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Photonic crystals (PhCs) with a brightly colored structure are novel materials and

are widely used in chemical and biological sensing. Combining PhCs with molecular

imprinting technology (MIT), themolecularly imprinted PhC (MIPC) sensors are fabricated,

which can specifically recognize the target molecules. Aside from high sensitivity and

selectivity, the MIPC sensors could recognize the naked eye detection because of its

optical properties. In this review, an overview of recent advances in sensing applications

of MIPC sensors including the responsive mechanisms, application in environmental

monitoring, and the application to human health were illustrated. The MIPC sensors all

responded to the analytes specifically and also showed high sensitivity in real samples,

which provided a method to realize the rapid, convenient, naked eye, and real-time

detection. Furthermore, the current limitations and potential future directions of MIPC

sensors were also discussed.
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INTRODUCTION

With the development of analytical methods, many technologies have realized real-time detection
with high selectivity and sensitivity. Gas chromatography–mass spectroscopy (GC–MS) is
commonly used to detect the concentration of volatile targets, with low limit of detection (LOD)
and limit of quantitation (LOQ) (Jung et al., 2021; Naik et al., 2021; Tian et al., 2021; Vollmer
et al., 2021). Ion mobility spectroscopy (IMS) is excellent at detecting explosive gases and is
now widely used in airport security checks (Gaik, 2017; Hagan, 2017; Dai et al., 2018; Horestani,
2018; Shahraki et al., 2018). The electrochemical sensor converts chemical signals into electrical
signals, which have the advantages of quick detection, high sensitivity, and easy modification
(Benny et al., 2021; Carneiro et al., 2021; Chu et al., 2021; Li et al., 2021). However, due to
the professional operation, strict measurement conditions, expensive equipment, and others, the
application of these technologies is greatly limited. An ideal sensor is expected to respond quickly
and intuitively to the kind and concentration of the object without any other auxiliary equipment.
Based on these, photonic crystals (PhCs) have become the ideal sensing material for naked eye
detection by adjusting its structural color in a specific environment through the design of its
chemical components. Compared with traditional biochemical sensors, PhCs sensors have shown
broad application in the fields of rapid screening and point-of-care diagnostics with the label-free,
visual, and on-site detection (Chen J. Y. et al., 2019; Kou et al., 2019; Snapp et al., 2019). Yan
et al. (2019) reported inverse opal silk methylcellulose PhC films (SMPCF), which were fabricated
through a traditional self-assembly method, and displayed an excellent sensing performance with
instantaneous color changes from green to red when alternately exposed to organic solvents.
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Moreover, PhCs are combined with many technologies to
improve its selectivity and sensitivity, such as surface plasmon
resonance (SPR) (Gupta et al., 2016; Huang et al., 2020;
Islam et al., 2020; Wang et al., 2020), surface-enhanced raman
scattering (SERS) (Beffara et al., 2020; Dedelaite et al., 2020;
Kraai et al., 2020; Wang et al., 2021), etc. Molecular imprinting
technology (MIT) when combined with PhC sensor can be used
to create biomimetic materials with specific recognition sites
(Huang S. Y. et al., 2018; Zhao et al., 2018). Qiu’s (Qiu et al.,
2020) group prepared a molecularly imprinted PhC (MIPC) and
detected alpha-amanitin. The prepared MIPC sensor possessed
a wide linear range (10−9–10−3 mg/L), changed in visual color,
had a low detection limit (10−10 mg/L), had a short response
time (2min), and had good reusability. As an antibody simulation
technology, MIT has been widely used to improve the selectivity
and sensitivity of sensingmaterials because of its highmechanical
strength and flexibility (Capoferri et al., 2018; Hua et al., 2018;Mo
et al., 2019).

Here, we aim to provide an overview of the application of
MIPC sensors. We review the MIPC sensors in three aspects,
including responsive mechanisms, application in environmental
monitoring, and application in human health. At the same
time, the limitations and future directions of MIPC sensors are
also discussed.

MIPC SENSORS

PhCs
The concept of PhCs originated from the research on self-
radiation and photon localization by Yablonovitch (1987) in
1987. PhCs are ordered structural materials formed by the
periodic arrangement of two or more materials with different
refractive indices in space, and the repeated unit is the order
of optical wavelength (Breuer-Weil et al., 2016). Due to the
periodic structure, PhCsmeet the Bragg’s diffraction law and have
a photonic band gap (PBG) (Sun et al., 2015; Vogel et al., 2015).
PhCs have the function of wavelength selection because of the
existence of PBG. When a beam of light irradiates on the PhCs,
the corresponding bright color of the Bragg diffracted light which
is within the visible range will appear on the surface of the PhCs,
and this bright color is called “structural color.” By reasonably
designing the material composition, effective refractive index
and lattice parameters of PhCs, PhCs with specific PBG can be
artificially prepared (Brooks and Sumerlin, 2016; Li et al., 2016).

According to the periodic arrangement, PhCs can be divided
into one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) PhCs. 1D-PhCs is the simplest PhCs material,
and its refractive index has periodicity in only one dimension.
In 1887, Rayleigh (2009) first studied the propagation of
electromagnetic waves in periodicmedia, which was related to the
special reflection properties of crystallineminerals with “twining”
periodic. It was found that 1D-PhCs had a narrow band gap,
which prohibited light transmission and broadcasting on the
plane. This band gap was related to the angle, which was due to
the fact that the light went through different cycles in the case of
an abnormal incident, and the resulting reflected color changed
sharply with the angle (Zhao et al., 2012). Over the next century,

multilayers were studied, but it was not until 100 years later that
Yablonovitch and John introduced the concept of 2D and 3D
omnidirectional PBG.

The first artificial PhCs structure was fabricated using a
mechanical drilling method by Yablonovitch and Gimmter
in 1989. Then, in 1991, Yablonovitch improved the method
and produced the first 3D-PhCs with a full PBG. At the
beginning of the study, the mechanical drilling method was
successfully used to prepare PhCs. However, the process was
complicated and the preparation period was long, and it was
seldom used in the current research and preparation. With the
development of technology, more preparation methods have
been rapidly developed. Layer-by-layer lithography is one of
the most common methods. The PhCs prepared through this
method have a complete structure, have fewer defects, and are
widely used in optical fibers and optical calculation machines,
chips, and other optical fields (Yablonovitch et al., 1991). This
method has high requirements for equipment and lacks dynamics
adjustability. It is also difficult to popularize and apply in the
field of material science. At present, the simpler method for
PhCs fabrication is the colloidal self-assembly due to its low cost
and easy functionalization. In this method, long-range ordered
nanostructures are formed of monodisperse colloidal particles
through a colloidal self-assembly process.

PhCs with bright structure color are also found in nature, such
as the feathers of birds and the wings of butterflies, and many
plants (He et al., 2018). Many animals with PhCs structure will
change their color according to their to camouflage themselves
or as a warning to their enemies (Mäthger et al., 2003; Liu et al.,
2009). Inspired by the discoloration of natural PhCs, this ordered
materials are used in colorimetric sensors, which can directly
convert external stimuli into visible color changes with a low-
cost and simple operation (Lai et al., 2012; Frascella et al., 2013).
At present, PhCs sensors have been applied to the detection of
humidity (Kou et al., 2018; Di Palma et al., 2019), organic solvents
(Yu et al., 2020), antibiotics (Hou et al., 2015), and so on (Wu
et al., 2019; Qiu et al., 2020; Rizvi et al., 2020).

MIT
MIT is the technology of preparing polymer with selectivity
for a specific target molecule, which is called the template
molecule or imprinted molecule. Dickey first proposed the
concept of “molecular imprinting” in 1949 (Dickey, 1949);
however, due to the limited experimental materials for this
technology, it did not attract the attention of the world for
a long time. It was not until Wulff (1995) first synthesized
molecularly imprinted polymers (MIPs) with specific recognition
properties for glyceric acid and its enantiomers in 1972 that
a breakthrough was made in MIT. Later in 1984, Mosbach
introduced the non-covalent binding between a template and
functional monomer into the synthesis of molecular imprinting
polymers (MIPs) (Andersson et al., 1984), and carried out a
series of extended work (Kempe and Mosbach, 1995). Especially
in the 1990s, Mosbach published theophylline-MIPs synthesized
by non-covalent method in Nature (Vlatakis et al., 1993). At
the same time, the Society for Molecular Imprinting (SMI) was
founded in Sweden, which comprehensively promoted the rapid
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development of MIT and made it the hotspot of research. In
recent years, MIT is mainly involved in the fields of polymer
synthesis, materials chemistry, and so on. The research on
the imprinting mechanism, the preparation of MIPs, and the
thermodynamics and kinetics have been rapidly developed.

In the preparation of MIPs, template molecules interact
with functional monomers to form supramolecular compounds,
and the polymer is formed under the action of cross-linking
agent. After removing the template molecules by physical or
chemical methods, MIPs contain binding sites complementary
to the spatial shape and the functional group positions of
template molecules are obtained (Chen et al., 2012). According
to the different binding modes between template molecules
and functional monomers, MIT can be divided into covalent
imprinting, non-covalent imprinting, semi-covalent imprinting,
and metal complexing imprinting.

Covalent imprinting was first proposed by Wulff in the
1970s. Under the action of a suitable crosslinker and initiator,
the template molecule binds to the functional monomer by a
covalent bond, which is reversible. Then, using chemical methods
to break the covalent bond of the complex, the MIP with
a specific recognition site is obtained. The MIPs formed by
covalent imprinting have high selectivity and recognition ability.
However, due to the strong binding ability, it is difficult to
remove the template molecule, which limits the application and
development of this method. Non-covalent imprinting refers
to the formation of stable prepolymers between monomers
and template molecules under the interaction of non-covalent
bonds such as Van der Waals forces, hydrogen bonds, and
hydrophobicity, and the polymerization is obtained under the
action of cross-linking agents and initiators (Arshady and
Mosbach, 1981). The non-covalent imprinting is simple in
preparation and the template becomes easy to remove. However,
the selectivity of MIPs made by non-covalent imprinting is low.
Semi-covalent imprinting combines the advantages of covalent
and non-covalent methods. Templates form polymers with
functional monomers through covalent interaction, and non-
covalent bonding is used for detection during the adsorption
process. The method of metal complexation is mainly based on
chelation between metal ions and molecules.

With the development of MIT, a variety of preparation
methods of MIPs have been developed, which can be divided
into bulk polymerization, precipitation polymerization, in
situ polymerization, suspension polymerization, and surface
imprinting. Bulk polymerization is the earliest and is one of
the most commonly used methods at present. Each component
of the polymer is dissolved in a solvent, and the MIPs
were obtained after heating or photoinitiation with oxygen-
free conditions, which need to be ground and screened before
use. Precipitation polymerization is a heterogeneous solution
polymerization method. Each component is dissolved in the
pore-forming agent to form a polymer that is highly cross-linked,
and the resulting polymer is not soluble in the pore-forming
agent to form a precipitate. In situ polymerization is usually used
in the preparation of a monolithic column or imprinted film.
The reaction components are packed into a chromatographic
column or capillary column with a certain proportion to

get imprinted polymer, which can be directly applied to the
enrichment and extraction of chromatography conveniently
and practically. Suspension polymerization is commonly used
to fabricate molecularly imprinted microspheres. Generally,
hydrophobic solvent is used as the dispersed phase, and water
or organic solvent with high polarity is used as the continuous
phase. After adding continuous phase with violent stirring and
nitrogen condition, the dispersed phase disperses to form small
droplets for a polymerization reaction. Surface imprinting is a
new method, which is usually used to modify the surface of
a silica gel to carry active groups such as an amino group.
This method reduces the occurrence of embedding phenomenon
and has a good elution effect. As the modification groups are
bound by covalent bonds, the recognition of target molecules is
more specific.

