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KEYWORDS Abstract Acids and anions are important natural components that distribute in plants, animals
Molecular imprinting; and products from biotechnological processes. They are usually non-toxic, however, with an
Acids; increase or decrease in their concentration due to pollution, overuse, chemical reaction etc., acids
Anions; and anions show harmful effects. Therefore, the detection of acids and anions with high sensitivity
Fluorescence; and selectivity is necessary. Molecularly imprinting, a technique creating template-tailored cavities
Sensors in polymer matrices through covalent or non-covalent bonds, has been adapted for the detection of

acids, anions and their derivatives. Particularly, fluorescent molecularly imprinted polymers
(fMIPs) appear as one of the most promising candidates for chemical sensing due to the high sen-
sitivity and ease of operation of fluorescence. This review summarizes the types of fMIPs, gives an
overview of acid and anion templates and features of fMIPs, highlights studies of interest with an
emphasis on fluorescent monomers (FMs) used in the synthesis, and finally discusses the challenges
and future perspectives.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction CH;COOH and CH;COO, and so on. Acids, anions and their direc-
tives (e.g., acid- and anion-containing molecules) are amongst the most
Based on Brensted acid theory, an acid is a molecule or ion capable of pervasive species in nature, that play significant roles in physics, biol-
disassociating a proton, and consequently forming an anion, such as ogy and chemistry. The analysis of acids and anions becomes thus
HX and X~ (X = F, Cl, Br, I), H,CO; and CO%, HCO3, HNO; important and has been drawn great attention of chemists and biolo-
and NO;, H3PO, and PO;, HPO, H,PO;, H,SO, and SO7, gists (Annak, 2007; Geddes, 2001; Dezfulian, 2007; Mary, 2018).
HSO4, HCIO,4 and Cl10,;, HMnO, and MnO;, HCOOH and HCOO, Only anions show specific physical and chemical properties when

acids dissociated (Li, 2010), the sensing of anion moieties thus becomes
- the key of the development of analytical approaches for acids and
E-mail address: yaoxt@sdu.edu.cn anions. In contrast to cations, many of which are normally monoa-
Peer review under responsibility of King Saud University. tomic, densely charged, inorganic and brightly coloured, and can be
simply detected and quantified by spectroscopical methods such as
UV-vis spectroscopy, the direct detection of anions with spectroscop-
ical methods has been proven difficult (Lou, 2012). While the impor-
ELSEVIER Production and hosting by Elsevier tance of analysis of anions is irrefutable, powerful analytical tools
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targeting anions in (bio)chemical and biological studies are therefore in
highly demanded. Among these analytical tools, molecularly imprinted
polymers (MIPs) have emerged as a promising approach for (bio)-
chemical detection due to their low-cost, high stability, reusability,
high affinity and selectivity (Haupt et al., 2020; Tva, 2020).

Although the developmental history of molecularly imprinting can
be dated back 1890’s when Fischer proposed the nature of the enzyme-
substrate recognition is analogous to the key-to-lock pattern, the first
practical case of molecularly imprinting was on 1931, the Ukrainian
scientist Polyakov reported the silica particles synthesized by sodium
silicate in presence of organic chemicals, such as benzene, showed
preferable bindings to the additive (Polyakov, 1931). In 1942, Pauling
and co-workers reported the preparation of artificial antibodies using
methyl blue dye as the antigen (e.g., template) (Pauling and
Campbell, 1942), inspiring Dickey in 1949 prepared silica-based ‘ad-
sorbents’ having specific affinities for predetermined substances, e.g.,
the methyl orange dye and some of its homologs (Dickey, 1949), These
methyl orange-imprinted adsorbents were believed to be the first case
of MIPs, since the terms of ‘pockets’, ‘foreign molecule’ and ‘adsorp-
tion power’ were used to describe such phenomenon, and author indi-
cated these silica materials can be possibly applied for the separation of
optical isomers and catalyzing reactions by specific adsorbents of the
reactants or products (Dickey, 1955).

MIPs in combination with fluorescent molecular probes are gor-
geous, since covalently embedded fluorescent monomers (FMs) allow
for direct indication of a rebound template and provide a wealth of
information regarding the binding state of fMIPs through the multi-
tude of fluorescence parameters accessible. As the first fMIPs paper
was reported in 1998 (Turkewitsch, 1998), not only many fMIPs plat-
forms have been established but also various sensing mechanisms of
FMs and templates have been proposed for the preparation of
fMIP-based sensors. Considering the effect of the new Coronavirus
(COVID-19) outbreak since December 2019, MIP studies have been
attracting great interests of chemists, as indicated by the increasing
number of MIP literatures and patents (Fig. 1). Moreover, the percent-
age of fMIP literatures and patents shows that fMIP has been one of
the hot topics in MIP research.
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Fig. 1 Numbers of MIP literatures (red bar) and patents (black
bar), and the percentage of fMIP literatures (red dot) and patents
(black dot) from 2013 to 2021. For literature search: the data was
obtained by simple search from Web of Science (WoS) with
keywords of ‘molecularly imprinted polymers’ and ‘fluorescent
molecularly imprinted polymers’, respectively. For patent search:
the data was obtained by simple search from World Intellectual
Property Organization (WIPO) with keywords of ‘molecular*
imprint® and ‘fluorescen® imprint®’, respectively.

To the best of my knowledge, acid- and anion-targeted fMIPs that
are used in the detection of important templates, such as biomolecules,
drugs of abuse, and explosives, driving toward applications of this
technology in medical, (bio)chemical and (bio)analytical research have
not been summarized. Therefore, in this review, after the introduction
of fMIPs, recent advances of acid- and anion-targeted fMIPs were
summarized, including types of template molecules, synthesis strate-
gies, interaction mechanisms, the future trends and challenges were dis-
cussed as well.

2. Types of fluorescent MIPs (fMIPs)

Considering the feature of MIPs and fluorescence, it is not
hard to come up an idea of doping fluorescent composites into
MIP matrix, with the purpose of tracking target molecules
(Henry et al., 2005). In addition, integrating polymerizable
FMs, which interact with templates covalently or
non-covalently, into a MIP shell is another approach for both
qualitative and  quantitative analysis  (Liu, 2019).
Consequently, fMIPs can be divided into three types (Fig. 2),
e.g., fluorescent composite-doped fMIPs, FM-containing
fMIPs, and dual fluorescent MIPs (a fluorescent core coated
with a fMIP shell).

2.1. Fluorescent composite-doped fMIPs

Fluorescent composites, including organic composites, such as
fluorescent dyes (Guo, 2014), carbon nanodots (CNDs), and
inorganic materials, such as quantum dots (QDs), have been
greatly developed and used as dopants or functional mono-
mers in the fabrication of fluorescent materials, in particular,
fMIPs.

