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ABSTRACT: Molecularly imprinted polymers (MIPs) receive extensive interest, owing to comolecule deg,

their structure predictability, recognition specificity, and application universality as well as @\ > o,

robustness, simplicity, and inexpensiveness. Surface-enhanced Raman scattering (SERS) is s . o
Br B2 2 v%

regarded as an ideal optical detection candidate for its unique features of fingerprint Z.
recognition, nondestructive property, high sensitivity, and rapidity. Accordingly, MIP based L2

SERS (MIP-SERS) sensors have attracted significant research interest for versatile ( ) %
applications especially in the field of chemo- and bioanalysis, showing excellent identification z
and detection performances. Herein, we comprehensively review the recent advances in 5
MIP-SERS sensors construction and applications, including sensing principles and signal &

enhancement mechanisms, focusing on novel construction strategies and representative

applications. First, the basic structure of the MIP-SERS sensors is briefly outlined. Second, 5 o

novel imprinting strategies are highlighted, mainly including multifunctional monomer
imprinting, dummy template imprinting, living/controlled radical polymerization, and
stimuli-responsive imprinting. Third, typical application of MIP-SERS sensors in chemo/bioanalysis is summarized from both small
and macromolecular aspects. Lastly, the challenges and perspectives of the MIP-SERS sensors are proposed, orienting sensitivity
improvement and application expanding.

KEYWORDS: molecular imprinting, surface-enhanced Raman scattering, sensor, molecularly imprinted polymers, construction strategy,
applications, challenges, perspectives

S urface-enhanced Raman scattering (SERS) is an ultra- SERS substrates are usually inactivated due to unspecific
sensitive vibrational spectroscopy technique for analyte adsorption by the interferences.'® To avoid this problem, the
characterization and determination, with the distinguished uncovered SERS substrate surface by the capturing units was
features of fingerprint recognition, high resolution, strong anti- blocked by linear, long-chain polymers such as poly-
interference ability, and nondestructive property to samples.' (carboxybetaine acrylamide).'” The polymers can prevent
Even compared with its biggest competitor of fluorescence interference molecules from approaching the metal surface
spectroscopy, SERS is superior to fluorescence in three main thus reduce target signal fluctuations. Despite the feasibility of
aspects: (1) better photostability, competently resisting the above methods having been proven by a few proof-of-
photodegradation and photobleaching,"™* (2) narrower concept research studies, these methods are hard to popularize
spectral widths, relieving the spectral peak overlapping because of the limited types, high cost, and instability of the

problelm bet\./vger; different su-bstances and improving multiple modification agents. Therefore, it is still highly demanded and
d‘etectl‘on a}‘)lht.y, and (3) Wldef types of detectable analytgs, a great challenge to develop versatile ways to prepare such
iince in principle t{)xe Rahman ;lgl;lal of 'imy Substan;e with SERS substrates with both high detection sensitivity and
aman activity can be enhanced when it locates in a hotspot s
region.” Con?; uently, SERS has drawn much attention F;or excellent capture. sele.ct1v1ty.
glon. quently, Molecularly imprinted polymers (MIPs), prepared by

versatile applications, especially playing an increasingly mimicking the interaction between receptors and antibodies

mp ortant role n chemo- and bioanalysis. However, SER.S in nature, possess characteristic capture selectivity, with tailor-
still faces two major challenges at the current stage. The first is

designing targets capturing interfaces.” SERS occurs only when ]
the targets are very close to the SERS substrate surface.'’ Thus, Received:  October 17, 2019
researchers modified various kinds of capturlnig units on the AccePted‘ February 19, 2020
substrates, including antlbodles, "' aptamers,'”"” small mole- Published: February 19, 2020
cules,'*'* and ion hgands, 61 1mparting the surface selective
capturing ability toward different types of targets. The second
is resisting the matrix interference.'® In real-sample analysis,
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W ACS Publications 601 ACS Sens. 2020, 5, 601619


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaotong+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhua+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryam+Arabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunqing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingxin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.9b02039&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02039?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02039?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02039?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02039?fig=tgr1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02039?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

Incident Light

Chemical
enhancement

Electromagnetic
enhancement

lnculcnt

Lig ht

Polymenzatmn

S .Template molecule

Amplified Raman
signal

\l RS

Temglate elution

Template rebmdmg

Figure 1. Schematic of MIP-SERS sensors construction and enhancement principle.