MIT has been widely used in many fields such as food,
environment, and medicine due to its simplicity, strong stability,
and high selectivity. It has also shown promise in separation
applications, catalysis, membrane separation, and sensors (Kou
et al., 2012; Meng et al., 2015; Chen et al., 2016; Fizir et al., 2020).

Responsive Mechanisms of MIPC Sensors
The diffraction wavelength and structure color changes of PhCs
follow Bragg’s law, and themaximum diffraction light wavelength
λmax meets Equation (1):

λmax = 1.633(d/m)(n2a − sin2θ)1/2 (1)

Where d is the diameter of particles andm is the Bragg diffraction
order. The na is the average refractive index of the composed
material of PhCs and θ is the angle between the incident light and
the normal vector of PhCs plane. The na can be calculated by:

na = [n21f+ n22(1− f )]1/2 (2)

n1 is the refractive index of composed particles and n2 is air.
Linking Equations (1) and (2), λmax depends on d and na when θ

is fixed.
In the process of molecular recognition, when the refractive

index of the target molecule is different from that of the MIPC,
na will change. At the same time, after binding with the target
molecule, the MIPC will either shrink or swell due to the change
in osmotic pressure, resulting in the change in d. In short, MIPC
sensors shrink or swell when the target molecules are bound with
the specific sites on MIPC sensors, which will cause changes in d
and na ofMIPC sensors. Subsequently, the changes cause the shift
of λmax as shown in Figure 1 shows. If λmax appears in the visible
or near-infrared light region, the change of structure color caused
by λmax shift can be observed by naked eye, which achieves the
purpose of “naked eye detection” (Han et al., 2012; Lai et al.,
2015).

The combination of MIPs and PhC sensors is a great
breakthrough in detection technology. In the process of
molecular imprinting, the PhC sensors are introduced to the
binding site of the target molecule, which the PhC sensors have
higher sensitivity and selectivity. Meanwhile, the special optical
properties of PhC sensors enable the molecular recognition
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FIGURE 1 | The response mechanism of molecularly imprinted photonomic crystals.

process to be directly expressed by the optical signals without
any additional label (Endo et al., 2013; Zhang et al., 2013).
Hu et al. (2006) first proposed a MIPC sensor and applied it
to the recognition of chiral compounds. The sensor showed
high sensitivity and selectivity to L-3, 4-dihydroxyphenylalanine.
Then, they also prepared MIPC sensors for the detection of
protein (Hu et al., 2010), atrazine (Wu et al., 2008), theophylline,
and ephedrine (Hu et al., 2008), which obtained a good response.
Chen et al. (2014) prepared a hollow MIPC sensor to detect
hemoglobin. The diffraction wavelength of the sensor red shifted
evidently as the structure color changed. Moreover, the MIPC
sensor detection for chlorotoxin (Wang et al., 2012), bisphenol
A (Guo et al., 2012; Oh et al., 2020; Yang and Park, 2020),
diethylstilbestrol (Sai et al., 2013), hormone, (Kalecki et al., 2020)
and other molecules (Hong et al., 2020) have also been reported
as shown in Table 1.

APPLICATION IN ENVIRONMENT
MONITORING

Antibiotics
Antibiotics have anti-pathogen activities and can interfere with
the development of other cells (Gothwal and Shashidhar, 2015).
Currently, antibiotics can not only be used as a drug to treat
and prevent infectious diseases, but also be widely used in feed
additives (Mathew et al., 2007). Contamination with antibiotics
has been found in soils, sediments, sludges, underground water,
wastewater, tap water, surface water (lakes, streams, rivers, and
oceans), plants, and aquatic animals due to the rampant use of
antibiotics in medicines and feed additives (Simazaki et al., 2019).

Methods including UV spectrophotometry, thin-layer
chromatography (TLC), liquid chromatography–mass
spectrometry (LC–MS) (Robert et al., 2015), high-performance
liquid chromatography (HPLC) (Cámara et al., 2013), ELISA,
and biosensors are used to detect antibiotics. However, complex
operation, poor stability, and the high cost limit their better
performance in the detection. It is necessary to develop a method

for the real-time detection for antibiotics with high sensitivity
and selectivity, easy operation, and low cost.

Wang et al. (2019a) created a molecularly imprinted two-
dimensional PhC hydrogel (MIPCH) sensor for the fast screening
of tetracyclines (TCs) in milk. TCs belong to the broad-spectrum
antibiotics and are often used to cure the acute diseases caused
by the Gram-positive and Gram-negative bacteria, which are
extensively used as feed additives to control bacterial infections
and to promote animal growth in animal husbandry. The
hydrogel was imprinted with oxytetracycline (OTC) and the
response was monitored through a readable change of Debye
diffraction ring, which is related to the particle spacing of
MIPCH. As the concentration of OTC increased from 0 to
60mM, the particle spacing of MIPCH sensor increased to
about 94 nm and the structural color redshifted from blue to
red as shown Figure 2A. Also, the non-imprinted hydrogel had
a poor response and no obvious structural color change. The
OTC-MIPCH showed high selectivity to OTC and the sensing
reversibility of MIPCH was over five rounds. The detection of
OTC in a milk sample by this portable, cost-effective MIPCH
sensor had also been achieved at the same range of OTC.
Figure 2B showed that with the increasing concentration of
OTC in the milk sample, the particle spacing of MIPCH sensor
increased about 92 nm and the structural color of MIPCH
changed from blue through green to orange.

Later, Wang et al. (2019b) reported another MIPCH for
the detection of clindamycin hydrochloride (CLI) as the same
method. The MIPCH showed a significant response to CLI, and
the particle spacing shifted 41 nm within 10min in response to
1mM CLI, as the structural color changed from blue, green,
to yellow, and finally, to red in Figure 2C. These low-cost
and naked-eye sensing materials provide a label-free way to
detect antibiotics.

Sulfonamides (SAs) are a class of antibiotics with amino
phenyl sulfonamide chemical structure and are widely used in
animal husbandry and aquaculture due to the broad antibacterial
spectrum, cheap price, and high stability (Arsenault et al., 2007;

Frontiers in Chemistry | www.frontiersin.org 4 June 2021 | Volume 9 | Article 665119

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Fan et al. Molecularly Imprinted Photonic Crystals Sensing

TABLE 1 | Molecularly imprinted photonomic crystals sensors and their target analytes.

Category Analytes

Antibiotics Oxytetracycline (Wang et al., 2019a), clindamycin hydrochloride (Wang et al., 2019b), chloramphenicol (Sai et al., 2016, 2019), sulfonamides

(Zhang F. et al., 2018; Zhang Y. H. et al., 2018; Li et al., 2019; Lin et al., 2020)

Organophosphates Parathion (Zhang X. et al., 2017), methane phosphonic acid (Huang C. et al., 2018), monocrotophos (Hong et al., 2020)

Explosives TNT (Lu et al., 2016, 2017; Fan et al., 2020), 2,6-DNT, 2,4-DNT (Dai et al., 2017b; Lu et al., 2017) and 4-MNT (Lu et al., 2017), RDX (Fan

et al., 2020), HMX (Fan et al., 2020), CL-20 (Fan et al., 2020)

Drug Dropropizine (Chen Z. et al., 2019), drug delivery (Deng et al., 2018), sulpiride (Zhang et al., 2017)

Proteins and amino acids Fibrinopeptide B (Resende et al., 2020), avidin (Jinn et al., 2019), S-layer proteins (Pan et al., 2019), glycoprotein (Chen W. et al., 2019;

Wang H. et al., 2020), L-kynurenine (Rizvi et al., 2020), L-histidine (Chen et al., 2018), hormone (Dabrowski et al., 2019; Kalecki et al., 2020)

Others Bisphenol A (Shin and Shin, 2019; Hong et al., 2020; Oh et al., 2020; Yang and Park, 2020; Zeng et al., 2020), 2,4-dichlorophenol (Qin

et al., 2020), 2-butoxyethanol (Dai et al., 2017a), α-amanitin (Qiu et al., 2020), ethyl anthranilate (Zhang et al., 2019), benzocaine (Chen S. et

al., 2019), testosterone (Kadhem et al., 2018), phthalate esters (Gong et al., 2017), aspartame (Yang and Park, 2018) aloe-emodin (Wang

and Kan, 2020), folic acid (Yang et al., 2020)

Metal ions Ca2+ (Dai et al., 2017a), Ni2+ (Ravikumar et al., 2019)

FIGURE 2 | The analysis of oxytetracycline (OTC) by OTC-imprinted hydrogels and non-imprinted hydrogels in (A) aqueous solution and (B) milk, respectively

(reprinted with the permission of Wang et al., 2019a; copyright 2019 Elsevier); (C) the structure color change of molecularly imprinted colloidal array and non-imprinted

colloidal array (NICA) in clindamycin hydrochloride solution (reprinted with the permission of Wang et al., 2019b; copyright 2019 Royal Society of Chemistry).

Arroyomanzanares et al., 2014). Li et al. (2019) reported a PhC
MIP (PCMIP) for the rapid detection of sulfaguanidine (SG)
in fish. The reflection wavelength of PCMIP red shift as the
concentration of SG increased, and the relationship between
wavelength shift and the concentration was: 1λ = 7.8887 lg (C)
+ 79.9664. The response was rapid with only 5min and the LOD
of PCMIP was 2.8× 10−10 mol/L. In lake water and fish samples,
the recovery rates ranged from 93.8 to 111.2% and from 88.5
to 115.2%, which suggested that the sensor can be used in food
samples with complicated matrices.

Subsequently, they reported a four-channel PCMIP sensor
array (Lin et al., 2020) as the same methods for the simultaneous
detection of various SAs. The array was composed with four

units. SG, sulfamethazine (SM2), and sulfathiazole (ST) were
chosen as template molecules for three units of these as SG-
PCMIP, SM2-PCMIP, ST-PCMIP, and the other unit was prepared
without a molecule as PCNIP. The array was used to analyze six
SAs, SG, SM2, ST, sulfadiazine (SD), sulfadimethoxine (SDM),
and sulfanilamide (SA) at concentrations of 10−4,10−6, and
10−8 mol/L. At the concentration of 10−4 mol/L, three SAs-
PCMIP responded to their template molecules obviously due
to the abundant imprinted sites for corresponding template
molecules, and the PCNIP showed the lowest sensitivity and
selectivity across six SAs. And the sensor array exhibited the
similar response at other concentrations. Principal component
analysis (PCA) was used to reduce the above multi-dimensional
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data to 2D or 3D dataset. PCA reduced the complexity and
size of the training data and transformed them into roots that
were linear combinations of the response patterns. Two principal
components (PC1 and PC2) were extracted after PCA analysis,
and the cumulative percentage reached 88%, which indicated
that PC1 and PC2 almost contained the total information of
the four variables. The PCA plot showed that the signals of six
SAs were distinctly distributed, which proved the selectivity of
PCMIP method. Linear discrimination analysis (LDA) was also
used, and PCMIP six SAs responses in LDA plot of PCMIP at the
concentration of 10−4 mol/L were clustered into six tight groups,
which also indicated that the sensor assay exhibited excellent
discrimination for the six SAs. The array was used to investigate
the SAs in fish samples, and the LDA plot was shown. The solid
ellipses of 1–6 represented the discrimination of the spiked SAs,
and the dotted ellipses represented the predicted areas at which
the spiked SAs should be. Clearly, the expected areas and the
measured areas matched well with a discrimination accuracy of
90.9% in spite of the interference from complex components in
the fish matrix. Thus, the as-prepared array proposed a strategy
applicable in food analysis.