Thanks to the development of organic synthesis, new fluo-
rophores have been synthesized and more fluorescent dyes
become commercially available, which allows for embedding
high quantum yield fluorescent dyes, such as fluorescein and
rhodamine directives (Zhang, 2017), into fMIP matrix
becomes one of the most commonly used fMIP patterns.
Quantum dots (QDs) are semiconducting nanocrystals whose
electronic and optical properties are controlled by their sizes
(usually smaller than 10 nm in diameter) and shapes. After
the early studies in 1980 s, various QDs, whose fluorescence
ranges from blue to red, have been synthesized and applied
in biology, such as labelling of cells, quantum dot solar cells,
quantum dot displays and emitters of fMIPs (Bimberg et al.,
1999). Carbon nanodots (CNDs) are a type of fluorescent
carbon-based nanoparticles, with the diameter below 10 nm,
which were firstly synthesized in 2004 (Xu, 2004), emitting
strong fluorescence (®,can reach up to 90 %), and can be fab-
ricated in green-chemistry ways at large scale (Wang and Qiu,
2016). Possessing above properties, and low toxicity and good
biocompatibility, renders CNDs one of the most promising flu-
orescent nanomaterials for bioimaging, biosensor, drug deliv-
ery, and functional monomers and dopants of fMIPs (Zu,
2017).

Upconversion nanoparticles (UCNPs), which are typically
made of inorganic host molecules and lanthanide dopants that
are embedded within the host’s lattice, convert photons from
lower energy state to a higher energy state via chemical and
physical processes (Wen, 2018). Similar to CNDs, UCNPs
exhibit various chemical and biomedical application examples,
duo to their high biocompatibility and small dimension, yet
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not as many as QD- and CND-doped fMIPs have been pub-
lished (Jin, 2018).

2.2. Fluorescent monomer (FM )-containing fMIPs

When a polymerizable unit and a recognition group are both
introduced to a fluorescent dye, such fluorescent dye can thus
be used as a FM for the synthesis of fMIPs, where the recog-
nition of a template by a mixture of monomers and cross-
linkers is transduced into a measurable signal (Liu, 2011). A
plausible sensing mechanism of FMs and templates should
be designed, and further examined by the spectroscopic studies
(at micromolar level). Before MIP synthesis, to confirm that
whether proposed interaction will occur at millimolar level
(e.g., same as MIP synthesis), prepolymerization studies
should be conducted (Jiang, 2007). Analytical performance
of fMIPs, such as binding affinity and specificity, can be eval-
uated by fluorescence titrations, e.g., adding the template and
competitor compounds to fMIPs at various concentrations
(Wang, 2021).

2.3. Dual fluorescent MIPs

Quantification of the target analyte using only the fluorescence
emission intensity in a certain wavelength range can sometimes
be problematic, because interferences can arise from a variety
of analyte-independent factors, such as the light scattering by
the sample matrix, excitation source fluctuation, the microen-
vironment around the probe and variation of the local concen-
tration of the probe.

Thus, the advance of dual fluorescent MIPs is that the flu-
orescence from the core, which remains unchanged upon the
rebinding of template molecules, will serve as an internal refer-
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Three types of fMIPs. (From top to bottom: FM-containing fMIPs, fluorescent composite-doped fMIPs, and dual fluorescent

ence to calibrate the fluorescence intensity of the fMIP shell for
not only quantification of template analyte but also in vitro
and in vivo immunofluorescence staining. The first dual fluores-
cent MIP case has been synthesized in 2017, aiming at the
determination of diniconazole, a triazole fungicide, in soil sam-
ples (Amjadi and Jalili, 2017). A widely adopted dual fluores-
cent MIP preparation method is to coat a fMIP shell onto a
fluorescent core. Under single excitation, the resulted fMIPs
will emit dual fluorescence, e.g., one from the fluorescent core,
the other from the fMIP shell.

3. Templates of acid- and anion-targeted fMIPs

Templates always play a decisive role in a MIP recipe, because,
on one hand occurrence and concentration of template mole-
cules in real samples and application scenarios will determine
the fMIP architecture, for instance, using a core—shell struc-
tured fMIP for rapid sensing and imaging (Yan et al., 2013;
Rajpal et al., 2021). On the other hand, in a fMIP recipe, func-
tional monomer(s), co-monomer(s) and cross-linker(s) should
be compatible with chemical and physical properties of the
template, to avoid poorly defined binding cavities caused by
template-monomer reaction and template decomposition
(Kupai, 2017; Lin and Yamada, 2000). As summarized in
Table 1, acid- and anion-containing molecules, which are of
biological, medical and environmental importance, have been
considerably imprinted, and resulted fMIPs have been further
applied to quantification, adsorption and imaging.

3.1. Biomolecules

Biomolecules consist of glycoproteins, nucleic acids, glycans
and their oligomers and monomers, such as amino acids,