Particle-based MIP-SERS sensors

Chip-based MIP-SERS sensors

MIPs over SERS
substrates
(M-0-S)

¢ &

SERS substrates

over MIPs
(S-0-M)
AN AN AN
MIPs mixed with s 0 )'ig( s 0
SERS substrates Arls Wﬁr A
(M-m-S) ¥ ¥ ¥
I' Target )'Q_,)f SERS tags b MIPs Support o ! SERS substrates '

Figure 2. Schematic of the common structure for MIP-SERS sensors.

made binding sites complementary to the template molecule in
shape, size, and functional group.””*' MIPs possess excellent
selection and recognition ability similar to traditional antibod-
ies but with much better structure stability.”>*’ In addition,
MIPs are prepared by relying on covalent/noncovalent bonds
between common functional monomers and the target
molecules, making them general materials capable of the
capture of a wide variety of targets.”*~ 2 Owing to the three
major features of structure predictability, recognition specific-
ity, and application universality, MIPs have been broadly
applied in various fields, mainly including sample pretreat-
ment,”” ">’ chromatographic separation,”””" and chemical/
biological sensirxg.32’33 Among them, the sensing applications
of MIPs, namely, MIP-based sensors, have attracted increasing
interest, in which the MIPs as recognition elements can
specifically bind target analytes and as transduction elements
can generate output signals for detection.”® Especially, MIP
based SERS sensors (MIP-SERS sensors) have attracted
sustainably increasing interest, since the employment of
MIPs endows SERS with excellent capture selectivity and
thereby greatly improves the analytical performances of the
sensors.”"

In general, traditional MIP-SERS sensors are composed of
SERS substrates and MIP layers decorated on the substrates.
The basic construction process and enhancement principle and
sensing mechanism are schematically shown in Figure 1. As

602

seen, first, SERS substrates are synthesized and modified; next,
the precomplex between target compounds (or similar-target
compounds) as template molecules and functional monomer is
produced. The monomers are oriented or aligned around the
template molecules by covalent or noncovalent interaction to
form molecular aggregates. Then, cross-linkers are added to
cross-link the monomer molecules by polymerization, so that
the interaction between the template molecules and the
functional monomers is retained. Finally, the template
molecules are removed, leaving “holes” complementary to
the spatial structure of the template molecules. These “holes”
render the MIP-SERS sensors with “memory” function, which
can selectively capture target molecules to the metal surface for
SERS generation under the excitation of the incident light.””

It is well-known that noble metal particles determine the
enhancement factor. Generally, nanoparticles (NPs) with tips
or sharp edges, such as nanorods,”® nanowool balls,*®
nanostars,””*° nanoflowers,”’ and nanosheets,”' have better
Raman enhancement ability and are popular in SERS substrate
fabrication.'”** The distribution pattern of the NPs is also a
critical factor.””*™>! The distance between them needs to be
less than 10 nm to achieve a strong electromagnetic field
(hotspot).>> When the molecules fall into the “hot spot” area,
the Raman signal will be greatly enhanced,””** thus rendering
the sensors with satisfactory detection sensitivity. Moreover,
the NP distribution uniformity is also required to ensure the

https://dx.doi.org/10.1021/acssensors.9b02039
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signal repeatability of different detection sites from a single
sensor.”