Zhang F. et al. (2018) fabricated an optical molecular
imprinted sulfonamides sensor by nanocrystalline cellulose. A
chiral nematic imprinted composite film appeared red was
synthesized, and the film shows a naked-eye color response to
sulfanilamide, which is related to reassemble imprinted sites in
the chiral nematic structure, resulting in a yellow reflecting film.
The sensor also responded to three sulfonamides upon exposure
to various antibiotics. Because of the special selective binding to
the similar spatial configuration of imprinted template, the sensor
showed uniquely optical response to three SAs and less light shift
of other antibiotics.

Organophosphates
Organophosphates play a more and more important role
in agricultural pharmaceutical production and more than
100 kinds of organophosphates are in use. Under normal
circumstances, Organophosphates can be decomposed through
various physical, chemical, and biological processes such as
hydrolysis, photolysis, and microbial degradation, and can also
be rapidly degraded or transformed in the body through a variety
of detoxification pathways (Wallace, 1992). However, due to its
extensive use in agriculture, organophosphates have become the
environmental pollutants.

Parathion is a kind of broad-spectrum pesticide, which could
be harmful to the nervous, reproductive, endocrine, and immune
systems (Liu et al., 2015; Trinder et al., 2016). Zhang X. et
al. (2017) fabricated a gold doped imprinted inverse opal PhC
(IO PC) for the fast determination of parathion as shown
in Figure 3A. In Figure 3, the selectivity of Au-MIP IO PCs
was studied, and three kinds of pesticides, methyl parathion,
monocrotophos, and malathion, were selected as analytes. The
Au-MIP IO PCs displayed a specific response toward parathion
and the selectivity to other competitive pesticide molecules.
The response time was only 5min, and the parathion could be

well-detected from real water samples. The recovery rates were
between 95.5 and 101.5%.

Huang C. et al. (2018) designed a long-range ordered methane
phosphonic acid (MPA) imprinted microporous inverse opal
hydrogel particle. The crystal colloidal arrays (CCAs) hydrogel
particles can be used as the colorimetric sensors for the detection
of the existence of the MPA. The color of CCA particles changed
from green to red in the MPA region and the largest red shift was
120 nm. Moreover, the reflection peak shift (1λ) showed a good
linear relationship with the logarithmic distribution of the MPA
concentration (c) in the range from 1× 10−6 to 1× 10−3 M. This
CCAs hydrogel particles provide the potential application for the
building of the pesticide detection system.

Explosives
Residues in the synthesis or transportation of many explosives or
explosive intermediates will cause environmental pollution and
endanger human health (Gulati et al., 2019; Peter et al., 2019).
Real-time, sensitive, and simple explosive sensor technology is
of vital importance in counter-terrorism, public security, and
military applications.

Lu et al. (2016) explored a molecularly imprinted colloidal
array (MICA) for the selective visual detection of 2,4,6-
trinitrotoluene (TNT).

Figure 4 showed that the LOD of the MICA sensor was 1.03
µg and the response time was 3min. The color of the MICA
changed from green to red with an 84 nm diffraction red shift
as the TNT concentration increased to 20mM. The sensor was
selective for TNT compared with similar compounds such as
2,4,6-trinitrophenol, 2,4-dinitrotoluene,2,6-dinitrotoluene,
2-nitrotoluene, 4-nitrotoluene, 2-nitromesitylene, 1,3-
dinitrobenzene, methylbenzene, 4-nitrophenol, 2-nitroaniline,
3-nitroaniline, and 3-aminophenol.

Later, Lu et al. (2017) reported a colorimetric sensor array
based on four kinds MICA for the selective visual detection
of TNT, 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-
DNT), and 4-nitrotoluene (4-MNT). The single MICA displayed
obvious color change from green to red to 20mM in four
explosives with red shifts of 84 nm (TNT), 46 nm (2,6-DNT),
54 nm (2,4-DNT), and 35 nm (4-MNT). Using PCA and pattern
recognition (PR), as shown in Figure 5A, the cross-reactive
array showed better classification and identification ability,
and this novel detection platform provided a wider applicable
range among other explosives in a simple sensor array with
customized functionality.

Based on this technology, Fan et al. (2020) also
fabricated a sensor array to detect four ammonium nitrate
explosives, 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), TNT,
cyclotetramethylenete–tranitramine (HMX) and 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20). Every
single sensor red shifted in the corresponding explosive
with color change, and the sensor array can discriminate four
explosives with a LOD of 1mM. The PCA score plot in Figure 5B
showed the response of RDX, HMX, CL-20, and TNT scattered in
separate areas. The sensor array provides a naked-eye qualitative
and semi-quantitative detection method for explosive detection.
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FIGURE 3 | (A) The synthetic procedure of fabricated a gold doped imprinted inverse opal photonic crystals (Au MIPs IO PCs); optical responses of Au-MIP IO PCs

toward (B) methyl parathion, (C) monocrotophos, and (D) malathion (reprinted with the permission of Zhang X. et al., 2017; copyright 2017 American Chemistry

Society).

Other Environmental Pollutants
Chlorophenols is a kind of antimicrobial, wood preservative, and
good pesticide, which has strong bioaccumulation toxicity.
The residues of chlorophenols are difficult to degrade
and are refractory environmental persistent pollutants.
2,4-Dichlorophenol (2,4-DCP) is a typical pollutant of
chlorophenols, and it is necessary to monitor the content
of 2,4-DCP to control environmental pollution and ensure
human health. Qin et al. (2020) prepared molecularly imprinted
two-dimensional PhC hydrogels (MIPH) for sensitive and
label-free recognition of 2,4-DCP. The hydrogel was imprinted
with 2,4-DCP and the response was monitored through the
diameter of Debye diffraction ring. In Figure 6A, the diameter of
Debye ring increased by 7.1mm as the concentration of 2,4-DCP
changed from 0 to 1 × 10−6 M, and the calculated particle
spacing of MIPH reduced 38 nm, which was consistent with the
diffraction wavelength shifts in Figure 6B. Meanwhile, the color
of MIPH changed from red to green, demonstrating the ability of
the naked-eye detection.

Dai et al. (2017a) described a MIP that enabled to detect 2-
Butoxyethanol (2BE). 2BE is widely used as a solvent in surface
coatings such as lacquers, enamels, varnishes, and latex paint, and
it has been identified in hydraulic fracking wastewater in high
concentrations, which is considered as an indicator. Compared
with NIPs, the MIPs displayed a higher binding capacity for
2BE with imprinting efficiencies of 2. The reflectance wavelength
red shifted 50 nm on exposure of the MIPs to 2BE in the
concentrations in the range from 1 to 100 ppb. And in the
wastewater sample, the MIPs provided a good estimation of the
order of magnitude of the concentration of 2BE.

The detection and quantification of cation of metal ions
is important in many fields including medical diagnosis,
clinical toxicology, environmental monitoring, and waste water

management. Schenning (Moirangthem et al., 2016) fabricated
a cholesteric liquid crystalline (CLC) polymer benzoic acid
metal binding sites to detect Ca2+. The chiral imprinted CLC
polymer was treated with KOH to turn green. The CLC polymer
showed a high response and selectivity for Ca2+ ions due to
the preorganized binding sites. Especially, the CLC polymer
film was sensitive to Ca2+ within the physiologically relevant
concentration range of 10−4–10−2 M. Besides the blue shift of
the reflection band, the color of the CLC polymer changed from
green to blue.

APPLICATION IN HUMAN HEALTH

Proteins and Amino Acids
Proteins are the basis of life and the main undertakers of life
activities, which is closely linked with life and all forms of life
activities. In addition, amino acids, as the main components of
proteins, also play an important role in human life. Currently,
proteins have been used as one of the disease markers for the
early diagnosis and treatment monitoring of diseases (Wulfkuhle
et al., 2003; Morin, 2005; Song et al., 2011; Wu and Qu, 2015).
Therefore, it is particularly necessary to detect proteins rapidly
and sensitively and develop a quick and convenient method for
detecting proteins. Fluorescence (Wang et al., 2010; Chaubard
et al., 2012), electrochemical sensors (Xiao et al., 2014), biomass
spectrometry (Diamandis, 2004), and immunoassay (Van Den
Broek et al., 2013) are mostly used to detect proteins, and all
of which need equipment. MIPC sensors have been gradually
applied to protein detection due to its convenience, economy,
and visual detection.

The health of cerebrospinal fluid (CSF) is a predictor of
brain diseases; however, collection of CSF is painful and carries
risks (Kuntz et al., 1992; Frost et al., 2010; Inoue et al., 2013).
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FIGURE 4 | The fabrication of the molecularly imprinted colloidal array and the visual detection of 2,4,6-trinitrotoluene (reprinted with the permission of Lu et al., 2016;

Copyright 2016 Elsevier).

FIGURE 5 | Principal component analysis score plot for (A) TNT, 2,6-DNT, 2,4-DNT, and 4-MNT (reprinted with the permission of Lu et al., 2017; Copyright 2017

Elsevier); (B) RDX, TNT, HMX, and CL-20 of the first three principal components (reprinted with the permission of Fan et al., 2020; Copyright 2020 Elsevier).
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FIGURE 6 | Dependence of (A) particle spacing of MIPH/ non-molecularly imprinted two-dimensional photonic crystals hydrogels (NIPH) in 2,4-DCP solution; (B)

normalized diffraction spectra of MIPH in different concentrations of 2,4-DCP solution (reprinted with the permission of Qin et al., 2020; copyright 2020 Wiley).

Recently, studies have showed that abnormalities in eyes may
indicate an unnatural brain condition. Therefore, diagnosis of
a brain disease via a biomarker in the eye could be feasible.
Jinn et al. (2019) reported a visually distinguishable light-
interfering bio-responsive silica nanoparticle (SNP) embedded
avidin imprinted hydrogel sensor. The hydrogel was attached to
an intraocular lens (IOL) to detect the abnormalities in the eye by
a smartphone application.

When avidin is binded to hydrogel, the volume of hydrogel
will change, leading to the SNP spacing change. The regular SNP
array meets the Bragg’s Law and the wavelength of the light
shifted with the spacing change, which converted the hydrogel
volume change into an amplified optical signal and got a lower
detection of limit. The results showed that the volume of avidin-
imprinted SNP hydrogel was decreased by 1.56 ± 1.11% and
the red-light ratio of reflected light decreased by 3.23 ± 1.01%
in 100 nm avidin solution, which were much larger than that
of non-imprinted SNP hydrogel of 0.07 ± 1.04 and 1.45 ±

3.83%. Meanwhile, the volume of avidin imprinted hydrogel
with another protein solution (trypsin 100 nm) was increased
by 0.32 ± 0.62%, and the red-light ratio decreased by 1.02 ±

1.71%. A change in the red light ratio of the reflected light was
also observed, and the change was amplified by approximately
twice that of the volume change. Representative images of
the hydrogels are shown in Figure 7. The molecular-imprinted
SNP hydrogel sensor showed high sensitivity and selectivity.
Moreover, vitro cell viability and cytotoxicity biocompatibility
test has been studied and most survival rates were over 80%.
It was confirmed that the generated hydrogel sensor could be
applied to an actual IOL.