Table 1 Summary of acid- and anion-targeted fMIPs.
No. Anion type Template Fluorescence Responsive (R) or non-  Interaction mechanism MIP structure Application Ref.
source * responsive (N)
1 Phosphate Phospholipids FM S R H-bonds Core-shell nanoparticle  Sensing (Li, 2020)
2 Phosphorylated QD P R PET Core-shell nanoparticle  Quantification (Amiri and
tyrosine Hosseini, 2020)
3 Amifostine CND S R PET Core-shell nanoparticle  Quantification (Ke et al., 2020)
4 Phosphorylated QD R PET Core-shell nanoparticle  Quantification (Li, 2015)
tyrosine
5 Phosphorylated FM S R ESPT Core-shell nanoparticle - (Wan, 2017)
tyrosine
6 cAMP FM S R Electrostatic and aryl Bulk polymer - (Turkewitsch,
stacking interactions 1998)
1 Sulphate PFOS QDS R PET Hydrogel Quantification (Jiao, 2018)
2 PFOS UCNP 8 R PET Mesoporous core—shell  Quantification (Li, j., 2020)
nanoparticle
3 PFOS FITC $ R PET Core-shell nanoparticle  Quantification (Feng, 2014)
4 PFOS UCNP § R PET Core-shell nanoparticle  Quantification (Tian, 2021)
5 Tartrazine CND $ R FRET Hydrogel Quantification (Zoughi, 2021)
1 Carboxylate of N-Cbz-L- FM $ R H-bonds Bulk polymer Sensing (Wagner, 2013)
amino acid phenylalanine
2 L-Cysteine FM $ R Reaction Bulk polymer Quantification (Cai, 2014)
3 L-Cysteine QDS R Unspecified Core-shell nanoparticle  Quantification (Chao et al., 2014)
4 Oligopeptides Fluorescein S R Unspecified Bulk polymer Sensing (Piletska, 2020)
5 L-Tryptophan QDS R FRET Hydrogel Quantification (Tirado-Guizar
et al., 2016)
6 N-Cbz-1- FM $ R H-bonds Core-shell nanoparticle  Sensing (Wan, 2013)
phenylalanine
7 L-Histidine Fluorescent dye 5 R Coordination bonds Bulk polymer Sensing (Uzun, 2013)
1 Carboxylate of SA Pdots S N Covalent bonds Core-shell nanoparticle  Imaging (Liu, 2017)
2 carbohydrate GA Fluorescent dye 5 N Electrostatic interaction Core-shell nanoparticle  Imaging (Rangel, 2019)
3 GA CND S N Electrostatic interaction Core-shell nanoparticle  Imaging (Demir, 2018)
4 GA and SA QDs and N Electrostatic interaction Core-shell nanoparticle  Imaging (Panagiotopoulou,
fluorescent dye ° 2017)
5 SA FM S R H-bonds Core-shell nanoparticle  Imaging (Shinde, 2015)
6 GA and SA CND and N Electrostatic interaction Core-shell nanoparticle  Imaging (Panagiotopoulou,
fluorescent dye P 2016)
7 SA Fluorescent dye 5 N Covalent bonds Core-shell nanoparticle  Imaging (Wang, 2016)
8 GA Fluorescent dye S N Electrostatic interaction Core-shell nanoparticle  Imaging (Kunath, 2015)
9 SA FM $ R H-bonds Core-shell nanoparticle  Imaging (EI-Schich, 2016)
10 SA FM S R H-bonds Core-shell nanoparticle  Imaging (Kimani, 2021)
11 GalNAc Fluorescent dye S N Covalent bonds Core-shell nanoparticle  Imaging (Ren, 2021)
12 SA FM S R H-bonds Core-shell nanoparticle  Imaging (EI-Schich, 2021)
1 Other carboxylates 2,4-D FM S R PET Bulk polymer Quantification (Limaee, 2020)
2 Caffeic acid CND $ R PET Hydrogel Quantification (Xu, 2018)
3 p-Coumaric QDS R PET Core-shell nanoparticle  Quantification (Long, 2019)

acid
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Table 1 (continued)

No. Anion type Template Fluorescence Responsive (R) or non-  Interaction mechanism MIP structure Application Ref.
source * responsive (N)
4 Aristolochic CND and R PET Core-shell nanoparticle  Imaging (Ye, 2020)
acid | fluorescent dye P
5 Salicylic acid Fluorescent dye S R Unspecified MIP membrane Quantification (Meng, 2019)
6 Sinapic acid CNDand QD® R PET Hydrogel Quantification (Zhu, 2021)
7 Folic acid QD P R PET Hydrogel Quantification (Yang, 2020)
8 2,4-D QD and FM P R Unspecified Core-shell nanoparticle  Quantification (Xu et al., 2020)
9 Okadaic acid QD S R PET Hydrogel Quantification (Zhang, 2020)
10 Ferulic acid QDS R PET Hydrogel Quantification (Wang, 2019)
11 Ferulic acid QD ® R PET Hydrogel Adsorption and (Wang et al., 2019)
quantification
12 Ciprofloxacin QDS R PET Hydrogel Quantification (Yuphintharakun,
2018)
13 Folic acid QD S R PET Hydrogel Quantification (Ensafi et al., 2017)
14 Folic acid QDS R PET Bulk polymer Quantification (Yang, 2016)
15 Cholic acid FM S R ICT and PET Bulk polymer Quantification (Xu, 2016)
16 2,4-D FM S R Electrostatic interaction Bulk polymer Sensing (Ton, 2015)
17 Ascorbic acid QD P R PET Bulk polymer Quantification (Yang, 2021)
18 Norfloxacin QDS R PET Hydrogel Quantification (Shi, 2019)
19 2,4-D FM $ R H-bonds Core-shell nanoparticle  Quantification (Wagner, 2018)
20 2,4-D FM and QD P R Unspecified Bulk polymer Quantification (Hou, 2020)
21 Aspirin QD S R PET Hydrogel Quantification (Wei, 2015)
22 2,4-D QDS R PET Core-shell nanoparticle  Quantification (Jia, 2017)
23 Ciprofloxacin Fluorescent dye 5 R Unspecified Core-shell nanoparticle  Quantification (Li, 2019)
24 2,4-D FM S R PET Hydrogel Sensing (Leung et al., 2001)
25 2,4-D FM and QD P R PET Core-shell nanoparticle  Quantification (Wang, 2016)
26 Cephalexin QDS R PET Core-shell nanoparticle  Quantification (Chen, 2020)
27 2,4-D FM $ R PET MIP membrane Quantification (Limaee, 2019)
1 Phenolic 2,4,6-TCP FM S R T — 7 stacking Core-shell nanoparticle  Quantification (Lu, 2020)
compound and hydrogel
2 2,4,6-TNP FM and QD P R RET Core-shell nanoparticle  Quantification (Li et al., 2017)
3 Paracetamol Pdots S R Charge transfer Bulk polymer Quantification (Wang, 2020)
4 Salbutamol QD S R PET Hydrogel Quantification (Raksawong, 2017)
5 4-nitrophenol CND R PET Hydrogel Quantification (Wang, 2020)
6 4-nitrophenol FM S R PET Hydrogel Quantification (Dai, 2020)
7 4-nitrophenol CND § R PET Hydrogel Quantification (Hao, 2016)

? Dual- and single-signal fMIPs are marked with D and S, respectively. Abbreviations: 2,4-D: 2,4-dichlorophenoxyacetic acid, ESPT: excited-state proton transfer, FM: fluorescent monomer,
FRET: Forster resonance energy transfer, GA: glucuronic acid, ICT: intramolecular charge transfer, PET: photoinduced electron transfer, PFOS: perfluorooctane sulphonate, RET: resonance
energy transfer, SA: sialic acid, 2,4,6-TCP: 2,4,6-trichlorophenol, 2,4,6-TNP: 2,4,6-trinitrophenol.
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monosaccharides and nucleotides. Glycoproteins are multi-
functional biomolecules that distributed in various biological
and physiological aspects, and thus glycoprotein-targeted
fMIPs have been synthesized and avidly utilized in health-
related studies (Takeuchi et al., 2007). Considering the fact
that not only the interaction between carboxylic acid (and/or
carboxylate) of glycoproteins with monomers, but also many
other factors (such as pH, salt concentration and the charge
state of protein) are contributing to imprinting of glycopro-
teins (Whitcombe, 2011; Chen, 2019), in this review,
glycoprotein-targeted fMIPs are not discussed.