There are two main detection modes for MIP-SERS sensors.
The label-free mode is suitable for the analytes of stron
Raman signals such as molecules with large chromophores.”**
The identification and %uantiﬁcation can be achieved directly
by their own signals.”>® In contrast, the signals of molecules
with small cross sections cannot be directly monitored.'***~%"
Therefore, SERS probes with high sensitivity and specific
Raman signatures are also involved in qualitative and
quantitative detections as a label mode.

In 2003, Wulff et al. reported the first MIP-SERS sensor,
achieving the detection of p-dibenzoyltartaric acid and N-
benzyloxycarbonyl aspartic acid.*® In the past decade, MIP-
SERS sensors have received increasing interests and gained
blooming development from sensor construction strategy to
applications. Therefore, herein, we propose to comprehen-
sively review the latest advances in MIP-SERS sensors and
discuss the challenges including (1) the integration of MIPs
with SERS substrates and controlling the interface properties,
(2) ensuring higher imprinting capacity under the premise of
SERS activity, and (3) improving the detection sensitivity of
MIP-SERS sensors. Then, we introduce some highlighted,
practical applications in the field of chemical and biological
analysis. Finally, the prospects are presented from the aspect of
the rapidity and miniaturization detection.

B STRUCTURES OF MIP-SERS SENSORS

MIP-SERS sensors can be divided into particle-based and chip-
based types based on the sensor sizes and application
scenarios. Both of them can be further separated into three
subcategories according to the relative positions of the SERS
substrates and the MIPs, i.e., MIPs over SERS substrates (M-o-
S), SERS substrates over MIPs (S-0-M), and MIPs mixed with
SERS substrates (M-m-S), as shown in Figure 2. The
advantages and disadvantages of different structured MIP-
SERS sensors are listed in Table 1.

Particle-based MIP-SERS sensors are suitable for detection
in solutions due to the good dispersibility. In a particle-based
M-0-S sensor, single plasmonic NPs (such as nanosphere®® or
nanoshell with built-in hotspot46’49) are usually used as the
SERS substrates, and the MIPs layer is grafted/coated on the
NPs by surface imprinting. This structure has favorable mass-
transfer and sorption kinetics. The crux to constructing this
sensor is tightly bonding the MIPs on the NPs surfaces and
controlling the thickness of MIPs.””*” In a particle-based S-o-
M sensor, multiple metal NPs are involved to generate the “hot
spot” effect, which is advantageous to improve the sensitivity.’*
However, it often suffers from drawbacks of poor mass transfer
and background interference from MIPs. The vitality to build
this structure is to effectively control the size and the amount
of metal NPs to take a balance of the positive “hot spot” effect
and the negative “light shielding” effect. An M-m-S mixing
sensor’’ is more easily prepared compared with the former,
which avoids complex grafting of the SERS substrates.
However, it has relatively low mass transfer and sorption
kinetics, and the size of the MIPs should be controlled to avoid
template leakage."’

The chip-based MIP-SERS sensors are developed for in situ,
fast detection applications.”*™®” The preparation and sensing
principles are similar to that of the particle-based sensors. A
main difference is that the chip-based MIP-SERS sensors have
a larger surface area, which enables them to combine with
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Table 1. Advantages and Disadvantages of Three Kinds of MIP-SERS Sensors

refs
46, 47, 64,
80

disadvantages

advantages

structures

MIPs over SERS

complicated process of preparation; interface
problem between SERS substrates and MIPs
poor stability and biocompatibility; prone to

conducive to the elution and recombination of template molecules; faster mass transfer and sorption kinetics; uniform particle

size and good specific recognition; excellent stability and dispersion; excellent biocompatibility

substrates (M-o0-S)

SERS substrates over

68, 94, 158

template leakage

intensity of Raman is higher; simple preparation

MIPs (S-0-M)
MIPs mixed with SERS

44, 45, 67,
104, 105

prone to template leakage; poor mass transfer and
sorption kinetics

no need for grafting, simple preparation; good stability and dispersibility; excellent biocompatibility

substrates (M-m-S)
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Figure 3. Schematic of new construction strategies for MIP-SERS sensors.
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Figure 4. Structural formulas of commonly used functional monomers (A),
gel processes (D).