Pan et al. (2019) reported a molecularly imprinted photonic
polymer (MIPP) coated film that detects S-layer proteins (SLP)
sensitively and selectively. SLP is a surface protein located
on the cell membrane or cell wall of Lactobacillus (Frece
et al., 2005; Konstantinov et al., 2008), which are related to
the adhesion ability of Lactobacillus, inhibitory effects of the
intestinal adhesion of pathogens (Chen et al., 2007; Johnsonhenry

et al., 2010), and viral infection (Martínez et al., 2012). The SLP-
grafted silica PhC polymer was firstly prepared, and then the SLP-
grafted silica was removed to fabricate the inverse opal MIPP.
TheMIPP showed high sensitivity and selectivity and could reach
equilibrium in 3min. Accordingly, with increasing concentration
of SLP in the range from 0 to 1 mg/mL, the MIPP was blue
shifted and the LOD was 1 ng/mL. There was a good linear
relationship between Bragg shift and SLP concentration, which
the linear equation was calculated as 1λ = 1.77X −0.0409, with
a correlation coefficient of.9907. Meanwhile, the MIPP was used
to analyze real samples. It was observed that MIPP blue shifted
in crude extracted SLP diluted 10 times, and the linear fitting
equation was fitted, which proved the practical applicability of
the MIPP.

Glycoprotein, as a widely distributed protein in the human
body, also plays a significant role in biological processes
problem and disease warning. Wang H. et al. (2020) presented
a novel surface-imprinted inverse opal hydrogel particle
functionalized with phenylboronic acid (PBA) for glycoprotein
and horseradish peroxidase (HRP) detection. First, silica
colloidal crystal beads (SCCBs) were prepared by droplet
templates generated from gravity-driven microfluidics and
modified with PBA and HRP. After being embedded with gel
and washed by HF solution, an inverse opal particle with
imprinted sites of HRP was obtained with the imprinting
factor of 16.03. When the MIP particles were immersed in
HRP solution, HRP molecules accessed the complementary
imprinting sites on the hydrogel scaffold and bound with
them closely based on the boronated affinity. The results
showed that compared with NIP particles, MIP particles were
sensitive to HRP and showed high selectivity as immersing
in HRP solution with other saccharides. Alpha-fetoprotein
(AFP)-imprinted MIP particles with LOD of 1.32 ng/mL
were also fabricated to investigate practical applications.
Moreover, AFP-imprinted particles were used in human serum
samples. And the results fitted with the value quantized by
AFP kit.
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FIGURE 7 | Photographs of light reflected from the hydrogel with various silica nanoparticle concentrations. The insets show an expanded photo of the hydrogel

center with only red light remaining (reprinted with the permission of Jinn et al., 2019; copyright 2019 Royal Society of Chemistry).

Chen W. et al. (2019) also reported an imprinted colloidal
array for naked-eye detection of glycoproteins. The SNPs were
modified with (3-aminopropyl) triethoxysilane (APTES) and
2,4-difluoro-3-formyl PBA (DFFPBA) to obtain DFFPBA-
functionalized SNPs (SiO2@DFFPBA). HPR-imprinted
SiO2@DFFPBA/MIP was synthesized according to the boronated
affinity-oriented surface imprinting approach, and then HPR
was washed out. A close-packed imprinted colloidal array
(CPICA) for naked-eye HRP detection was fabricated via a
vertical deposition method with SiO2@DFFPBA/MIP. The red
shifts of reflection peak of the CPICA was 87 nm from 683 to
770 nm as the concentrations of HRP increased from 0 to 25
µm/L, which was obviously more than that of close-packed
non-imprinted colloidal array (CPNCA). The selectivity of the
CPICA was also studied. The CPICA was immersed in 20 µm/L
Lys, OVA, TRF, and BSA, respectively, and the response of the
CPICA to HRP was much higher than that of the other proteins,
owing to the recognition sites. However, there were no specific
binding sites on CPNCA. Only a small amount of protein was
bound to CPNCA.

Resende et al. (2020) reported a MIPP sensor-based 3D silica
PhC for fibrinopeptide B (FPB) detection, which is a biomarker
of venous thromboembolism. Unlike other imprinted sensors,
the sensor showed small shifts of the Bragg diffraction with the
increase of FPB concentration, but had a significant decrease
in the intensity of MIPP reflectance peak, and the decrease
of MIPP reflectance peak has a linear relationship with the
concentration of FPB. The decrease may be caused by the
refractive index change in the presence of FPB. On the contrary,
the intensity of NIPP reflectance peak changed irregularly due

to the lack of specific recognition cavities tailored for FPB. In
synthetic human urine samples, MIPP showed a similar response
to FPB, and the LOD was 0.13 ng/mL. The sensor was also
used in real human urine samples. The results of standard
addition experiment showed that the analysis of samples with
concentrations ranging from 0.2 to 22 ng/mL produced accurate
data, which suggested that the MIPP sensor may lead to accurate
and reproducible readings of FPB in human urine of healthy or
diseased individuals.

Amino acids, as the main component of protein, also play an
important role in human lives. L-Kynurenine (KYN) is a major
metabolite of L-tryptophan (TRP) degradation and is a known
potential marker of immune-suppressant disorders and cancer.
Rizvi et al. (2020) created a molecularly imprinted hydrogel
sensor based on a polystyrene PhC colloidal array (PCCA) for
the detection of L-KYN in human serum. The PCCA was made
using a needle tip flowmethod with polystyrene particles of about
629 nm, and the L-KYN was directly imprinted in the hydrogel
and washed by acetic acid.

L-KYN-imprinted hydrogel showed a high sensitivity with the
LOD of 50 nM, which is 200 times greater than the reported
fluorescent sensor. As the L-KYN concentration increased from
50 to 1,000 nM, the particle spacing of imprinted hydrogel
decreased from 505 to 420 nm (85 nm) as shown in Figure 8A,
with structure color changing from red to green through
blue-green. On the contrary, the non-imprinted hydrogel only
changed 5 nm with no obvious color change. Meanwhile,
selectivity was also studied in Figure 8B. The imprinted hydrogel
was immersed in L-KYN, D-KYN, L-TRP, L-tyrosine (L-TRY),
and HAS, and the results showed that imprinted hydrogel
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FIGURE 8 | (A) Detection of L-KYN by imprinted photonic crystal colloidal array (PCCA) hydrogel; (B) selectivity of L-KYN imprinted 2D PCCA hydrogel; and (C)

determination of L-KYN in human serum (reprinted with the permission of Rizvi et al., 2020; Copyright 2020 Elsevier).

demonstrated high specificity toward L-KYN. Moreover, to
investigate the practical applicability of the L-KYN-imprinted
hydrogel, L-KYN in human serum samples was also detected. The
serum samples were diluted 10 times and the hydrogel showed a
rapid response in a short time of 2min. The response in human
serum samples was compared with that of the standard curve
obtained in Figure 8C, which indicated that the hydrogel had
similar results in standard L-KYN and human serum.

Chen et al. (2018) described a MIPH to detect L-histidine (L-
His). L-histidine (L-His) is an important composition for brain
peptides and of muscle proteins (Nan et al., 1999; Rawat and
Kailasa, 2014). It has been reported that the under-expression
or over-expression of L-His may cause many diseases, like
Friedreich ataxia, Parkinson’s disease, chronic kidney disease,
and psychological disorder (Sasmal et al., 2015). A SiO2 PhC
array was embedded in the hydrogel with L-His imprinted. Then
the array was removed and the imprinted hydrogel film with
inverse opal PhCs (IOPCs) structure was obtained. The MIPH
could respond rapidly within 60 s and used for five cycles. After
optimizing the imprinted conditions, the imprinted hydrogel
red shifted 34.1 nm in 100 nM L-His solution and also red
shifted 5.8 nm when the concentration of L-His is low to 10 pM.
In addition, there were no significant shifts of non-imprinted
hydrogel due to no specific recognition sites. These results

demonstrate that the MIPH sensor can sensitively detect L-His.
The selectivity of MIPH was also studied. MIPH only responded
to L-His and in the mix sample, the result was similar to that in L-
His, which showed an anti-interference ability to MIPH. And in
the drinks sample, theMIPH red shifted and the values of shift are
similar to those in phosphate buffer, which indicated the MIPH
also had a great performance in practical samples.

Others
α-Amanitin is the most toxic amanita in mushrooms with lethal
dose to humans around 0.1 mg/Kg, so it is important for human
health to detect the concentration of α-amanitin. Qiu et al. (2020)
reported amolecularly imprinted PhC (MIPC) sensor to detect α-
amanitin. The MIPC sensor showed a low LOD of 10−10 mg/L,
in a short response time of 2min and good reusability of five
cycles. The MIPC sensor red shifted in α-amanitin solution with
different concentrations due to its specific-binding sites and non-
imprinted PhC (NIPC) showed no response to α-amanitin. The
diffraction peak wavelength of MIPC sensor also showed a good
linear relationship with the concentration of α-amanitin, and the
correlation equation was λ = 15.417c + 489.17 (R2 = 0.9985)
in the range of 10−9–10−3 mg/L. Moreover, as the wavelength
changed, the structure color of MIPC sensor also changed to
obtain a naked-eye detection. The response to real samples
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(mushrooms, urine, and serum) of theMIPC sensors was studied.
The MIPC sensors red shifted in spiked α-amanitin solution and
the structure color changed from blue to green, which indicated
the practical application potential of the MIPC sensors.

Ethyl anthranilate (EA), is one of the main components of
grape essence, has also been reported to be used in volatile
insect repellent, which was used as an illegal additive for wine.
Zhang et al. (2019) prepared a MIPC sensor-based inverse opal
SiO2 structure to detect EA. Under the optimized conditions,
the MIPC showed high sensitivity to EA and the diffraction
wavelength shifts of MICA reached 78 nm in 10mMEA solution.
Meanwhile, as the concentration increases, the structure color
changed from green to yellow, and finally to red. Thus, the
concentration of EA could be observed by different wavelength
shifts and structure color change intuitively. The MIPC was also
used in actual samples and the wavelength and color of MIPC
both red shifted in spiked wine. In addition, the mean recovery
of this method was compared with the HPLC method. For the

spiked white wine, the mean recovery of MIPC and HPLC are
95.2–103.4 and 96.6–96.4%, respectively, which indicated that
MIPC can be extended to routine analysis for EA in real samples.