Comparing with intact proteins, amino acids are relatively
small and compatible with organic porogens, and thus can
be used directly in imprinting process as simple organic com-
pounds. For instance, L-cysteine, an amino acid plays signifi-
cant roles in cellular detoxification and metabolism (Alcock
et al., 2018), was imprinted with the aim at isolation and quan-
tification of cysteine-containing peptides from real samples
(Cai, 2014; Chao et al., 2014). Wan, et al. synthesized a
urea-containing nitrobenzoxadiazole (NBD)-based FM for
the imprinting of benzyloxy carbamate (Cbz) protected L-
phenylalanine (N-Cbz-L-phenylalanine, Z-L-Phe). Upon addi-
tion of Z-L-Phe to the prepared core—shell fMIPs, fluorescence
increase was observed, whereas fluorescence quenching suf-
fered from unspecific competitors rebound, yielding an
imprinting factor (IF) of 3.6 (Wan, 2013). Another Z-L-Phe-
fMIPs were prepared by Wagner, et al (Wagner, 2013) Analo-
gous to the NBD-based FM, a naphthalimide-based FM was
synthesized and further integrated into bulk Z-L-Phe-fMIPs.
An IF of 3.4 was obtained via spectroscopical studies. More-
over, after immobilization of Z-L-Phe-fMIPs on glass cover-
slips, thin-film fMIP-based sensors showed a clear
enantioselective fluorescence quenching dependence and a dis-
crimination against competitive protected amino acids.

Protein phosphorylation is one of the most common post-
translational modifications (PTMs) on tyrosine, serine and
threonine moieties, regulating protein interactions and coordi-
nating various cellular pathways (Watanabe and Osada, 2016).
Phosphorylated amino acids have been regarded as important
biomarkers and consequently served as templates of fMIPs.
Besides CND- and QD-containing fMIPs (Amiri and
Hosseini, 2020; Li, 2015), it is noted that a silica core-fMIP
shell ratiometric nanosensor, that decorated with a responsive
bis-urea-containing FM, allowed for the selective detection of
phosphorylated tyrosine (Wan, 2017). Upon addition of the
template, fluorescence increase and a second red-shifted emis-
sion band were observed, yielding an IF of 3.7. More impor-
tantly, in combination of fMIP-based detection with a phase-
transfer assay, the IF was further improved to 15.9, enabling
the determination of phosphorylated tyrosine in aqueous
media.

Nucleic acid-targeted MIPs have been greatly synthesized,
whereas no fMIP platform, in which used the interaction
between the phosphate moiety and FMs, was developed. Until
1998, a cAMP-imprinted fluorescent polymers was reported,
where Turkewitsch, et al. described the synthesis of cAMP-
fMIPs, in which the phosphate moiety of cAMP rebound to
FMs via electrostatic interactions (Turkewitsch, 1998). The
electrostatic interactions arising due to positive and negative
charges on the FM and cAMP, respectively, played a critical
role in the FM-cAMP interaction, allowing for the formation
of binding cavities (Fig. 3A). Later on, as illustrated in Fig. 3B,

an indirect ATP-sensing method was published (Yang, 2013).
Once ATP-fMIP cavities interacted with ATP’s adenosine
moiety, another fluorescent probe was added to bind to ATP’s
phosphate moiety. Quantification of ATP was achieved by
measuring the fluorescence of added fluorescent probe.

Besides the interaction between phosphate moiety and
FMs, it is also possible to sense DNA or RNA by nucleobase
pairing. For instance, to quantify 5-fluorouracil (5-FU), an
anticancer drug, in real samples, a FM that interacted with
5-FU via the mechanism of RNA-type nucleobase pairing
was synthesized, followed by the incorporation into a fMIP
layer (Huynh, 2013). Although the LOD of prepared 5-FU-
fMIP sensors was relatively high (0.26 mmol L), it is suffi-
cient for determination of 5-FU in real samples. More impor-
tantly, such interaction mechanism can be potentially used in
the fabrication of fMIPs that target other nucleic acids.

Glycosylation is another important PTMs, especially, the
altered glycosylation, which is revealed to be associated with
disease phenotypes, such as inflammation, Alzheimer disease
and cancer. Therefore, several glycan antigens have been
regarded as promising targets for biomarkers and therapeutics
(Silsirivanit, 2019). Glucuronic  acid (GA), N-
acetylgalactosamine (GalNAc) and N-acetylneuraminic acid
(sialic acid, SA) have been imprinted, with the aim of cancer
cell staining and imaging, since it is believed that GA, GalNAc
and SA overexpress on cancer cell membrane due to altered
glycosylation. GalNAc and SA contain diol groups, which
can be covalently reacted with a boronic acid-containing co-
monomer to form a five- or six-membered ring (Liang and
Liu, 2011), phenylboronic acid was therefore modified on the
surface of nanoparticles, allowing for the boronate-affinity
surface imprinting of GalNAc and SA (Wang, 2016; Liu,
2017; Ren, 2021). Fluorescein and fluorescent polymer dots
were used as emitters of fMIPs, enabling cancer cells staining
and in vivo imaging.

Considering the fact that carboxylic acid moiety of sugar
acids can form electrostatic interactions with basic functional-
ities, Haupt and co-workers synthesized a non-fluorescent
monomer, 4-acrylamidophenyl)(amino)methaniminium acet-
ate (AB) (Fig. 4) (Kunath, 2015; Panagiotopoulou, 2017;
Demir, 2018), and further incorporated AB into a GA-fMIP
shell via solid-phase synthesis approach (Rangel, 2019).
CNDs, QDs and rhodamine B were used as the emitter for
imaging cancer cells in vitro. Notably, a simultaneous duplexed
labelling of human keratinocytes was achieved with green flu-
orescent GA-MIP and red fluorescent SA-MIP, suggesting a
generic method for the preparation of duplexed fMIPs to be
possibly used in more complicated biorecognition scenarios
(Panagiotopoulou, 2016).

