [122]. Therefore, therapeutic pharmaceutical monitoring is an effective
tool to ensure the efficacy and safety of MTX therapy. Alanazi et al. [108] successfully
synthesized a novel highly selective and reliable dual-emission MI-RFL sensor based on
blue emissive fluorescent CDs (AS-CDs) and IFE as response mechanism using APTES as a
functional monomer and TEOS as a cross-linking agent for accurate, sensitive, and simple
quantitative detection of MTX. The sensor was based on the measurement of emission
ratio (Fss5/F430) with a detection range of 5-2000 ng/mL and a LOD of 1.5 ng/mL with
satisfactory recoveries. In conclusion, this study provides a method with good selectivity
and sensitivity for the detection of MTX in real samples. AA is involved in many important
biological processes in vivo, so its detection is of great value in the diagnosis and treatment
of diseases. Yang et al. [112] constructed a triple-emission novel MI-RFL sensor based
on a sol-gel method with APTES as a functional monomer and TEOS as a cross-linking
agent for the specific recognition and sensitive detection of AA. The construction process
of this sensor is shown in Figure 6C. In this sensor, CdTeS QDs@SiO, was used as the
reference signal, and ZnCdS QDs@MIP was used as the response signal, which improved
the accuracy of the measurement results. The fluorescence intensity ratios (Fs30/F7o5) of
ZnCdS QDs@MIP and CdTeS QDs@SiO, showed a good correlation with the concentration
of AA in the range of 1-500 uM, and the LOD was 0.78 uM. The reliability of the proposed
sensor for the analysis of real samples was investigated by detecting AA in vitamin C
tablets, and satisfactory results were obtained. This study provides a new strategy for the
establishment of MI-RFL sensors based on QDs, which has a promising application in the
field of fluorescence sensing.

5.2. Biomarkers Analysis

Bioanalysis mainly focuses on the analysis of biomarkers, including proteins, nucleic
acids, and metabolites. These biomarkers are widely involved in key physiological pro-
cesses, such as cell-to-cell signaling, metabolic regulation, and immune response. Therefore,
the precise isolation of these substances from biological samples is extremely important for
understanding their physiological functions and pathological mechanisms and developing
related disease prevention, diagnosis, and treatment strategies [69]. Currently, MI-RFL
sensors have been widely used for the precise analysis and sensitive detection of protein,
nucleotide, and amino acid biomarkers [16,17,26,49,114-117].

5.2.1. Proteins

Protein biomarkers, as indispensable biomolecules in living organisms, have complex
biological activities and are widely involved in key life processes, such as intercellular
signaling, enzyme catalysis, and immune reactions. He et al. [116] prepared a novel dual-
emission MI-RFL sensor (Si0,@CDs&NBD@MIP) for the selective and sensitive detection
of C-type natriuretic peptide (CNP) in biological samples by sol-gel polymerization using
NBD as a sensitive signal source and CDs as a reference signal. Based on the PET strategy,
CNP could quantitatively enhance the fluorescence intensity of NBD, while the fluorescence
intensity of CDs remained unchanged. The sensor combines the advantages of MIPs and
ratiometric fluorescent materials and exhibits specific recognition and sensitive detection
of CNP with good stability. The linear range of CNP determination was 580 pg/mL, and
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the LOD was 2.87 pg/mL. Finally, the sensor was successfully applied to the determination
of CNP in human serum samples, with the recoveries as high as 97.3-104%, and the RSD
was lower than 4.7%. The results indicate that this method is promising for the detection of
trace peptides in complex matrices and has great potential in healthcare and public safety.
Yang et al. [117] embedded three MIPs in blue-emitting 7-hydroxycoumarin, green-emitting
CdTe QDs, and red-emitting CdTe/ZnS QDs, respectively, by sol-gel. b-MIP, g-MIP, and
r-MIP obtained were imprinted and mixed in an optimal ratio to construct a triple-emission
MI-RFL sensor for the detection of bovine hemoglobin (BHb), and the construction and
detection process is shown in Figure 7A. This triple-emission sensor recognizes BHb with
simultaneous extinction of green and red fluorescence and simultaneous illumination of
blue fluorescence, thus generating a significant concentration-dependent green-red-blue
window for visual detection of BHb by the naked eye. The fluorescence intensity varied
linearly in the range of 0.025-3 uM with a LOD of 7.8 nM, and the bovine recoveries were as
high as 99.25-111.7%. The optical stability was good, and the post-imprint construction was
convenient. It was demonstrated that the sensitivity, visualization, and working efficiency
of the triple-colour emission fluorescence MIPs sensor were significantly improved by
integrating the surface imprinting, triple-colour emission fluorescence, and post-imprint
hybrid structures.
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Figure 7. Scheme illustration of the MI-RFL sensor for the detection of biomarkers. (A) Schematic
diagram of the construction of a triple-emission MI-RFL sensor for checking BHb [117]. (B) Schematic
of the synthesis process and detection of the MI-RFL sensor (MOF@CdTe@SiO,@MIP) capillary for
detection of AD [115]. (C) Synthetic procedure of MI-RFL sensor for L-Tyr detection [17].