Chen S. et al. (2019) reported a MIPC hydrogel sensor
to detect benzocaine, and the MIPC sensor exhibited high
sensitivity, selectivity, rapid response, and good regeneration
abilities due to its highly ordered inverse opal structure.
Benzocaine is an anesthetic used to improve the survival rates
of fish during transportation, which is harmful to humans with
excessive intake. TheMIPC sensor red shifted with the increase in
the concentration of benzocaine and the LOD was 0.1mM (16.5
mg/mL). In Figure 9, the red-shifts ofMIPC reached 35 nmwhen
the concentration was 20mM and the structure color changed
from green to orange. The linear relationship (1λmax =1.3724+
1651.0401C, R2 = 0.9978) between 1λmax and the concentration
of benzocaine was also studied. In addition, the MIPC sensor
was applied to analyze benzocaine in fish samples and the results
were compared with the HPLC method. For the benzocaine at

FIGURE 9 | Diffraction spectra of (A) molecularly imprinted photonic crystals (MIPC) and (B) NIPC samples, and (C) a quantitative curve of the MIPC response to

benzocaine (reprinted with the permission of Chen S. et al., 2019; copyright 2019 Royal Society of Chemistry).

Frontiers in Chemistry | www.frontiersin.org 12 June 2021 | Volume 9 | Article 665119

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Fan et al. Molecularly Imprinted Photonic Crystals Sensing

FIGURE 10 | Change of reflection peak of the lens during (A) drug loading in pH 6.5 timolol loading solution and (B) change of the reflection peak of the lens during

drug release in artificial tear fluid (ATF) (reprinted with the permission of Deng et al., 2018; copyright 2018 American Chemistry Society).

lower concentration, the recovery values of MIPC and HPLC
were similar, which indicated that the MIPC can be acceptable
and can be extended to the routine analysis of trace benzocaine
in real samples.

Testosterone is the primary androgen hormone that has a
significant effect on human health. Kadhem et al. (2018) reported
a MIP photonic film for the detection of testosterone. The
MIP film was based on an inverse opal structure and the pore
morphology was about 330 nm. Compared with the NIP, MIP
showed high sensitivity and selectivity to testosterone. MIP films
were able to detect low concentrations of testosterone from 5 to
100 ppb, and the LOD was 4.2 ppb. And the stability of the MIP
films was evidenced by the reversibility of the wavelength shifts
observed after six cycles of use and regeneration.

Most of the ophthalmic drugs are in the form of eye
drops or eye ointments. However, the conventional dosage
forms commonly show rapid clearance and low bioavailability
(Farandos et al., 2015), and <5% of the drug is effectively
absorbed, and lots of the absorbed drug enter the blood
circulation and may cause undesirable side effects (Maulvi et al.,
2016). In recent years, soft contact lens is considered to be the
most promising ophthalmic drug delivery vehicle owing to its
unique advantage (Peng et al., 2010). It not only increases the
duration of drug residence and bioavailability in the eyes, but
is also easy to use and control (Yañez et al., 2011). Deng et al.
(2018) proposed a molecular imprinted structural contact lens
for sustained timolol release which could self-report the release
process by color change, and the results are shown in Figure 10.
In the loading timolol section, the reflection peak red shifted
12.4 nm for 12 h due to the combination of timolol and binding
sites and the form of the Donnan potential. During the timolol
release phase, the interaction between timolol and the monomer
gets weaker and timolol is desorbed from the binding sites, which
causes the 36.4-nm blue shifts in 12 h.

During timolol loading process, the accumulative mass and
reflection peak of the lens all increased over time, and there was
a linear relationship between the loading amount and the shifts.
Although during timolol release, the reflection peak decreased

with the increase of accumulative mass, the relative peak shift
was negative, but the absolute value increased linearly with
the accumulative releasing amount of timolol. The fascinating
contact lens can be further used for controlling the release of a
large number of ophthalmic drugs and has high potential to be a
new generation of functional contact lenses.

CONCLUSION

MIPC sensors have been greatly developed and present great
potential in the field of chemical sensing. Herein, we have
reviewed the applications in environmental monitoring and
human health of MIPC sensors and the responsive mechanisms
are also discussed. All the detection by MIPC sensors shows high
sensitivity and selectivity with low LOD and short response time.
Moreover, real samples analysis is also studied andMIPC sensors
present excellent performance, which indicates the unlimited
potential in real-time practical applications. However, there are
also some limitations of MIPC sensors. (1) The preparation
of MIPC requires a large number of organic reagents, which
not only has potential harm to human health, but also causes
some pollution to the environment. (2) Reported MIPC sensors
mainly focus on the single target analyte, and there are still
few studies on simultaneous detection of multiple analytes. (3)
In addition, due to the influence of imprinting, elution, and
detection effects, the variety of target analytes is limited. (4)
Due to the limitation of the preparation technology, MIPC
sensors are not yet able to achieve large-scale production and
cannot be used commercially. Considering the limitations, MIPC
sensors will be developed in the following aspects in the future:
(1) developing environmentally friendly and green preparation
methods of MIPC sensors; (2) maturing preparation process
for commercial use as soon as possible; (3) developing high
throughput for simultaneous detection of multiple targets; (4)
expanding the application of MIPC sensors in other fields, such
as microorganisms, and so on. MIPC sensors are not intended to
replace existing technologies, but to provide a novel, real-time,
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and naked-eye detection method. Also, MIPC sensors are still
a long way from mass production and commercial use, which
also suggests that there still has a lot of room for growth room,
and this naked-eye detection sensor is expected to improve in
the future.
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Importance of S-layer proteins in probiotic activity of Lactobacillus acidophilus
M92. J. Appl. Microbiol. 98, 285–292. doi: 10.1111/j.1365-2672.2004.02473.x

Frost, S., Martins, R. N., and Kanagasingam, Y. (2010). Ocular biomarkers
for early detection of Alzheimer’s disease. J. Alzheimer’s Dis. 22, 1–16.
doi: 10.3233/JAD-2010-100819

Gaik, U. (2017). Nitrogen oxides as dopants for the detection of aromatic
compounds with ion mobility spectrometry. Anal. Bioanal. Chem. 409,
3223–3231. doi: 10.1007/s00216-017-0265-2

Gong, C. B., Ou, X. X., Liu, S., Jin, Y. L., Huang, H. R., Tang, Q., et al. (2017). A
molecular imprinting-based multifunctional chemosensor for phthalate esters.
Dyes Pigments. 137, 499–506. doi: 10.1016/j.dyepig.2016.10.047

Gothwal, R., and Shashidhar, T. (2015). Antibiotic pollution in the environment: a
review. Clean Soil Air Water 43, 479–489. doi: 10.1002/clen.201300989

Gulati, K., Gulia, S., Kumar, N., Kumar, A., Kumari, S., Gambhir, V., et al.
(2019). Realtime stand-off detection of improvised explosive materials
using time-gated UVRaman spectroscopy. Pramana-J. Phys. 92:20.
doi: 10.1007/s12043-018-1688-9

Guo, C., Zhou, C., and Na, S. (2012). Detection of bisphenol A using
an opal photonic crystal sensor. Sens. Actuat. B Chem. 166–167, 17–23.
doi: 10.1016/j.snb.2011.10.082

Gupta, B. D., Shrivastav, A. M., and Usha, S. P. (2016). Surface plasmon resonance-
based fiber optic sensors utilizing molecular imprinting. Sensors 16:1381.
doi: 10.3390/s16091381

Hagan, N. (2017). Ion mobility spectrometry - high resolution LTQ-Orbitrap mass
spectrometry for analysis of homemade explosives. J. Am. Soc. Mass Spectrom.
28, 1531–1539. doi: 10.1007/s13361-017-1666-3

Han, M. G., Shin, C. G., and Jeon, S. J. (2012). Full color tunable photonic crystal
from crystalline colloidal arrays with an engineered photonic stop-band. Adv.
Mater. 24, 6438–6444. doi: 10.1002/adma.201203211

He, Z., Elbaz, A., Gao, B., Zhang, J., Su, E., and Gu, Z. (2018). Disposable
morpho menelaus based flexible microfluidic and electronic sensor for
the diagnosis of neurodegenerative disease. Adv. Healthc Mater. 7:1701306.
doi: 10.1002/adhm.201701306

Hong, X., Bai, J., Peng, Y., Zhang, X., Gao, Z., Ning, B., et al. (2020). Au-doped
photonic crystal allows naked-eye determination of small organic molecules.
Sens. Actuat. B Chem. 321:128493. doi: 10.1016/j.snb.2020.128493

Horestani, A. R. J. (2018). Effect of halide ions on secondary electrospray
ionization-ion mobility spectrometry for the determination of TNT extracted
by dispersive liquid-liquid microextraction. Int. J. Mass Spectrom. 433, 19–24.
doi: 10.1016/j.ijms.2018.08.006

Hou, J., Zhang, H. C., Yang, Q., Li, M. Z., Jiang, L., and Song, Y. L. (2015).
Hydrophilic-hydrophobic patterned molecularly imprinted photonic crystal
sensors for high-sensitive colorimetric detection of tetracycline. Small 11,
2738–2742. doi: 10.1002/smll.201403640

Hu, X., An, Q., and Li, G. (2006). Imprinted photonic polymers for chiral
recognition. Angew. Chem. 45, 8145–8148. doi: 10.1002/anie.200601849

Hu, X., Li, G., and Huang, J. (2010). Construction of self-reporting specific
chemical sensors with high sensitivity. Adv. Mater. 19, 4327–4332.
doi: 10.1002/adma.200701084

Hu, X., Li, G., and Li, M. (2008). ultrasensitive specific stimulant assay based on
molecularly imprinted photonic hydrogels. Adv. Funct. Mater. 18, 575–583.
doi: 10.1002/adfm.200700527

Hua, S. J., Zhao, L., Cao, L. Y., Wang, X. Q., Gao, J. S., and Xu, C. M. (2018).
Fabrication and evaluation of hollow surface molecularly imprinted polymer
for rapid and selective adsorption of dibenzothiophene. Chem. Eng. J. 345,
414–424. doi: 10.1016/j.cej.2018.03.128

Huang, C., Cheng, Y., Gao, Z., Zhang, H., Wei, J. (2018). Portable label-
free inverse opal photonic hydrogel particles serve as facile pesticides
colorimetric monitoring. Sens. Actuat B Chem. 273, 1705–1712.
doi: 10.1016/j.snb.2018.07.050

Huang, H. M., Zhang, Z. R., Yu, Y., Zhou, L. J., Tao, Y. Y., Li, G. F., et al. (2020). A
highly magnetic field sensitive photonic crystal fiber based on surface plasmon
resonance. Sensors 20:5193. doi: 10.3390/s20185193

Huang, S. Y., Guo, M. L., Tan, J. A., Geng, Y. Y., Wu, J. Y., Tang, Y. W., et al.
(2018). Novel fluorescence sensor based on all-inorganic perovskite quantum
dots coated with molecularly imprinted polymers for highly selective and
sensitive detection of omethoate. ACS Appl. Mater Interfaces 10, 39056–39063.
doi: 10.1021/acsami.8b14472

Inoue, T., Kawaji, T., and Tanihara, H. (2013). Elevated levels of multiple
biomarkers of Alzheimer’s disease in the aqueous humor of eyes with open-
angle glaucoma.Ophthalmol. Investigat. Ophthalmol. Visual Sci. 54, 5353–5358.
doi: 10.1167/iovs.13-12245

Islam, M. R., Khan, M. M. I., Mehjabin, F., Chowdhury, J. A., and Islam, M.
(2020). Design of a fabrication friendly & highly sensitive surface plasmon
resonance-based photonic crystal fiber biosensor. Results Phys. 19:103501.
doi: 10.1016/j.rinp.2020.103501