Besides the direct interaction of carboxylic acid-FM in
above cases, the carboxylate state of SA, which was prepared
by addition of tetrabutylammonium hydroxide (TBA-OH),
was used to form a stable hydrogen-bonded complex with
the urea moiety of FMs (Shinde, 2015; EIl-Schich, 2016;
Kimani, 2021; El-Schich, 2021), in a similar way as above Z-
L-Phe-fMIP cases reported by Wan, et al. and Wagner, et al.
This carboxylate-urea interaction approach was further
applied to prepare phospholipid-fMIPs (Li, 2020). To validate
the specificity of binding cavities, two pentavalent SA conju-
gates were synthesized (Johansson, 2020), and significantly
reduced the binding of SA to SA-fMIPs in a concentration-
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Fig. 3 Schematic representation of hypothetical imprint formation of (A) cAMP-fMIPs and (B) ATP-MIPs. Adapted with permission

from reference (Turkewitsch, 1998; Yang, 2013).
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Fig. 4 Electrostatic interaction between 4-acrylamidophenyl)(amino)methaniminium acetate (AB) and carboxylic acids. Adapted with

permission from reference (Panagiotopoulou, 2017).

dependent manner (EI-Schich, 2021). This indicated SA-fMIPs
binding to cancer cells was mediated by the interaction with

SA-terminated glycans.
3.2. Antibiotics

Emergence of resistance among the most important bacterial
pathogens is recognized as a major public health threat affect-
ing humans worldwide. Moreover, the mechanisms of antibi-
otic resistance are encoded by genomic changes through
various sources (Li et al., 2015), and thus the detection of
antibiotics becomes more and more critical. Several fMIPs tar-
geting antibiotics, such as ciprofloxacin, norfloxacin, cepha-
lexin, have been prepared and applied for the quantification
of real samples. In the synthesis of fMIPs, carboxylic acid
groups of ciprofloxacin (Yuphintharakun, 2018; Li, 2019),
norfloxacin (Shi, 2019) and cephalexin (Chen, 2020) were used
to interact with QDs via photoinduced electron transfer (PET),
which result in fluorescence increase, decrease and shift of
emission band. The PET process can be explained that the acid
of antibiotics processes an empty orbit, which can accept
LUMO electrons of QDs. Therefore, electron can transfer
from LUMO to that orbit and then back to ground state, lead-
ing to fluorescence quenching. The process is called oxidative
electron transfer. Besides QD-doped antibiotic-targeted
fMIPs, an Europium(III)-based monomer was synthesized

and utilized as the emitter to sense ciprofloxacin (Li, 2019).
The limit of detection (LOD) was 0.28 nmol/L and IF was
1.5, suggesting a rapid, selective and sensitive ciprofloxacin-
fMIP platform was established, however the fluorescence sens-
ing mechanism of Europium(IIl) complex and ciprofloxacin
remained unspecified.

Quinolone antibiotics contain same pharmacophores, i.c.,
one carboxylic acid and one quinoline ring, therefore, it is pos-
sible that establishing a universal fMIP platform for quinolone
antibiotics. QD-doped silica hydrogel can be used as a univer-
sal fMIP platform for quinolone antibiotics. Because, on one
hand, both ciprofloxacin- (Yuphintharakun, 2018) and
norfloxacin-fMIPs (Shi, 2019) selected this fMIP format. On
the other hand, cephalexin, being a first-generation cephalos-
porin, adopted this format as well, with the modification of
adding cetyltrimethylammonium bromide (CTAB) in the for-
mation of hydrogel (Chen, 2020). Although the resulted meso-
porous silica nanoprobes did not show a better LOD value

(2.3 nmol/L) comparing with ciprofloxacin-fMIPs (0.2 nmol/
L) (Yuphintharakun, 2018), an improved binding capacity

was obtained.
3.3. Hazardous chemicals

Perfluorinated organic compounds (PFOCs), such as perfluo-
rooctane sulphonate (PFOS) and perfluorooctanoic acid
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(PFOA), which have been widely used in many industrial and
commercial applications, are one type of persistent environ-
mental contaminants and becoming a worldwide pollution
problem, due to their high stabilities, bioaccumulation effects
and toxicities for plants, animals and human beings (Lau,
2012). As listed in Table 1, PFOS-targeted fMIPs have been
already synthesized and exhibited selectivity and sensitivity
in the quantification of serum (Jiao, 2018; Li, 2020; Tian,
2021), water (Li, 2020; Tian, 2021; Feng, 2014) and egg extract
(Tian, 2021) samples. The interaction mechanism of sulpho-
nate group of PFOS and CNDs was determined as hydrogen
bonding or electrostatic reactions, which can enhance the con-
jugation degree of CQDs. In addition to QD-doped silica
hydrogel fMIP platform, a CND-doped chitosan hydrogel
PFOS-fMIP system was established. However, the chitosan
hydrogel is irreversible, as harsh elution condition (0.5 mol/L
NaOH/acetone = 1/1, 8 h) would decrease the cross-linking
degree of chitosan, and thus affect binding cavities (Jiao,
2018).

Herbicides are used to control unwanted plants, with little
or no impact on other organism in the environment. However,
herbicides residues, for instance 2.4-dichlorophenoxyacetic
acid (2,4-D) and 2,4,6-trichlorophenol (2,4,6-TCP), in the envi-
ronment caused by accident or an inappropriate application
process, have been found in water, air and soil, leaving healthy
and environmental side effects. To meet the demands of rapid,
sensitive and selective sensing of 2,4-D, several 2,4-pD-fMIPs
have been fabricated (Limaee, 2020; Wagner, 2018), among
which QDs were selected mostly as the FM to interact with
2,4-D via PET process (Xu et al., 2020; Ton, 2015; Hou,
2020; Jia, 2017; Leung et al., 2001; Wang, 2016; Limaee,
2019). Besides QD-doped fMIPs, Limaee, et al. reported the
synthesis of  2.4-p-fMIPs, which incorporated a
naphthalimide-based FM that can interact with 2,4-D via H-
bonds. Upon addition of the template, a fluorescence decrease
was observed. A linear range of 5 x 1077 — 1 x 107> mol L™
and a LOD of 16.8 nmol/L of 2,4-p-fMIPs were achieved
(Limaee, 2020). Wagner, et al. reported the integration of a sil-
ica core-fMIP shell nanoprobe with a droplet-based 3D

O Functionalization

sio,

S CN
(P
(0]

RAFT reagent

Fig. 5
(Lu, 2020).

2,4-dichlorophenoxyacetic acid (2,4-D)

microfluidics, that enabled a direct analysis of worldwide water
samples without sample preparation. Although a relatively
high LOD of 4 pmol/L was obtained, an IF of 6.9 and discrim-
ination factors (DFs) against 4-(2,4-dichlorophenoxy)butanoic
acid (2,4-DB) and 2-(2,4-dichlorophenoxy)propionic acid (2,4-
DP) of 2.0 and 3.0, respectively, showed a good selectivity for
2,4-D analogues (Wagner, 2018).

Regarding 2,4,6-TCP-fMIPs, Lu, et al. synthesized an ionic
liquid-type FM and further incorporated into a MIP shell with
co-monomers and cross-linkers on the surface of silica
nanoparticle cores. The resulted fMIPs showed a linear range
of 0.1-50 nmol/L, a LOD of 89 pmol/L and a detection time of
ca. 1.5 min, indicating a rapid, sensitive and selective quantifi-
cation of 2,4,6-TCP in industrial wastewater was accomplished
with fMIP-based nanoprobes (Lu, 2020). Above 2,4-D- and
2,4,6-TCP-fMIP cases suggest that few-nanometer thin MIP
layers guarantee fast equilibration time, which is essential for
instance for hazardous chemical detection assays (Fig. 5).
Moreover, the core—shell structure would allow for the fabrica-
tion of dual fluorescent MIPs by doping the silica core with
fluorophores.