5.2.2. Nucleotides

Nucleotides play important physiological functions in organisms, among which adeno-
sine (AD) belongs to the nucleotide class of biomarkers, and the development of highly
selective and sensitive AD detection methods is important for the early diagnosis of
clinical diseases. Cheng et al. [115] designed a simple, fast, and highly sensitive novel
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dual-emission MI-RFL sensor based on FRET mechanism, capable of dual recognition of
adenosine. Figure 7B shows its synthesis route. The strategy used in this study was to
combine boronic acid functionalized lanthanide metal-organic frameworks (BA-EuMOFs)
with MIPs. Among them, BA-EuMOF not only provides a stable and sensitive ratiometric
fluorescence recognition signal for BA-EuMOFs@MIP but also generates fluorescence signal
changes by FRET for signal amplification. Based on dual recognition sites, the constructed
ratiometric fluorescence sensor showed satisfactory photostability, sensitivity, and selectiv-
ity in AD analysis. The BA-EuMOFs@MIP sensor had a wide linear range (1-50 mg/L) and
a sensitive LOD (0.26 mg/L) for AD. AD in real samples was detected using this sensor,
with recoveries ranging from 96.11-101.79%. This method not only provides a simple,
rapid, and sensitive sensing platform for AD detection but also shows great potential for
early diagnosis of AD-related diseases.

5.2.3. Amino Acids

Amino acids are the basic building blocks of proteins, and long-term intake can
lead to dependence, affecting natural metabolism and regulation, as well as potentially
triggering diabetes or kidney problems. Tang et al. [17] constructed a novel dual-emission
MI-RFL sensor based on a luminescent metal-organic framework (MOF@CdTe@SiO, @MIP
capillary) through the IFE mechanism and surface imprinting strategy for chiral recognition
of L-Tyr. Figure 7C illustrates the synthetic procedure and detection. Firstly, (MIL-53-NH,
(Al) and CdTe@SiO, were embedded as a fluorescence source into the imprinted layer
grown on the inner surface of amino-modified capillaries by hydrothermal and sol-gel
methods. In the presence of L-Tyr, the blue fluorescence (424 nm) as the fluorescence
response signal was quenched, while the red fluorescence (688 nm) as the reference signal
remained unchanged. The MI-RFL sensor successfully detected L-Tyr in real samples in
a linear range of 1.0 x 10719-2.5 x 10~8 M with recoveries of 99.07-101.18% and a LOD
of 8.0 x 10~ M. The sensor integrates MIT and fluorescence capillary method to achieve
sensitive and selective determination of L-Tyr with a small amount of reagent consumption
(18 uL), providing a new strategy for the rapid detection of trace samples with simple and
environmentally friendly operation.

6. Application of MI-RFL Sensors for POCT

Traditional analytical methods usually rely on large-scale precision instruments, which
have the disadvantages of cumbersome operation and high cost and so on. Due to the
urgent demand for rapid and accurate detection methods in the fields of environmental
monitoring, food safety, and modern medical treatment, rapid detection methods have
become an important hotspot for scientific research and technology applications [123]. In
this context, MI-RFL sensors have been widely used in POCT, which emphasizes rapid
analysis at the sample collection site and instant access to test results using portable instru-
ments, and is simple, cost-effective, and portable, which greatly enhances the efficiency
and convenience of testing. The MI-RFL sensor combines the high selectivity of molecular
imprinting technology for specific target molecules with the high sensitivity and real-time
monitoring capability of fluorescence detection technology to achieve rapid and accurate
detection of a wide range of analyses, such as biomarkers, drug residues, environmental
pollutants, and so on. Currently, MI-RFL sensors have been widely used in the POCT
field, mainly including test strips [79,96,124,125], smartphones [52,53,68,79,95,101-103],
and microfluidic chip [55,78,105] mode in various forms, which meets the detection needs
in different scenarios and promotes the rapid development of instant detection technology.