Jinn, W. S., Shin, M. K., Kang, B., Oh, S., Moon, C. E., Mun, B., et al. (2019).
A visually distinguishable light interfering bioresponsive silica nanoparticle
hydrogel sensor fabricated through the molecular imprinting technique. J.
Mater. Chem. B 7, 7120–7128. doi: 10.1039/C9TB01579E

Johnsonhenry, K. C., Hagen, K. E., Gordonpour, M., Tompkins, T.
A., and Sherman, P. M. (2010). Surface-layer protein extracts from
Lactobacillus helveticus inhibit enterohaemorrhagic Escherichia coli

O157:H7 adhesion to epithelial cells. Cell. Microbiol. 9, 356–367.
doi: 10.1111/j.1462-5822.2006.00791.x

Jung, M. Y., Lee, D. E., Baek, S. H., Lim, S. M., Chung, I. M., Han, J. G., et al.
(2021). An unattended HS-SPME-GC–MS/MS combined with a novel sample
preparation strategy for the reliable quantitation of C8 volatiles in mushrooms:
a sample preparation strategy to fully control the volatile emission. Food Chem.
347:128998. doi: 10.1016/j.foodchem.2020.128998

Kadhem, A., Xiang, S., Nagel, S., Lin, C.-H., and Fidalgo de Cortalezzi, M. (2018).
Photonic molecularly imprinted polymer film for the detection of testosterone
in aqueous samples. Polymers 10:349. doi: 10.3390/polym10040349

Kalecki, J., Cieplak, M., Dabrowski, M., Lisowski, W., Kuhn, A., and Sharma, P. S.
(2020). Hexagonally packed macroporous molecularly imprinted polymers for
chemosensing of follicle-stimulating hormone protein. ACS Sens. 5, 118–126.
doi: 10.1021/acssensors.9b01878

Kempe, M., and Mosbach, K. (1995). Molecular imprinting used for chiral
separations. J. Chromatograp A 694, 3–13. doi: 10.1016/0021-9673(94)
01070-U

Konstantinov, S. R., Smidt, H., De Vos,WM., Bruijns, S. C.M., Singh, S. K., Valence,
F., et al. (2008). S layer protein A of Lactobacillus acidophilus NCFM regulates
immature dendritic cell and T cell functions. Proc. Natl. Acad. Sci. U.S.A. 105,
19474–19479. doi: 10.1073/pnas.0810305105

Kou, D. H., Ma, W., Zhang, S. F., Lutkenhaus, J. L., and Tang, B. T. (2018).
High-performance and multifunctional colorimetric humidity sensors based
on mesoporous photonic crystals and nanogels. ACS Appl. Mater. Interfaces 10,
41645–41654. doi: 10.1021/acsami.8b14223

Kou, D. H., Zhang, Y. C., Zhang, S. F., Wu, S. L., and Ma, W. (2019).
High-sensitive and stable photonic crystal sensors for visual detection and
discrimination of volatile aromatic hydrocarbon vapors. Chem. Eng. J.
375:121987. doi: 10.1016/j.cej.2019.121987

Kou, X., Lei, J., and Geng, L. (2012). Synthesis, characterization and
adsorption behavior of molecularly imprinted nanospheres for erythromycin

Frontiers in Chemistry | www.frontiersin.org 15 June 2021 | Volume 9 | Article 665119

https://doi.org/10.1074/mcp.R400007-MCP200
https://doi.org/10.1073/pnas.35.5.227
https://doi.org/10.1007/s00604-013-0997-4
https://doi.org/10.1016/j.microc.2020.105143
https://doi.org/10.1002/adhm.201400504
https://doi.org/10.1007/s11157-020-09537-x
https://doi.org/10.3390/s130202011
https://doi.org/10.1111/j.1365-2672.2004.02473.x
https://doi.org/10.3233/JAD-2010-100819
https://doi.org/10.1007/s00216-017-0265-2
https://doi.org/10.1016/j.dyepig.2016.10.047
https://doi.org/10.1002/clen.201300989
https://doi.org/10.1007/s12043-018-1688-9
https://doi.org/10.1016/j.snb.2011.10.082
https://doi.org/10.3390/s16091381
https://doi.org/10.1007/s13361-017-1666-3
https://doi.org/10.1002/adma.201203211
https://doi.org/10.1002/adhm.201701306
https://doi.org/10.1016/j.snb.2020.128493
https://doi.org/10.1016/j.ijms.2018.08.006
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1002/anie.200601849
https://doi.org/10.1002/adma.200701084
https://doi.org/10.1002/adfm.200700527
https://doi.org/10.1016/j.cej.2018.03.128
https://doi.org/10.1016/j.snb.2018.07.050
https://doi.org/10.3390/s20185193
https://doi.org/10.1021/acsami.8b14472
https://doi.org/10.1167/iovs.13-12245
https://doi.org/10.1016/j.rinp.2020.103501
https://doi.org/10.1039/C9TB01579E
https://doi.org/10.1111/j.1462-5822.2006.00791.x
https://doi.org/10.1016/j.foodchem.2020.128998
https://doi.org/10.3390/polym10040349
https://doi.org/10.1021/acssensors.9b01878
https://doi.org/10.1016/0021-9673(94)01070-U
https://doi.org/10.1073/pnas.0810305105
https://doi.org/10.1021/acsami.8b14223
https://doi.org/10.1016/j.cej.2019.121987
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Fan et al. Molecularly Imprinted Photonic Crystals Sensing

using precipitation polymerization. J. Nanosci. Nanotechnol. 12, 7388–7394.
doi: 10.1166/jnn.2012.6581

Kraai, J. A., Wang, A. X., and Rorrer, G. L. (2020). Photonic crystal enhanced
sers detection of analytes separated by ultrathin layer chromatography
using a diatom frustule monolayer. Adv. Mater. Interfaces. 7:2000191.
doi: 10.1002/admi.202000191

Kuntz, K. M., Kokmen, E., Stevens, J. C., Miller, P., Offord, K. P, and Ho,
M. M. (1992). Post-lumbar puncture headaches. Neurology 42, 1884–1887.
doi: 10.1212/WNL.42.10.1884

Lai, C. F., Wang, Y. C., and Wu, C. L. (2015). Preparation of colloidal photonic
crystal containing CuO nanoparticles with tunable structural colors. RSC Adv.

5, 105200–105205. doi: 10.1039/C5RA21035F
Lai, W. C., Chakravarty, S., Zou, Y., and Chen, R. T. (2012). Silicon nano-

membrane based photonic crystal microcavitiesfor high sensitivity bio-sensing.
Opt. Lett. 37, 1208–1210. doi: 10.1364/OL.37.001208

Li, L., Lin, Z., Huang, Z., and Peng, A. (2019). Rapid detection of sulfaguanidine
in fish by using a photonic crystal molecularly imprinted polymer. Food Chem.
281, 57–62. doi: 10.1016/j.foodchem.2018.12.073

Li, Q., Zeng, Q., and Shi, L. (2016). Bio-inspired sensors based on photonic
structures of Morpho butterfly wings: a review. J. Mater. Chem. C 4, 1752–1763.
doi: 10.1039/C5TC04029A

Li, Y., Huang, H., Cui, R. L., Wang, D. M., Yin, Z., Wang, D., et al.
(2021). Electrochemical sensor based on graphdiyne is effectively used to
determine Cd2+ and Pb2+ in water. Sens. Actua. B-Chem. 332:129519.
doi: 10.1016/j.snb.2021.129519

Lin, Z. Z., Li, L., Fu, G. Y., Lai, Z. Z., Peng, A. H., and Huang, Z. Y.
(2020). Molecularly imprinted polymer-based photonic crystal sensor array
for the discrimination of sulfonamides. Anal. Chim. Acta 1101, 32–40.
doi: 10.1016/j.aca.2019.12.032

Liu, F., Dong, B. Q., and Liu, X. H. (2009). Structural color change
in longhorn beetles Tmesisternusisabellae. Opt. Express 17, 16183–16191.
doi: 10.1364/OE.17.016183

Liu, J., Parsons, L., and Pope, C. (2015). Comparative effects of parathion and
chlorpyrifos on endocannabinoid and endocannabinoid-like lipid metabolites
in rat striatum. Neuro. Toxicol. 50, 20–27. doi: 10.1016/j.neuro.2015.07.006

Lu, W., Asher, S. A., Meng, Z. H., Yan, Z. Q., Xue, M., Qiu, L. L.,
et al. (2016). Visual detection of 2,4,6-trinitrotolune by molecularly
imprinted colloidal array photonic crystal. J. Hazard. Mater. 316, 87–93.
doi: 10.1016/j.jhazmat.2016.05.022

Lu, W., Dong, X., Qiu, L. L., Yan, Z. Q., Meng, Z. H., Xue, M., et al.
(2017). Colorimetric sensor arrays based on pattern recognition for the
detection of nitroaromatic molecules. J. Hazard. Mater. 326, 130–137.
doi: 10.1016/j.jhazmat.2016.12.024

Martínez, M. G., Prado, A. M., Candurra, N. A., and Ruzal, S. M. (2012).
S-layer proteins of Lactobacillus acidophilus inhibits JUNV infection.
Biochem. Biophys. Res. Commun. 422:590–595. doi: 10.1016/j.bbrc.2012.
05.031

Mathew, A. G., Cissell, R., and Liamthong, S. (2007). Antibiotic resistance in
bacteria associated with food animals: a United States perspective of livestock
production. Foodborne Pathogens Dis. 4:115–133. doi: 10.1089/fpd.2006.0066

Mäthger, L. M., Land, M. F., Siebeck, U. E., andMarshall, N. J. (2003). Rapid colour
changes in multilayer reflecting stripes in the paradise whiptail, Pentapodus
paradiseus. J. Exp. Biol. 206:3607–3617. doi: 10.1242/jeb.00599

Maulvi, F. A., Soni, T. G., and Shah, D. O. (2016). A review on therapeutic
contact lenses for ocular drug delivery. Drug Deliv. 23, 3017–3026.
doi: 10.3109/10717544.2016.1138342

Meng, J., Zhang, W., and Bao, T. (2015). Novel molecularly imprinted magnetic
nanoparticles for the selective extraction of protoberberine alkaloids in
herbs and rat plasma. J. Sep. Sci. 38, 2117–2125. doi: 10.1002/jssc.2015
00264

Mo, G. C., He, X. X., Zhou, C. Q., Ya, D. M., Feng, J. S., Yu, C. H., et al.
(2019). A novel ECL sensor based on a boronate affinity molecular imprinting
technique and functionalized SiO2@CQDs/AuNPs/MPBA nanocomposites
for sensitive determination of alpha-fetoprotein. Biosens. Bioelectron. 126,
558–564. doi: 10.1016/j.bios.2018.11.013

Moirangthem,M., Arts, R., Merkx,M., and Schenning, A. P. H. J. (2016). an optical
sensor based on a photonic polymer film to detect calcium in serum.Adv. Funct.
Mater. 26, 1154–1160. doi: 10.1002/adfm.201504534

Morin, P. J. (2005). Claudin proteins in human cancer: promising
new targets for diagnosis and therapy. Cancer Res. 65, 9603–9606.
doi: 10.1158/0008-5472.CAN-05-2782

Naik, R. H., Pallavi, M. S., Bheemanna, M., PavanKumar, K., Reddy, V. C. S.,
Nidoni, R. U., et al. (2021). Simultaneous determination of 79 pesticides in
pigeonpea grains using GC–MS/MS and LC-MS/MS. Food Chem. 347:128986.
doi: 10.1016/j.foodchem.2020.128986