3.4. Toxins

Toxins in food are becoming one of the serious threats to
human health. Once these toxins enter human bodies, they
would compromise the immune system and consequently cause
many physical problems (Delaunay et al., 2020). Okadaic acid
(OA), a natural polyketide, and its derivatives are known as
inhibitors of the serine/theorine protein phosphatases PP1
and PP2A, and thus have been regarded as a tumor promoter
(Forsyth, 2002). Zhang, et al. reported the analysis of OA with
fMIP-based sensors. QDs were used as the emitter, which were
coated with a silica MIP shell, allowing for the specific recog-
nition of OA in aqueous media. Upon addition of OA, a fluo-
rescence quenching was observed, resulted from a PET process
between OA and QDs. A linear relationship of 10.0-100.0 mg
kg ' and a LOD of 0.25 mg kg~ ' were achieved in the quan-
tification of OA in the shellfish samples (Zhang, 2020). Aris-

Extraction
Rebinding

Extraction

Rebinding

Cl

Cl
2,4 ,6-trichlorophenol (2,4,6-TCP)

Schematic illustration of preparation procedures of silica core-fMIP shell structured 2,4-D- (Wagner, 2018) and 2,4,6-TCP-fMIPs
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tolochic acids (AA) are a type of natural products isolated
from the family Aristolochiaceae and commonly used in tradi-
tional Chinese medicine (TCM), among which aristolochic
acid I (AAI) is the most abundant and toxic one (Han,
2019). Ye, et al. reported the fabrication and application of
AAl-imprinted ratiometric fMIPs. A Schiff-base type FM
was doped into silica nanoparticles, on which a CND-
containing fMIP layer was immobilized. The interaction mech-
anism of CND and AAI was determined as PET. Under the
optimum condition, the emission band at 530 nm was
quenched in the range 1.0-120.0 pmol L', whereas the refer-
enced fluorescence of Schiff-base type FM at 440 nm remained
unchanged. The LOD was determined as 0.45 pmol L', and
an IF of 2.25 (Ye, 2020).

Although a large number of OA and AA analogues have
been isolated from natural sources, the in vitro toxicity has
only been reported for part of these compounds (Michl,
2014). Therefore, typical analogues of OA and AA (Fig. 6)
can be targeted and further studied with fMIPs. Additionally,
inorganic toxic acids and carboxylates that are isolated from
TCMs can be imprinted as well, with the aim of the prepara-
tion of sensors and adsorbents (Xu, 2020).

3.5. Phenolic compounds

Phenols and phenolic compounds, which usually show antiox-
idant activity, are commonly acidic, due to the deprotonation
of hydroxyl forms a proton and a phenolate anion correspond-
ingly. Besides the hydroxyl group, phenolic compounds lack
unique structural characteristics for binding specificity, there-
fore, the preparation of selective phenolic compound-
targeted fMIPs remains challenging. Analogous to acid- and
anion-fMIPs, QDs and CNDs were selected as FMs to interact
with phenolic compounds via PET in the targeting of most

phenolic compounds, including caffeic acid (Xu, 2018), sinapic
acid (Zhu, 2021), ferulic acid (Wang, 2019; Wang et al., 2019),
salbutamol (Raksawong, 2017), 4-nitrophenol (Wang, 2020;
Dai, 2020; Hao, 2016) and 2,4,6-trinitrophenol (2,4,6-TNP)
(Li et al., 2017). In addition, © — & stacking and charge trans-
fer were interaction mechanisms of 2,4,6-TCP- (Lu, 2020) and
paracetamol-fMIPs (Wang, 2020), respectively.

4. Fluorescent monomers of acid- and anion-targeted fMIPs

Besides the template, FMs play decisive roles in the synthesis
of fMIPs, since they can directly indicate the rebinding of tem-
plate molecules, and thus provide a various of information
regarding not only the binding state but also the analytical per-
formance of fMIPs. CNDs and QDs have been mostly applied
as FMs to interact with the template via PET process (Table 1),
whereas, when an interaction functionality is introduced a flu-
orescent dye, the resulted derivative would serve as a FM to be
incorporated into the fMIP layer. As shown in Fig. 7, five
types of interaction functionalities, e.g., urea, secondary and
tertiary amine, quaternary ammonium cation and Schiff base,
modified on fluorophores, yielding 15 compounds that showed
fluorescent response to acids or anions via covalent/non-
covalent interactions.

Urea, which has both H-bond acceptor (e.g., carbonyl
group) and donor (e.g., two hydrogen atoms) is an ideal func-
tionality for acids and anion sensing, since the former has the
tendency to accept protons from acids, while the latter would
donate protons to interact with carboxylate, carbonyl group
and other anions (Duke, 2010). Consequently, the formation
of H-bonds is largely related to the acidity of urea and acid/-
carboxylate. Therefore, the urea moiety of nitrobenzoxadia-
zole (NBD) (Wan, 2013), naphthalimide (Wagner, 2013),
phenoxazinone (Wagner, 2018) and phenazine derivatives

OA: Ry=H R,=CH; R;=H Rs=H
DTX-1: R;=H R,=CH; Rs=CH; R,=H
DTX-2: Ry=H R,=H R;=H R, = CH,3
DTX-3: Ry =Acyl R, = CHj3 R3 = CH, R, =H
B o)
0 oH AAL Ry=H R, =H R = OCHj
< NO AAIl:  Ry=H R,=H Rs;=H
o 2 AAllla: Ry=OH R, = H R, = H
AAIV: R;=OCH; R,=H Ry = OH,
O AAIVa: Ry=OH  R,=H  Ry=OH,
R1 R3 AAV“a R1 =H R2=OH R3=OH3

Fig. 6 Chemical structures of (A) okadaic acid (OA) and dinophysistoxins (DTXs) and (B) aristolochic acid (AA) and some typical

analogues.
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(Wan, 2017), which emit at 490-600 nm, have been proved to
interact with carboxylic acids or carboxylates via H-bonds.
The logK,, values were determined at the range of 3.7-5.1,

Fig. 7 FMs in the synthesis of fMIPs targeting acids and anions.

indicating a strong interaction affinity of FMs to carboxylate
and phosphate. These urea-containing FMs can be synthesized
within three steps, in which the condensation reaction between
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a primary amine and an isocyanate not only forms the urea
moiety, but introduces a polymerizable unit into these
molecules.