cross-linkers (B), initiators (C), and polymerization precursors for sol—

SERS tags to develop sandwich MIP-SERS sensors for Raman
inactive macromolecule detection via a labeling mode. 67,68

B CONSTRUCTION STRATEGIES OF MIP-SERS
SENSORS

As seen above, with the transition from single/multiple
particles to chips, various SERS substrates have been easily
attained based on gradual mature preparation technologies.
Therefore, at this stage, the performances of MIP-SERS
sensors are determined by some key factors in related to MIPs
preparation. Most difficulties in the construction process of
MIP-SERS sensors can be alleviated or overcome by designing
and synthesizing excellent MIPs. Four major construction
strategies of MIP-SERS sensors have been developed. As
illustrated in Figure 3, (A) multifunctional monomer
imprinting for improving capture selectivity, (B) dummy
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template imprinting for improving accuracy and expanding
detection analytes, (C) living/controlled radical polymer-
ization for increasing sensitivity, and (D) stimuli-responsive
imprinting for intelligent detection have greatly improved the
analytical properties and widened the application areas of MIP-
SERS sensors. Commonly used functional monomers (A),
cross-linkers (B), initiators (C) and polymerization precursors
(D) are listed in Figure 4.

Multifunctional Monomer Imprinting for Improving
Capture Selectivity. The selection of a functional monomer
is crucial to prepare ideal MIPs, because the appropriate
interaction between the template molecule and functional
monomer guarantees excellent selectivity and stability of
MIPs.*”~"" Multiple-point interactions between templates
and monomers increase the binding sites in MIPs, usually
through multiple noncovalent bonds or the combination of

https://dx.doi.org/10.1021/acssensors.9b02039
ACS Sens. 2020, 5, 601-619
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covalent and noncovalent bonds, and effectively enhance the
selectivity of MIPs based sensors. Therefore, the combined use
of two or more functional monomers complementary to
different regions of the template molecule, namely, multifunc-
tional monomer imprinting (Figure 3A), has become an
effective construction strategy for MIP-SERS sensors endowed
with high capture selectivity and recognition capability via the
synergy of multiple functional monomers.

Carboni et al.”* have used the mixed functional monomers
of tetraethoxysilane and 1,8-bis(triethoxysilyl) octane with the
ratio of 1:1 (molar ratio) to prepare a MIP-SERS sensor for the
detection of paraoxon. This combination offers the best
compromise between the stability (thermal and hydrolytic
stability), surface hydrophilicity, and capture selectivity of the
MIP-SERS sensor, while other combinations have the
problems of difficult elution and poor stability. Liu et al.”’
have synthesized a MIP-SERS sensor by using a boronic acid
functionalized substrate with four silylating monomers. Among
them, boronic acid-functionalized substrates can interact with
template molecules through covalent bonds, while the four
functional monomers can interact with template molecules at
different locations through noncovalent bonds (electrostatic
attraction, hydrogen bonding and hydrophobic interaction) to
achieve directional imprinting for targets. So, the sensor shows
high binding affinity to the target glycoproteins with a high
imprinting factor (IF) of $.8.

The multifunctional monomer imprinting strategy has
contributed greatly to attain highly selective and stable MIP-
SERS sensors for various analytes such as the macromolecules
of glycoproteins73’74 and small molecules.”” However, there are
few types of functional monomers and limited combinations.
Two main considerations need to be made, namely, smartly
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designing and synthesizing new functional monomers and
properly selecting and rationally combining different functional
monomers that are available. Furthermore, the optimal
synergistic efficiency will be utilized to create ideal MIPs and
thereby MIP-SERS sensors related research will achieve a huge
leap.