Nan, C. G., Ping, W. X., Ping, D. J., and Qing, C. H. (1999). A study on
electrochemistry of histidine and its metabolites based on the diazo coupling
reaction. Talanta 49, 319–330. doi: 10.1016/S0039-9140(98)00379-8

Oh, D. K., Yang, J. C., Hong, S. W., and Park, J. (2020). Molecular
imprinting of polymer films on 2D silica inverse opal via thermal graft
copolymerization for bisphenol A detection. Sens. Actuat. B Chem. 323:128670.
doi: 10.1016/j.snb.2020.128670

Pan, D., Xun, M., Lan, H., Li, J., Wu, Z., and Guo, Y. (2019). Selective, sensitive,
and fast determination of S-layer proteins by a molecularly imprinted photonic
polymer coated film and a fiber-optic spectrometer. Anal. Bioanal. Chem. 411,
7737–7745. doi: 10.1007/s00216-019-02109-1

Peng, C.-C., Kim, J., and Chauhan, A. (2010). Extended delivery of hydrophilic
drugs from silicone-hydrogel contact lenses containing vitamin e diffusion
barriers. Biomaterials 31, 4032–4047. doi: 10.1016/j.biomaterials.2010.01.113

Peter, X. K., Jiba, Z., Schmitz, P., Ramaloko, P., and Stipinovich, J. (2019). Effects
of TNT contaminated soil on vegetation at an explosive range by probing
UPLC-qTOF MS profiling method. Ecotoxicol. Environ. Safety 167, 324–330.
doi: 10.1016/j.ecoenv.2018.10.019

Qin, X., Liu, W., Liu, G., Ren, C., Liu, C., Li, H., et al. (2020). 2, 4-Dichlorophenol
molecularly imprinted two-dimensional photonic crystal hydrogels. J. Appl.
Polym. Sci. 137:49299. doi: 10.1002/app.49299

Qiu, X. Z., Chen, W. M., Luo, Y. L., Wang, Y. L., Wang, Y. L., and
Guo, H. S. (2020). Highly sensitive alpha-amanitin sensor based on
molecularly imprinted photonic crystals. Anal. Chim. Acta 1093, 142–149.
doi: 10.1016/j.aca.2019.09.066

Ravikumar, R., Chen, L. H., Xin Hui, M.M., and Chan, C. C. (2019). Ion-imprinted
chitosan-based interferometric sensor for selective detection of heavy metal
ions. J. Lightwave Technol. 37, 2778–2783. doi: 10.1109/JLT.2018.2874171

Rawat, K. A., and Kailasa, S. K. (2014). Visual detection of arginine, histidine and
lysine using quercetin-functionalized gold nanoparticles.Microchim. Acta 181,
1917–1929. doi: 10.1007/s00604-014-1294-6

Rayleigh, L. (2009). On the maintenance of vibrations by forces of
double frequency and on the propagation of waves through a medium
endowed with a periodic structure. Philos. Magazine 24, 145–159.
doi: 10.1080/14786448708628074

Resende, S., Frasco,M. F., and Sales,M. G. F. (2020). A biomimetic photonic crystal
sensor for label-free detection of urinary venous thromboembolism biomarker.
Sens. Actuat. B Chem. 312:127947. doi: 10.1016/j.snb.2020.127947

Rizvi, A. S., Murtaza, G., Yan, D., Irfan, M., Xue, M., Meng, Z. H., et al.
(2020). Development of molecularly imprinted 2D photonic crystal hydrogel
sensor for detection of l-kynurenine in human serum. Talanta 208:120403.
doi: 10.1016/j.talanta.2019.120403

Robert, C., Gillard, N., Brasseur, P. Y., Ralet, N., Dubois, M., and Delahaut,
P. (2015). Rapid multiresidue and multi class screening for antibiotics and
benzimidazoles in feed by ultra-high-performance liquid chromatography
coupled to tandem mass spectrometry. Food Control 50, 509–515.
doi: 10.1016/j.foodcont,.2014.09.040

Sai, N., Ning, B., and Huang, G. (2013). An imprinted crystalline colloidal array
chemical-sensing material for detection of trace diethylstilbestrol. Analyst 138,
2720–2728. doi: 10.1039/c3an36829g

Sai, N., Wu, Y., Sun, Z., Yu, G., and Huang, G. (2019). A novel photonic
sensor for the detection of chloramphenicol. Arab. J. Chem. 12, 4398–4406.
doi: 10.1016/j.arabjc.2016.06.015

Sai, N., Wu, Y., Yu, G., Sun, Z., and Huang, G. (2016). A novel enrichment
imprinted crystalline colloidal array for the ultratrace detection of
chloramphenicol. Talanta 161, 1–7. doi: 10.1016/j.talanta.2016.08.028

Sasmal, M., Maiti, T. K., and Bhattacharyya, T. K. (2015). Ultra-low level detection
of L-histidine using solution-processed ZnO nanorod on flexible substrate.
IEEE Trans. Nanobiosci. 14, 634–640. doi: 10.1109/TNB.2015.2430753

Shahraki, H., Tabrizchi, M., and Farrokhpor, H. (2018). Detection of
explosives using negative ion mobility spectrometry in air based

Frontiers in Chemistry | www.frontiersin.org 16 June 2021 | Volume 9 | Article 665119

https://doi.org/10.1166/jnn.2012.6581
https://doi.org/10.1002/admi.202000191
https://doi.org/10.1212/WNL.42.10.1884
https://doi.org/10.1039/C5RA21035F
https://doi.org/10.1364/OL.37.001208
https://doi.org/10.1016/j.foodchem.2018.12.073
https://doi.org/10.1039/C5TC04029A
https://doi.org/10.1016/j.snb.2021.129519
https://doi.org/10.1016/j.aca.2019.12.032
https://doi.org/10.1364/OE.17.016183
https://doi.org/10.1016/j.neuro.2015.07.006
https://doi.org/10.1016/j.jhazmat.2016.05.022
https://doi.org/10.1016/j.jhazmat.2016.12.024
https://doi.org/10.1016/j.bbrc.2012.05.031
https://doi.org/10.1089/fpd.2006.0066
https://doi.org/10.1242/jeb.00599
https://doi.org/10.3109/10717544.2016.1138342
https://doi.org/10.1002/jssc.201500264
https://doi.org/10.1016/j.bios.2018.11.013
https://doi.org/10.1002/adfm.201504534
https://doi.org/10.1158/0008-5472.CAN-05-2782
https://doi.org/10.1016/j.foodchem.2020.128986
https://doi.org/10.1016/S0039-9140(98)00379-8
https://doi.org/10.1016/j.snb.2020.128670
https://doi.org/10.1007/s00216-019-02109-1
https://doi.org/10.1016/j.biomaterials.2010.01.113
https://doi.org/10.1016/j.ecoenv.2018.10.019
https://doi.org/10.1002/app.49299
https://doi.org/10.1016/j.aca.2019.09.066
https://doi.org/10.1109/JLT.2018.2874171
https://doi.org/10.1007/s00604-014-1294-6
https://doi.org/10.1080/14786448708628074
https://doi.org/10.1016/j.snb.2020.127947
https://doi.org/10.1016/j.talanta.2019.120403
https://doi.org/10.1016/j.foodcont
https://doi.org/10.1039/c3an36829g
https://doi.org/10.1016/j.arabjc.2016.06.015
https://doi.org/10.1016/j.talanta.2016.08.028
https://doi.org/10.1109/TNB.2015.2430753
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Fan et al. Molecularly Imprinted Photonic Crystals Sensing

on dopant-assisted thermal ionization. J. Hazard. Mater. 357, 1–9.
doi: 10.1016/j.jhazmat.2018.05.054

Shin, M. J., and Shin, J. S. (2019). A molecularly imprinted polymer undergoing a
color change depending on the concentration of bisphenol A.Microchim. Acta

187:44. doi: 10.1007/s00604-019-4050-0
Simazaki, D., Kubota, R., Suzuki, T., et al. (2019). Occurrence of selected

pharmaceuticals at drinking water purification plants in Japan and implications
for human health. Water Res. 76, 187–200. doi: 10.1016/j.watres.2015.
02.059

Snapp, P., Kang, P., Leem, J., and Nam, S. (2019). Colloidal photonic crystal strain
sensor integrated with deformable graphene phototransducer. Adv. Functional
Mater. 29:1902216. doi: 10.1002/adfm.201902216

Song, Y., Wei, W., and Qu, X. (2011). Colorimetric biosensing using smart
materials. Adv. Mater. 23, 4215–4236. doi: 10.1002/adma.201101853

Sun, J., Kuang, M., and Song, Y. (2015). Control and application of “coffee ring”
effect in inkjet printing. Prog. Chem. 27, 979–985.

Tian, P., Zhan, P., Tian, H. L., Wang, P., Lu, C., Zhao, Y., et al. (2021). Analysis
of volatile compound changes in fried shallot (Allium cepa L. var. aggregatum)
oil at different frying temperatures by GC–MS, OAV, and multivariate analysis.
Food Chem. 345:128748. doi: 10.1016/j.foodchem.2020.128748

Trinder, M., McDowell, T. W., Daisley, B. A., Ali, S. N., Leong, H. S., Sumarah, M.
W., et al. (2016). Robiotic Lactobacillus rhamnosus reduces organophosphate
pesticide absorption and toxicity to drosophila melanogaster. Appl. Environ.
Microbiol. 82, 6204–6213. doi: 10.1128/AEM.01510-16

Van Den Broek, I., Niessen, W. M. A., and Van Dongenw, D. (2013). Bioanalytical
LC-MS /MS of protein-based biopharmaceuticals. J. Chromatograp. B 929,
161–179 doi: 10.1016/j.jchromb,.2013.04.030

Vlatakis, G., Andersson, L. I., and Müller, R. (1993). Drug assay using
antibody mimics made by molecular imprinting. Nature 361, 645–647.
doi: 10.1038/361645a0

Vogel, N., Retsch, M., and Fustin, C. A. (2015). Advances in colloidal assembly: the
design of structure and hierarchy in two and three dimensions. Chem. Rev. 115,
6265–6311. doi: 10.1021/cr400081d

Vollmer, K., Czerny, M., Vasquez-Caicedo, A. L., Iglesias, S. V., Frank, J., Carle, R.,
et al. (2021). Non-thermal processing of pineapple (Ananas comosus L. Merr.)
juice using continuous pressure change technology (PCT): HS-SPME-GC–MS
profiling, descriptive sensory analysis, and consumer acceptance. Food Chem.