Secondary amine can work solely as the interaction func-
tionality to probe acids (Wang, 2016; Li et al., 2017), in the
way of H-bond donor as urea, however, with a weaker binding
affinity than urea. Thus, Limaee, et al introduced both a sec-
ondary amine and a urea into a FM for the fMIP-based quan-
tification of 2,4-D (Limaee, 2020). As illustrated in Fig. 8A,
2,4-D rebound to fMIPs via a dual recognition pattern, e.g.,
secondary amine-phenoxy and urea- carboxylic acid. In the
case of 4-nitrophenol targeted fMIPs (Fig. 8B), a coumarin-
based FM, of which quaternary ammonium cation assisted
the secondary amine to stabilize the proton of 4-nitrophenol,
was synthesized for preparing fMIP-sensors. The results of
spectroscopical studies indicated a high sensitivity, good selec-
tivity and rapid sensing of 4-nitrophenol with obtained fMIP-
sensors (Dai, 2020).

Tertiary amine groups, such as dimethyl- and diethylamino,
and 1,4-dimethylpiperazine, and quaternary ammonium
cations, such as alkyl-substituted imidazolium and pyridinium,
have been widely used to interact with acid moieties, since they
show basic property in aqueous environment. Therefore, intro-
ducing the tertiary amine group (Ton, 2015; Leung et al., 2001;
Xu, 2016) and quaternary ammonium cation (Turkewitsch,
1998; Lu, 2020) by substitution reactions would not only allow
acids or anions specifically bind to the FM, but also increase
the FM’s aqueous solubility. When acid or anion templates
approaching the FM in fMIP layers, both deprotonation/pro-

A 0

HN
o) —f HN—@—NOz
(68
s o
O _»
0
cl
c” 24D
B 0
N el Y
N o0 N0 % N
L o)
4-nitrophenol
NO,

Fig. 8 The illustration of (A) the dual recognition pattern of
napthalimide-type FM to 2,4-D and (B) the possible H-bond
between coumarin-based FM and 4-nitrophenol. Adapted with
permission from reference (Limaee, 2020; Dai, 2020).

tonation of templates and corresponding response of FM’s flu-
orescence would occur, due to the PET process between
template’s electrons/protons and the nitrogen atom of tertiary
amine or quaternary ammonium cation of FM molecules
(Fig. 9A).

Since most acids and anions sensing are performed in aque-
ous media, which might hamper conducting organic reactions,
reaction type FMs, e.g., fluorescence sensing via forming cova-
lent bonds, are not as frequently reported as above non-
covalent type FMs. Cai, et al. reported the preparation of
fMIP-based sensors which incorporated with a Schiff base type
FM for quantification of L-cysteine (Cai, 2014). Upon addition
of L-cysteine, an unstable intermediate was formed between
aldehyde and L-cysteine, followed by a ring-opening reaction.
Lastly, the hydrolysis of ring-opened compound at Schiff base
position occurred, accompanied with strong fluorescence and
colour change, since a conjugate system was formed (Fig. 9B).

5. Synthesis methods of acid- and anion-targeted fMIPs

The sol-gel based non-covalent method has been adopted
mostly in the synthesis of fMIPs, for instance, fluorescent
molecularly imprinted silica (fMIS) (Table 1). Nano- or
micro-sized fMIS synthesized via the Stober process is a typical
pattern of sol-gel fMIPs (Tirado-Guizar et al., 2016). Basi-
cally, tetraethyl orthosilicate (TEOS) and (3-aminopropyl)
triethoxysilane (APTES) are regularly used as the cross-
linker and functional monomer, respectively. Moreover, a
‘re-growth” method has been developed, allowing to grow an
imprinted silica layer on surface of silanol functionalized
QD-doped cores (Xu, 2013). In fMISs, QDs work either as
dopants that allow fMIPs to be tracked by fluorescence micro-
scopes, or as FMs to interact with the template. For CND-
fMIPs, blue-emissive CNDs have been selected mostly, work-
ing similarly as QDs, e.g., dopants for fMIPs. Using QDs or
CNDs as FMs to interact with the template becomes a trend
in fMIP synthesis, however, due to complexity of functionali-
ties on the surface of CNDs or QDs, the interaction mecha-
nism is still needed further investigation (Singh, 2020).

Another frequently used polymerization method is radical
polymerization. For a typical radical polymerization process,
everything begins with the birth of free radicals, that are gen-
erated from initiators. According to the method of radical gen-
eration, radical polymerization can be roughly divided into
photo- and thermally initiating types. Benzophenones and ben-
zylketals are often used as photo-initiators, that can be cleaved
through irradiation with UV or visible light to form the free
radicals. However, it would be not suitable for fMIPs, since
it will potentially bleach the FMs through the rather high-
energy UV-light. Therefore, the use of photo-initiators can
not only avoid FM bleaching, but enable low temperature
polymerization, often at 0 °C. Both azobisisobutyronitrile
(AIBN) and 2,2’-azobis(2,4 dimethyl)valeronitrile (ABDV)
have been used as thermo-initiators, whose dissociation tem-
peratures are 60 °C and 40 °C, respectively. These two initiators
are mostly used in the synthesis of fMIPs.

Comparing with templates and FMs, co-monomers and
cross-linkers plays less critical roles in radical polymerization.
Methacrylamide (MAa), 2-hydroxyethyl methacrylate, benzyl
methacrylate (BMA), methacrylic acid (MAA), acrylic acid,
4-vinylbenzoic acid (VBA), 4-vinylpyridine, N-phenyl acry-
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Fig. 9

(A) Equilibria of PET process in the interaction between templates and FMs. (B) Interaction mechanism of fluorescent detection

for L-cysteine with reaction-type FM. Adapted with permission from reference (Cai, 2014).

lamide have been used as co-monomers in fMIP synthesis.
MAa and 4-vinylpyridine are frequently selected for acid and
anion templates, since they show basic property in aqueous
media (Friedman, 2001). Ethylene glycol dimethacrylate
(EGDMA), trimethylolpropane trimethacrylate (TRIM), N,
N’-methylenebisacrylamide have been used as cross-linkers in
fMIP synthesis.

6. Challenges and perspectives

As discussed above, a considerable number of achievements of
fMIPs has been obtained, especially in FMs and the synthesis,
and yet there are some rooms can be improved in future
studies.