6.1. Test Strips

Fluorescent test strips can absorb specific wavelengths of light and emit fluorescence,
achieving the detection of target substances by detecting the change of fluorescent signals,
with high selectivity, high sensitivity, and high self-correcting, and can be observed with
the naked eye under ultraviolet light for colour changes. In recent years, the composition
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and morphology of nanoparticles embedded in test strips have expanded from AuNCs to
a variety of complex nanostructures [126], dramatically improving detection sensitivity,
specificity, and stability. These innovations have accelerated the development of POCT
technology, while fluorescent test strip assays have also been used in conjunction with
MI-RFL sensors for pharmaceuticals and biomarkers detection due to their portability
and cost-effectiveness. Hu et al. [79] successfully developed a novel “turn-on” fluorescent
test strips (Eu@CDs-MIMs) on PVDF membranes doped with Eu complexes for selective,
rapid, and on-site visual detection of norfloxacin (NOR). The synthesis method and the
procedure of visual detection is shown in Figure 8A. The response time of the test strips is
1 min. The portable fluorescent test strips have a brighter and more uniform fluorescent
colour change than filter paper test strips, which is visible to the naked eye, providing a
reliable environmentally safe method for the rapid, visual, and on-site detection of NOR
and quinolones.
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Figure 8. Schematic illustration of the MI-RFL sensor applied to POCT. (A) Synthesis of novel fluores-
cent detection strips (Eu@CDs-MIMs) for the detection of NOR and visual inspection process [79].
(B) Preparation and detection process of MXene QDs-based smartphone-driven MI-RFL sensor for
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the detection of histamine [114]. (C) Preparation procedure of dual-channel microfluidic paper chip
for detection of difenoconazole [105].

6.2. Smartphones

With the advantages of easy operation, fast processing speed, and high resolution,
smartphones have attracted much attention in the field of POCT sensing [120]. It captures
fluorescence photos through the built-in camera and analyses them through software, thus
providing a low-cost, portable monitoring platform for on-site detection. Currently, a series
of smartphone-based fluorescence sensor strategies have been designed and applied for
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the determination of various targets [58]. In particular, the smartphone-based MI-RFL
sensing platform is more conducive to accurate quantitative monitoring due to its intrinsic
calibration function. As shown in Figure 8B, Wang et al. [114] prepared a smartphone-
driven MI-RFL sensor based on blue-orange MXene QDs by sol-gel method and based on
the PET response mechanism for fluorescence and visual detection of histamine. The results
showed that the histamine concentration was linearly related to the fluorescence response of
the sensor in the range of 1-60 uM, and the fluorescence detection had a LOD of 21.9 nM and
a visual LOD of 92.2 nM. The recoveries of this method were in the range of 96.52-105.32%.
Considering the on-site quantification requirements in practical applications, the system
was connected to a smartphone-based application for image acquisition and red-green-
blue (RGB) analysis. Thus, this study greatly expands the application of MXene QDs
in fluorescence sensing and provides a visualization strategy for the in situ detection of
histamine in food.

6.3. Microfluidic Chips

Microfluidic analysis technology is an advanced technology for precise manipulation
and processing of fluids on a micro-scale, known for its advantages of miniaturization, high
integration, low sample consumption, and fast response [127]. Among them, microfluidic
paper chip is an innovative form of microfluidic technology, which uses paper as the
substrate material and constructs microfluidic channels on the paper chip to enable the
target to move robustly and automatically through capillary action, thus realizing rapid
on-site detection. Microfluidic paper chip technology has the advantages of low cost,
portability and ease of use, multi-channel detection, and others [128]. Combined with
MI-RFL technology, it can provide good visual detection capability and has a wide range of
application potential in biomedical detection, environmental monitoring, and other fields.