Dummy Template Imprinting for Improving Accu-
racy and Expanding to More Analytes. Template leakage/
residue is an important factor affecting the performances of
MIP-SERS sensors and directly results in low quantitative
accuracy and high background interference.”” To solve this
problem, the structural analogue of the targeted analyte instead
of the actual analyte is selected as the template molecule in the
imprinting procedure,”® which is called dummy template
imprinting, as illustrated in Figure 3B. The key to effectively
using this strategy is to find a dummy template that is similar
to the analytes in size, shape, and functional groups. And the
molecule does not have a Raman signal or have a Raman signal
different from the analyte’s characteristic peak. As a structural
analogue of crystal violet (CV), rosin acid does not have the
SERS signal and is used to construct a dummy MIP based
SERS sensor (Ag@DMIP) as a dummy template molecule.”’
In this sensor, the ionic interaction between CV and carboxylic
group residues of abietic acid is the main rebinding force,
which ensures the high selectivity of Ag@DMIP.”’

More importantly, dummy template imprinting plays a
crucial role when the original analyte is not suitable as a
template, owing to its high cost, toxicity, unavailability, or
instability as well as the disturbance in the polymerization
process.”® Carboni et al.”* have used diethyl (4-nitrobenzyl)-
phosphonate which is the unhydrolyzable structural analog of
the commercial pesticide p-oxophosphorus as a template

https://dx.doi.org/10.1021/acssensors.9b02039
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Figure 6. (A) Schematic illustration of the construction process and detection mechanism for GO@MIPs-PRO@ Ag NPs sensor. Adapted with
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Chemical Society.

molecule to construct a MIP-SERS sensor. The sensor based
on the dummy template technique has good capture selectivity
of MIPs’ spatial recognition and fingerprint spectral selectivity
of Raman. The combined effect of these two types of selectivity
greatly enhances the selectivity of MIP-SERS sensor, which
cannot be achieved by using MIPs and SERS separately.”

As mentioned above, the dummy template imprinting
strategy not only solves the template leakage problem and
improves detection accuracy, but also overcomes special-
targets imprinting obstacle and expands MIP-SERS to more
analytes. However, it is still quite difficult to select the dummy
templates. For example, at this stage, this technique can hardly
be adopted to construct MIP-SERS sensors for proteins
analysis. Because proteins have bulk and twist structures as well
as unclear position and sequence of functional groups, it is
almost impossible to choose appropriate structural analogs
based on related parameters such as morphology and
functional groups.

Living/Controlled Radical Polymerization for Increas-
ing Sensitivity. In general, MIP thickness should be
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controlled to achieve high adsorption capacity and SERS
activity.”"”? Although the MIP layer thickness can be
dominated by controlling the amount of cross-linker/silanating
agents in the polymerizations, this method is cumbersome and
difficult to perceive.*® Living/controlled radical polymerization
(LCRP), mainly including atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer
(RAFT), is effective for easily and accurately controlling the
thickness of MIPs by controlling the chain transfer and chain
termination reactions in the polymerization process,’” as
shown in F1§;ure 3C.

Li et al™" synthesized SiO,@rGO@Ag-MIP by ATRP
method to control the thickness of the MIPs layer. When
the dopamine self-polymerization and ATRP reaction time
were 8 and 12 h, respectively, the SiO,@rGO@Ag-MIP sensor
attained the highest Raman signal and thereby high detection
sensitivity. Unfortunately, the application of the ATRP method
is limited, since it is incompatible with some common
functional monomers such as methacrylic acid and vinyl-
pyridine.”’ Compared with the ATRP method, the RAFT

https://dx.doi.org/10.1021/acssensors.9b02039
ACS Sens. 2020, 5, 601-619
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Table 2. Applications of MIP-SERS Sensors for Chemical and Biological Analysis