One of the challenges in fabrication of fMIPs is the rapid
synthesis of FMs, since the most commonly used approach is
indirect synthesis, e.g., forming interaction moieties after the

Indirect functionalization

Condensation,

Fluorophore —»Ammat'on Fluorophore -NH, —»SUbStItUtlon

amination step, for instance, the synthesis of NBD type FMs
(Wan, 2013). This might be limited by the number of commer-
cially available building blocks of fluorophores and polymeriz-
able units. In future research, both the structural diversity of
templates and the systematic study of structure-affinity rela-
tionship between FMs and templates probably require a direct
functionalization approach, e.g., introduce an interaction moi-
ety in one step with high yield (Fig. 10). For instance, when
aiming at functionalization of a fluorophore with a guanidine
group, which has more electron withdrawing ability than urea
and thiourea, a three-step reaction, that contains amination,
condensation to urea and reduction to guanidine, would be
usually used. It might be feasible to introduce guanidine moi-
ety to NBD halides via a direct guanidinylation, inspired by
the research, where Hammoud, et al. reported a modified Ull-
mann reaction using p-methoxybenzyl (PMB) guanidine as
guanidinylation agent for the synthesis of heteroaryl guanidi-

Fluorophore NHCONHJ/ Fluorophore NHJ/E
Fluorophore —NR|R, Fluorophore -Guanidine

________________________________

Direct functionalization

Fig. 10  Current indirect functionalization strategy in the synthesis of FMs (in dash box) and the proposed direct functionalization

strategy.



Acid- and anion-targeted fluorescent molecularly imprinted polymers 13

nes (Hammoud, 2012). The methodology of direct functional-
ization of urea, thiourea, guanidine and other groups should
be investigated in future studies.

The orientation of FMs in the MIP matrix is another way
to improve fMIP’s binding performance, which has not been
systematically studied. It would be an interesting research
topic for the future, for instance, by modifying the point of
integration or introduction of a second polymerizable group,
to assess the potential of fluorescent probes. These might not
only introduce more fluorogenic monomer into the MIP
matrix but also promote the sensing response of the already
succeed monomers.

Second, the achievement of higher binding affinity to
biomarcromolecules, such as proteins, glycans or even cells,
largely relies on using more elaborate target structures, that
have various functionalities to interact with FMs, co-
monomers and cross-linkers. Moreover, a relatively simple
compound used as the template can arise more unspecific bind-
ings, caused by the wide expression of the template molecules.
For instance, it is well investigated that normal cell lines
express GA and SA, therefore, more cancer specific biomark-
ers, such as the Thomsen-nouveau (GalNAcal-O-Ser/Thr,
Tn) and the sialyl-Thomsen-nouveau (Neu5Aca2-6GalNAcao-
O-Ser/Thr, Sialy-Tn or STn) antigen, should be used as ideal
template molecules for distinguishing cancerous cells from nor-
mal ones. However, oligo- and polymers of saccharides and
peptides, particularly oligomer of sugar acids and phosphate
peptides, are hard to obtain in comparison with their mono-
mers, that would hinder the analytical performance of fMIPs.

For most acid templates, which have excellent water solu-
bility, the deprotonation (e.g., disassociation into anion and
proton) should be taken into consideration, especially using
the acid form in spectroscopic studies of the interaction
between templates and FMs. In the cases of GA and SA, the
carboxylic acid moiety is most likely deprotonated
(pK, = 3.0 for GA and pK, = 2.6 for SA) and electrostatically
associated with inorganic cations (e.g., Na*, K", Ca®>") in
physiological buffer when aiming at in vitro and in vivo studies.
Therefore, imprinting of the sodium salt of GA and SA,
instead of the acid state, would enable fMIPs to perform better
in real scenarios.

Third, additional functional shells on the surface of fMIPs
can be introduced, on one hand, to enable additional gating
functions. These can be photo-switchable layers or lower/up-
per critical solution temperature (LCST/UCST) layers to
enable photo- or thermal switching of the protecting layer to
control access of the analyte to the MIP shell. In natural sys-
tems, such as an enzyme, the hydrophobic binding site is pro-
tected by the protein backbone. Nature uses a complicated
coding system to synthesize a long peptide chain and then fold
it into the right ternary structure. However, this is impossible
to realize within the structure of a polymer. Although more
commercially available monomers can be investigated than
nature, a systematic polymerization is difficult. Therefore,
mimic the effective position with a limited monomer system
and introduce a protective shell in a later step through post-
grafting might simplify this problem.

On the other hand, to minimize unspecific bindings, addi-
tional shells can be introduced by poly(ethylene glycol)
(PEG) modification, particularly for real samples in bioanaly-
sis, where non-target interactions can naturally occur in vitro
and in vivo, due to the high complexity of the application envi-

ronment (such as serum, plasma and other body fluids) and the
characteristics of analyte sample of interest. For instance, in
addition to binding to glycans, fMIPs may also recognize other
sites on the surface of cells or even adhere to other beads in a
purely unspecific way. The strategy of functionalization a PEG
shell on fMIPs surface is based on the protein-repelling effect
of PEG, due to the low free energy at PEG—water interface,
incapability of hydrogen bonding or electrochemical interac-
tion of PEG with glycoproteins, and to the high mobility of
PEG chains, and therefore enabling to reduce unspecific bind-
ings (Kingshott and Griesser, 1999).

Fourth, portable fMIP systems, such as microfluidic chips,
are very promising sensing patterns for the future. This minia-
turized flow system can be easily coupled to portable detection
units. With the help of advanced and miniaturized camera sys-
tem (e.g., webcams, smartphones), true handheld optical sen-
sors can be assembled. Raw data registered by such systems
can be directly transmitted through wireless connections and
for instance, they can automatically be delivered to a medical
centre for further diagnosis and advice. Especially coupled to
the nowadays highly developed cloud storage and high-speed
internet systems, a remote diagnostic and medical treatment
system can be built in the near future. This would be very excit-
ing not only for the patient but also for those people doing
daily health monitoring.

Last but not least, with the increasing need of big-data-
driven studies, the application format can be elaborated, for
instance, a sensor array that can provide more information
about the sample under investigation. Regarding high sample
throughput, fast and reliable measuring array sensors can
greatly improve performance. Array systems can be realized
on a slide by depositing different sensor particles in spots onto
glass slides and assessing them through an array scanner.
Another array format can be realized in liquid phase and pro-
cessed through flow cytometer. For instance, different bar-
coded sensor particles can be suspended in solution and
mixed with analytes. These particles will pass the detection
area and the sensing response will be registered. Additionally,
an array system cannot only provide multi-target detection but
also increase the dynamic range and simplify the sensing
process.

7. Conclusions

In this review article, I attempted to cover all the reported fMIPs and
fMIP-based sensors for the detection of acids and anions. It was con-
cluded many types of acid and anion templates have been imprinted
with various FMs, resulting in responsive fMPs that rebind to template
molecules via various interaction mechanisms. High affinity and speci-
ficity, short response time, low LOD, and other promising features
have been obtained by using fMIP-based sensors for acid and anion
detection in real samples. Based on the modularity of these acid- and
anion-targeted fMIPs, the concept can be transferred in a straightfor-
ward manner to other target analytes. Further endeavours should be
focused on the direct functionalization of FM and development of por-
table and highthroughput fMIP platform, that will bring fMIP-based
sensory materials a brilliant future.
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