345:128786. doi: 10.1016/j.foodchem.2020.128786
Wallace, K. B. (1992). 4 species selective toxicity of organophosphorus insecticides:

a pharmacodynamic phenomenon. Organophosphates Chem. Fate Effects 2723,
79–105. doi: 10.1016/B978-0-08-091726-9.50008-2

Wang, H., Wang, J., Wang, Y. T., Liu, Y. Q., Liu, R., Wang, X. L., et al.
(2020). Oriented boronate affinity-imprinted inverse opal hydrogel
for glycoprotein assay via colorimetry. Microchim. Acta. 187:348.
doi: 10.1007/s00604-020-04320-9

Wang, J., Le-The, H., Shui, L. L., Bomer, J. G., Jin, M. L., Zhou, G. F., et al.
(2020). multilevel spherical photonic crystals with controllable structures
and structure-enhanced functionalities. Adv. Optical Mater. 8:1902164.
doi: 10.1002/adom.201902164

Wang, L. Q., Lin, F. Y., and Yu, L. P. (2012). A molecularly imprinted photonic
polymer sensor with high selectivity for tetracyclines analysis in food. Analyst
137:3502–3509. doi: 10.1039/c2an35460h

Wang, M., and Kan, X. (2020). Imprinted polymer/Fe3O4 micro-particles
decorated multi-layer graphite paper: Electrochemical and colorimetric dual-
modal sensing interface for aloe-emodin assay. Sens. Actuat. B Chem.
323:128672. doi: 10.1016/j.snb.2020.128672

Wang, X., Wang, C., Qu, K., Song, Y., Ren, J., Miyoshi, D., et al. (2010).
Ultrasensitive and selective detection of a prognostic indicator in early-stage
cancer using graphene oxide and carbon nanotubes. Adv. Functional Mater. 20,
3967–3971. doi: 10.1002/adfm.201001118

Wang, X. G., Wang, J., Jiang, Z. J., Tao, D. W., Zhang, X. Q., and Wang, C. W.
(2021). Silver loaded anodic aluminum oxide dual-bandgap heterostructure
photonic crystals and their application for surface enhanced Raman scattering.
Appl. Surf. Sci. 544:148881. doi: 10.1016/j.apsusc.2020.148881

Wang, Y., Fan, J., Meng, Z., Xue, M., and Qiu, L. (2019b). Fabrication of an
antibiotic-sensitive 2D-molecularly imprinted photonic crystal. Anal. Methods

11, 2875–2879. doi: 10.1039/C9AY00674E
Wang, Y., Xie, T., Yang, J., Lei, M., Fan, J., Meng, Z., et al. (2019a).

Fast screening of antibiotics in milk using a molecularly imprinted

two-dimensional photonic crystal hydrogel sensor. Anal. Chim. Acta 1070,
97–103. doi: 10.1016/j.aca.2019.04.031

Wu, L., and Qu, X. G. (2015). Cancer biomarker detection: recent achievements
and challenges. Chem. Soc. Rev. 44, 2963–2997. doi: 10.1039/C4CS00370E

Wu, P., Shen, X. Q., Schafer, C. G., Pan, J., Guo, J., and Wang, C. C.
(2019). Mechanochromic and thermochromic shape memory photonic crystal
films based on core/shell nanoparticles for smart monitoring. Nanoscale 11,
20015–20023. doi: 10.1039/C9NR05361A

Wu, Z., Tao, C. A., and Lin, C. (2008). Label-free colorimetric detection of
trace atrazine in aqueous solution by using molecularly imprinted photonic
polymers. Chemistry 14, 11358–11368. doi: 10.1002/chem.200801250

Wulff, G. (1995). Molecular imprinting in cross - linked materials with the aid
of molecular templates— a way towards artificial antibodies. Cheminform 26,
1958–1979. doi: 10.1002/chin.199551298

Wulfkuhle, J. D., Liotta, L. A., and Petricoin, E. F. (2003). Proteomic
applications for the early detection of cancer. Nat. Rev. Cancer 3, 267–275.
doi: 10.1038/nrc1043

Xiao, F.-N., Wang, M., Wang, F.-B., and Xia, X.-H. (2014). Graphene–Ruthenium
(II) complex composites for sensitive ecl immunosensors. Small 10, 706–176.
doi: 10.1002/smll.201301566

Yablonovitch, E. (1987). Inhibited spontaneous emission in solid-state physics and
electronics. Phys. Rev. Lett. 58, 2059–2062. doi: 10.1103/PhysRevLett.58.2059

Yablonovitch, E., Gmitter, T., and Leung, K. (1991). Photonic band structure: the
face-centered-cubic case employing nonspherical atoms. Phys. Rev. Lett. 67,
2295–2298. doi: 10.1103/PhysRevLett.67.2295

Yan, D., Qiu, L. L., Shea, K. J., Meng, Z. H., and Xue, M. (2019).
Dyeing and functionalization of wearable silk fibroin/cellulose composite
by nanocolloidal array. ACS Appl. Mater. Interfaces 11, 39163–39170.
doi: 10.1021/acsami.9b11576

Yañez, F., Chauhan, A., Concheiro, A., and Alvarez-Lorenzo, C. (2011). Timolol-
imprinted soft contact lenses: influence of the template: functional monomer
ratio and the hydrogel thickness. J. Appl. Polym. Sci. 122, 1333–1340.
doi: 10.1002/app.34022

Yang, J. C., and Park, J. (2020). Molecular imprinting of bisphenol a on silica
skeleton and gold pinhole surfaces in 2D colloidal inverse opal through thermal
graft copolymerization. Polymers 12:1892. doi: 10.3390/polym12091892

Yang, J. C., and Park, J. Y. (2018). Surface imprinted conducting polymer patterns
electrochemically grown from gold pinhole arrays on 2D inverse silica opals
and their effective use in aspartame detection. Sens. Actuat. B Chem. 255,
463–470. doi: 10.1016/j.snb.2017.08.097

Yang, Q., Li, C., Li, J., Wang, X., Arabi, M., Peng, H., et al. (2020).
Rational construction of a triple emission molecular imprinting sensor
for accurate naked-eye detection of folic acid. Nanoscale 12, 6529–6536.
doi: 10.1039/D0NR00765J

Yu, Y. H., Brandt, S., Nicolas, N. J., and Aizenberg, J. (2020). Colorimetric ethanol
indicator based on instantaneous, localized wetting of a photonic crystal. ACS
Appl. Mater. Interfaces 12, 1924–1929. doi: 10.1021/acsami.9b19836

Zeng, L., Cui, H., Chao, J., Huang, K., Wang, X., Zhou, Y., et al.
(2020). Colorimetric determination of tetrabromobisphenol A based on
enzyme-mimicking activity and molecular recognition of metal-organic
framework-based molecularly imprinted polymers. Microchim. Acta 187:142.
doi: 10.1007/s00604-020-4119-9

Zhang, F., Liu, E., Zheng, X., Yu, L., and Yan, Y. (2018). A flexible
imprinted photonic resin film templated by nanocrystalline cellulose for
naked-eye recognition of sulfonamides. J. Indust. Eng. Chem. 58, 172–178.
doi: 10.1016/j.jiec.2017.09.022

Zhang, W., She, X., Wang, L., Fan, H., Zhou, Q., Huang, X., et al.
(2017). Preparation, characterization and application of a molecularly
imprinted polymer for selective recognition of sulpiride. Materials 10:475.
doi: 10.3390/ma10050475

Zhang, X., Cui, Y., Bai, J., Sun, Z., Ning, B., Li, S., et al. (2017). Novel biomimic
crystalline colloidal array for fast detection of trace parathion. ACS Sens. 2,
1013–1019. doi: 10.1021/acssensors.7b00281

Zhang, Y., Jin, Z., Zeng, Q., Huang, Y., Gu, H., He, J., et al. (2019). Visual test for
the presence of the illegal additive ethyl anthranilate by using a photonic crystal
test strip.Microchim. Acta. 186:685. doi: 10.1007/s00604-019-3800-3

Zhang, Y. H., Ren, H. H., and Yu, L. P. (2018). Development of molecularly
imprinted photonic polymers for sensing of sulfonamides in egg white. Anal.
Methods 10, 101–108. doi: 10.1039/C7AY02283B

Frontiers in Chemistry | www.frontiersin.org 17 June 2021 | Volume 9 | Article 665119

https://doi.org/10.1016/j.jhazmat.2018.05.054
https://doi.org/10.1007/s00604-019-4050-0
https://doi.org/10.1016/j.watres.2015.02.059
https://doi.org/10.1002/adfm.201902216
https://doi.org/10.1002/adma.201101853
https://doi.org/10.1016/j.foodchem.2020.128748
https://doi.org/10.1128/AEM.01510-16
https://doi.org/10.1016/j.jchromb
https://doi.org/10.1038/361645a0
https://doi.org/10.1021/cr400081d
https://doi.org/10.1016/j.foodchem.2020.128786
https://doi.org/10.1016/B978-0-08-091726-9.50008-2
https://doi.org/10.1007/s00604-020-04320-9
https://doi.org/10.1002/adom.201902164
https://doi.org/10.1039/c2an35460h
https://doi.org/10.1016/j.snb.2020.128672
https://doi.org/10.1002/adfm.201001118
https://doi.org/10.1016/j.apsusc.2020.148881
https://doi.org/10.1039/C9AY00674E
https://doi.org/10.1016/j.aca.2019.04.031
https://doi.org/10.1039/C4CS00370E
https://doi.org/10.1039/C9NR05361A
https://doi.org/10.1002/chem.200801250
https://doi.org/10.1002/chin.199551298
https://doi.org/10.1038/nrc1043
https://doi.org/10.1002/smll.201301566
https://doi.org/10.1103/PhysRevLett.58.2059
https://doi.org/10.1103/PhysRevLett.67.2295
https://doi.org/10.1021/acsami.9b11576
https://doi.org/10.1002/app.34022
https://doi.org/10.3390/polym12091892
https://doi.org/10.1016/j.snb.2017.08.097
https://doi.org/10.1039/D0NR00765J
https://doi.org/10.1021/acsami.9b19836
https://doi.org/10.1007/s00604-020-4119-9
https://doi.org/10.1016/j.jiec.2017.09.022
https://doi.org/10.3390/ma10050475
https://doi.org/10.1021/acssensors.7b00281
https://doi.org/10.1007/s00604-019-3800-3
https://doi.org/10.1039/C7AY02283B
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Fan et al. Molecularly Imprinted Photonic Crystals Sensing

Zhang, Y. X., Zhao, P. Y., and Yu, L. P. (2013). Highly-sensitive and
selective colorimetric sensor for amino acids chiral recognition based on
molecularly imprinted photonic polymers. Sens. Actuat. B Chem. 181. 850–857.
doi: 10.1016/j.snb.2013.02.079

Zhao, Q. Y., Zhao, H. T., Yang, X., Zhang, H., Dong, A. J., Wang, J., et al.
(2018). Selective recognition and fast enrichment of anthocyanins by dummy
molecularly imprinted magnetic nanoparticles. J. Chromatograp. A 1572, 9–19.
doi: 10.1016/j.chroma.2018.08.029

Zhao, Y., Xie, Z., and Gu, H. (2012). Bio inspired variable structural
color materials. Chem. Soc. Rev. 41, 3297–3317. doi: 10.1039/c2cs
15267c

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Fan, Qiu, Qiao, Xue, Dong and Meng. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 18 June 2021 | Volume 9 | Article 665119

https://doi.org/10.1016/j.snb.2013.02.079
https://doi.org/10.1016/j.chroma.2018.08.029
https://doi.org/10.1039/c2cs15267c
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Recent Advances in Sensing Applications of Molecularly Imprinted Photonic Crystals
	Introduction
	MIPC Sensors
	PhCs
	MIT
	Responsive Mechanisms of MIPC Sensors

	Application in Environment Monitoring
	Antibiotics
	Organophosphates
	Explosives
	Other Environmental Pollutants

	Application in Human Health
	Proteins and Amino Acids
	Others

	Conclusion
	Author Contributions
	Funding
	References