SERS novel imprinting
analyte substrates  structure technique polymerization method sample LOD (mol/L) EF“ refs
PRO Ag NPs S-0-M precipitation 1x 1071 3.95 x 10’ 90
polymerization
BPA Ag NPs M-o0-S sol—gel 146 x 107" 12 x 10° 46
BSA Ag NPs M-0-S  multifunctional sol—gel 1x 1078 5.56 X 10° 74
monomer
A-cyhalothrin SiO,@rG-  M-0-S living/controlled radical  living/controlled radical ~ water 3.8 x 10710 6.4 x 10° 47
O@Ag polymerization polymerization
2,6-dichlorophenol Ag@CdTe  M-o-S living/controlled radical  living/controlled radical ~ water 1x 107 1.33 x 10° 121
polymerization polymerization
chloramphenicol Au NPs S-o-M precipitation milk 1x 1077 9 X 10° 158
polymerization
R6G SiO,@Ag M-o-S precipitation water 1x 10712 3 x 10° S1
polymerization
enrofloxacin bAu@m- M-o0-S living/controlled radical  living/controlled radical 1.5 X 107 39
Sio, polymerization polymerization
transferrin gold M-o-S dopamine self- blood 1x 1078 20
nanorods polymerization
horseradish peroxidase =~ Ag NPs M-m-S bulk polymerization serum 1x 107 66
4-mercaptobenzoic acid ~ Ag NPs M-o-S precipitation 1x 107" 159
polymerization
TNT Klarite M-0-S  multifunctional sol—gel 3% 107 80
monomer
theophylline Ag NPs M-m-§ bulk polymerization 1x107¢ 62
PETN Au NPs S-0-M  dummy template electropolymerization 2x 1071 68
NG Au NPs S-0-M  dummy template electropolymerization 2x107% 68
ethylene glycol dinitrate ~ Au NPs S-o-M  dummy template electropolymerization 4x 10710 68
ethylene glycol dinitrate  Au NPs S-o-M  dummy template electropolymerization 4x 10710 68
TNT Ag NPs S-0-M photocatalytic 1x 1072 94
polymerization
(S)-PRO Klarite M-o-S photocatalytic 64
polymerization
(S)-PRO AET@Au M-o-S emulsion polymerization 1x 1077 49
(S)-PRO Klarite M-o-S photocatalytic urine 65
polymerization
(28,38)-(+)-di-O- noble M-o-S photocatalytic water 36
benzoyltartaric acid metals polymerization
N-benzyloxycarbonyl- noble M-o-S photocatalytic water 36
(L)-aspartic acid metals polymerization
BPA Au NPs M-o0-S sol—gel 5.3 x 1077 141
R6G ZnO/Ag M-o-S  stimuli-responsive precipitation water 1x 1078 1 x 107 83
polymerization
ALP metal@- M-m-S biological 6 x 1071° 1.8 x 10°" 104
gold
survivin metal@- M-m-S biological 3 x 1073 2.5 x 107 104
gold
erythropoietin SiO,@Au M-m-S urine 2.9 x 107 67
ALP Si0,@Au  M-m-S sol—gel biological 3.1x 1072 105
AFP SiO,@Au M-m-S sol—gel biological 1.5 x 107 105
R6G Ag NPs M-o0-S precipitation 1x 107" 1 x 10° 160
polymerization
Sudan IV Au NPs M-m-S precipitation S0
polymerization
BPA Ag NPs M-o0-§ precipitation tap water 1x 107 161
polymerization
BPA Ag NPs M-m-S bulk polymerization 5% 1078 1 x 10° 44
caffeine Ag NPs M-m-S  dummy template precipitation waste 4.7 x 10710 4S
polymerization water
cyhalothrin Ag NPs M-o-S precipitation river 13 x 107° 1.73 X 10° 38
polymerization
glucose metal@- M-m-S sol—gel fruit 5.6 x 107" 152
gold
fructose metal@- M-m-S sol—gel fruit 5.6 x 107° 152
gold
rhodamine B Ag NPs M-o0-§ precipitation water 1x 107" 1.01 x 107 41
polymerization
rhodamine B Ag NPs M-o0-§ precipitation 1x 1071 1.6 x 10° 21
polymerization
607 https://dx.doi.org/10.1021/acssensors.9b02039
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Table 2. continued