Hao et al. [105] used L-Cys-modified CQDs and CdTe QDs as fluorescent signals to
prepare a novel dual-channel, dual-signal microfluidic paper chip that enabled portable
and rapid detection of difenoconazole by means of an IFE response mechanism. The
preparation and detection procedure is shown in Figure 8C. The results show that rapid
quantitative detection of the two templates can be achieved within 5 min at the same
excitation wavelength (360 nm). In addition, the dual-channel microfluidic paper chip also
showed good specificity for the identification of analogs. This work successfully prepared a
multi-template rapid quantitative pesticide residue detection sensor, which provides a use-
ful exploration for the development of new general rapid detection technology and theory
and is of great significance for the rapid detection of pesticide residues in export products.

7. Conclusions and Prospects

As mentioned above, MI-RFL sensors have demonstrated significant advantages
and wide application potential in the field of pharmaceuticals and biomarkers analysis.
Such sensing methods successfully convert invisible molecular recognition into colour-
visible fluorescence signals, which can accurately and quickly detect target molecules in
complex environments, providing important support for human health, environmental
monitoring, and so forth. Although MI-RFL sensors have achieved remarkable results
in the detection of pharmaceuticals and biomarkers, they still face some challenges and
promising opportunities, so we make an outlook for their future development.

(1) Sensor construction and optimization: The application of MI-RFL sensors in pharma-
ceuticals and biomarkers detection depends on their efficient, sensitive, and selective
performance, and the optimization of the construction process is critical to achieve
these performances. The construction process of MI-RFL sensor mainly includes the
selection of fluorescence signal sources and the preparation of MIPs.

(1) Selection of fluorescence source: Although traditional fluorescent dyes and
nanomaterials have been widely used, issues such as stability, spectral over-
lap, toxicity, and cost still need to be addressed. Cyanine dyes have excellent
photostability, wide spectral range, and tunable fluorescence characteristics.
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Meanwhile, the relatively high quantum yield of cyanine dyes helps to improve
the detection sensitivity of the sensor. These advantages make it potential for
application in the field of MI-RFL sensors [129,130]. Therefore, the develop-
ment of fluorescent dyes, such as cyanine dyes, and new fluorescent materials,
such as BU-MOFs, and the optimization of their optical properties through
surface modification, doping, and recombination become an important direc-
tion of future research. At the same time, the integration strategy of multiple
fluorescence sources is also expected to achieve effective cooperation between
different sources and improve the detection accuracy.

(i)  Selection of reaction mechanism: In practical applications, the appropriate
reaction mechanism should be selected according to the specific detection
requirements and the nature of the target molecules. For drugs or biomarkers
with specific structures and properties, mechanisms such as FRET, PET, and
ICT can be selected to achieve highly selective and responsive detection by
designing specific fluorescent probes and receptors. In the pursuit of rapid
detection, the IFE mechanism is more advantageous because it does not re-
quire a complex energy transfer process and can respond to the target faster.
For high sensitivity detection requirements, PET and AIE mechanisms may
perform better, which achieve significant fluorescence changes at low concen-
trations [131]. Furthermore, the combination of multiple reaction mechanisms
and sensor design strategies can improve the performance and applicability of
the sensors. In the future, with deepening understanding of different reaction
mechanisms, reaction mechanisms can be precisely selected and designed to
further improve the performance of MI-RFL sensors [132].

(iii) ~ Preparation of MIPs: The MIPs preparation process was optimized, including
the selection of template molecules, polymerization conditions of functional
monomers, type and dosage of cross-linking agents, and others, which could
significantly improve the performance of the sensor. In addition, the intro-
duction of dummy templates, multi-template strategies, and new imprinting
methods, such as electrochemical imprinting and light-controlled imprinting,
also provide the possibility to further improve the performance of sensors.
The application of theoretical calculations during the preparation of imprinted
materials will be an important research direction. For example, Chi et al. [133]
used density functional theory (DFT) to calculate the binding energy and molec-
ular electrostatic potential of template molecules and functional monomer
complexes and fabricated an MI-RFL sensor with excellent performance for
the detection of mycotoxins in food under the guidance of theoretical calcula-
tions. This example shows that by simulating the interaction between template
molecules and functional monomers, the optimal polymerization conditions
can be determined. Then the performance of MI-RFL sensors can be effectively
improved. In the future, theoretical computing will also have broad application
prospects in the field of pharmaceuticals and biomarkers, providing strong
technical support for accurate detection, precise diagnosis, and treatment.