SERS novel imprinting
analyte substrates  structure technique
PRO Klarite M-o-S

polymerization method

precipitation

LOD (mol/L) EF°

3x107¢

refs

63

sample

polymerization

“Enhancement factor. “Represents the LOD or EF value in the sample.

method can react with common monomers under mild
reaction conditions, is suitable for free radical polymerization,
and has a wider application space.®’ Carrasco et al.”” prepared
a “star” multibranched gold—silica—MIP (bAu@mSiO,@MIP)
core—shell NPs (Figure SA). The surface of SiO, was
functionalized with the RAFT reagent, and then the MIPs
were controllably synthesized on it. Compared to other MIP-
SERS sensors, this sensor offers a 2 orders of magnitude lower
limit of detection (LOD) for enrofloxacin, which is one of the
lowest reported values.

The above discussion shows that the detection sensitivity of
MIP-SERS sensors can be markedly increased by applying the
LCRP method, while the LCRP reagent needs to be fixed on
the surface of the substrate, resulting in complicated operations
and lower success rates. Thus, if new SERS substrates or
grafting methods can be found to adequately achieve grafting
of LCRP reagents onto SERS substrates, the tight integration
of SERS substrates and MIPs can be further optimized,
contributing to fabricating more and excellent MIP-SERS
sensors.

Stimuli-Responsive Imprinting for Intelligent Detec-
tion. The stimuli-responsive imprinting technique is to achieve
intelligently controllable recognition by using a responsive
monomer or magnetic core under external physicochemical or
biological stimuli,** as shown in Figure 3D. Accordingly, the
stimuli-responsive MIP-SERS (SR-MIP-SERS) sensor can not
only alleviate template leakage and elution difficulties, but also
reduce material loss and time consumption in the separation
process. The crux to effectively use this technique is to find
stimuli-responsive functional monomers with responsive
groups.

In the development of MIP-SERS sensors, the thermores-
ponsive technique based on the thermosensitive monomer of
N-isopropylacrylamide (NIPAAm) has been successfully
utilized.*> Since the size of the polymer prepared by the
NIPAAm can change with ambient temperature, the control-
lable binding and release of the analytes can be realized by
adjusting the temperature of the ambient. As seen from Figure
SB, when the temperature is 30 °C, the shape of the
molecularly imprinted cavity can completely match the shape
of the template. Under the optimal conditions, the binding
capacity of thermoresponsive ZnO/Ag/MIP (ZOA-TMIP) to
rhodamine 6G (R6G) is the highest.*> Moreover, the magnetic
responsive MIP-SERS sensor (M-MIP-SERS sensor) with
Fe;0,@Si0,@Ag as the SERS substrate has also been
successfully used for the detection of sibutramine in
pharmaceuticals.** M-MIP-SERS sensors can not only perform
controlled rebinding, but also conveniently and economically
replace the centrifugation and filtration steps by simple
effective magnetic separation.gz’84’85 Therefore, extraction and
purification can be finished in one step, which is very beneficial
for quantitative detection in the presence of matrix
interferences.*

Although the stimuli-responsive imprinting strategy makes
an influential contribution to intelligent detection, limited
types of SR-MIP-SERS sensors have been reported with only
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thermoresponsive and magnetic responsive ones available.
Therefore, it is in high demand to construct new types of SR-
MIP-SERS sensors, such as pH-responsive, photoresponsive,
and multiresponsive ones, and apply them in drug delivery, life
science, and other fields. This requires synthesizing various
stimuli-responsive monomers to meet construction needs.

B APPLICATIONS OF MIP-SERS SENSORS FOR
CHEMO- AND BIOANALYSIS

A variety of as-constructed MIP-SERS sensors that are
attractive and strongly competitive have found a wide range
of applications for chemo- and bioanalysis. Their representa-
tive applications for the detection of small molecules and
macromolecules are summarized as follows.