Introduction of new functional materials: The introduction of new functional ma-
terials, such as MOFs, covalent organic framework (COFs), and hydrogen-bonded
organic framework (HOFs) can bring higher sensitivity and selectivity to MI-RFL sen-
sors. These materials have unique physicochemical properties, such as high specific
surface area, tunable pore size, and excellent chemical stability, which can signifi-
cantly enhance the performance of the sensors. Currently, MOFs are widely used
in the construction of MI-RFL sensors, while COFs are relatively less used. This is
because COFs have some problems, such as their strong m—m stacking interactions,
which lead to quenching effects, and their synthesis is difficult and requires strict
reaction conditions, while there are also problems in stability and compatibility in
practical application scenarios [134,135]. HOFs are still in their infancy, and their ap-
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plications are limited. On the one hand, due to the late start of their research, people’s
understanding of their physicochemical properties and application potential is not
comprehensive. On the other hand, HOFs are ordered porous materials formed by
intermolecular hydrogen bonding assembly. Their structural stability is easily affected
by surrounding factors, and they face many technical difficulties in achieving high
selectivity for specific analytes, which is the main reason why their development lags
far behind other porous materials such as MOFs and COFs [136,137]. In the future,
with the deepening of research on MOFs, COFs, and HOFs, these materials will play a
greater role in the fields of biosensing, environmental monitoring, and drug delivery.
Currently, the research on dual-emission MI-RFL sensors is relatively mature, while
the research on triple-emission ratiometric fluorescence sensors is still insufficient
but has great potential. PIMix and PIMod, as an ideal construction strategy, effec-
tively enhance the sensor performance by optimizing the material ratios and surface
modification. However, the triple-emission technology also faces the problems of
complicated preparation process, high cost, and stability issues, such as fluorescence
intensity attenuation of multiple emission peaks and shifting of emission peaks, which
need to be solved by subsequent research. In the future, it is expected that the triple-
emission ratiometric fluorescent sensors will be further developed in the field of
pharmaceuticals and biomarkers analysis.

At present, the application and research of MI-RFL sensors in the field of green
imprinting technology is in the embryonic stage but has shown great potential and
broad prospects to lead the trend of greening chemical sensors in the future. Green
imprinting technology not only runs through the entire life cycle of MI-RFL sensors
from design, preparation, to use, but also aims to significantly reduce chemical waste,
lower energy consumption, and significantly improve the environmental friendliness
of the sensors through environmentally friendly and sustainable strategies.

In the field of pharmaceuticals and biomarkers analysis, MI-RFL sensors, although
showing advantages such as high selectivity and sensitivity, still face many challenges.
The main challenges include improving the sensor’s immunity to interference in com-
plex samples, optimizing the material preparation process to ensure reproducibility,
and overcoming the difficulty of template molecule removal. In addition, there is a
need to further improve the selectivity and sensitivity of MI-RFL sensors for detecting
trace residues in complex matrices, as well as to effectively overcome the interference
caused by matrix effects, to enhance their ability to detect target molecules at low
concentrations. Therefore, future technological innovation will be the key, including
the introduction of new functional materials, optimization of the sensor structure, sim-
plification of the sample pre-treatment process, and realization of multi-component
simultaneous detection and so on, which will promote the wide application of MI-RFL
sensors in the field of pharmaceutical analysis.

Current MI-RFL sensors have been closely integrated with POCT technology to
achieve more convenient and visualized on-site detection. Through the integration
with smartphones, test strips, microfluidic paper chips, and other technologies, the
sensor can perform rapid and accurate testing directly on-site, which greatly improves
testing efficiency and convenience. In the future, with the continuous progress of ma-
chine learning and theoretical calculation technologies, MI-RFL sensors are expected
to achieve deep integration with these advanced technologies on the existing basis
to further improve the detection accuracy and intelligence. This will provide more
efficient and accurate solutions for medical and healthcare, environmental monitoring,
and other fields.

In summary, MI-RFL sensors show remarkable potential and application prospects in

the field of pharmaceuticals and biomarkers detection. In the face of the current challenges,
such as material selection, preparation process, sensitivity and stability, and others, which
need to be further explored and innovated, the research community is actively seeking
innovative breakthroughs through the introduction of new materials, new technologies,
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and greening and intelligent strategies to promote the development of MI-RFL sensors
in a more efficient, environmentally friendly, and sustainable manner. In the future, with
the continuous maturation of the technology and the deepening of interdisciplinary coop-
eration, MI-RFL sensors are expected to realize accurate and efficient detection in more
fields and make more excellent contributions to human health, environmental safety, and
scientific and technological progress.
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