Small Molecule Detection. MIP-SERS sensors realize
selective, sensitive, and simple detection for many types of
small molecules in complex biological and environmental
matrices, mainly including drugs, pesticides, organic pollutants,
and illicit substances.

These residues from drugs, pesticides, and organic pollutants
pose severe threats to the environment and organisms, and
they are usually present at (ultra)trace levels in complicated
matrices, which are hard to detect.*’”® MIP-SERS sensors
have shown great potential to solve this problem. For example,
a MIP-SERS sensor based on graphene oxide (GO), MIPs, and
AgNPs has been fabricated for propranolol (PRO) detection
(Figure 6A).”° GO, as a supporting substrate, enhances the
accessibility and sensitivity of the analyte”"”” due to its high
specific surface area and the chemical enhancement of the
Raman scattering effect.” Similarly, reduced GO (rGO) has
also been successfully used to prepare SiO,@rGO@Ag@MIPs
for A-cyhalothrin detection.”” In addition, an attempt was made
to combine solid phase extraction (SPE) with the MIP-SERS
sensors to detect caffeine from the complex wastewater (Figure
6B), avoiding analyte loss in the elution and concentration
process.”> Compared with traditional SPE columns, the
columns packed with AgNPs@MIPs realized the direct and
fast detection of caffeine by SERS within 23 min.

The efficient detection of illicit substances with high
selectivity and sensitivity plays a critical role in antiterrorism
and homeland security.”* In 2010, Yang and co-workers™*
developed the first MIP-SERS sensor to detect 2,4,6-
trinitrotoluene (TNT), which is composed of silver molybdate
nanowires (SMNs), p-aminothiophenol-functionalized AgNPs,
the template molecule TNT, and the cross-linker p,p’-
dimercaptoazobenzene. The main advantage of this sensor is
that SMN generates new AgNPs to cover the surface of Ag-
SMN-MIPs under laser irradiation during the SERS measure-
ment, thus effectively enhancing the sensitivity. Moreover, in
order to simultaneously identify, separate and measure
different substances in the same category, Riskin and co-
workers® developed a MIP-SERS sensor using citric acid with
the carboxylic acid functional group as template and realized
the concurrent determination of nitroglycerin (NG) and
pentaerythritol tetranitrate (PETN) (Figure 6C), greatly
expanding the applications of MIP-SERS sensors in practice.
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Figure 7. (A) Schematic illustration of the MIP-based PISA approach for SERS detection of target glycoproteins. Reprinted with permission from
ref 105. Copyright 2017 American Chemical Society. (B) Schematic illustration of the procedure for preparing aptamer—MIP hybrid SERS sensor.
Adapted with permission from ref 108. Copyright 2019 American Chemical Society. (C) Schematic illustration of the MIP—protein—MIP
sandwich-like complexes for SERS detection of neuron-specific enolase. Reprinted with permission from ref 73. Copyright 2019 American

Chemical Society.

So far, MIP-SERS sensors have shown advantages in the
detection of many kinds of small molecules by recording SERS
signals of the analytes themselves,” as listed in Table 2. The
combination with other technologies such as microflui-
dics™”*°” will improve the reproducibility of MIP-SERS
sensors, which is an important direction deserved to be
explored.

Macromolecule Detection. Macromolecules such as a-
fetoprotein (AFP), carcinoembryonic antigen (CEA), and
alkaline phosphatase (ALP)”*7'" have been widely used as
biomarkers in clinical diagnosis. The concentration of the
biomarkers is usually very low (in the range of 107'°~107"
M), but the interfering substances are very complicated,
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leading to a huge difficulty in the accurate determination.'’”

Enzyme-linked immunosorbent assays (ELISAs) are popular
but they are expensive and time-consuming,”* The MIP-SERS
sensors provide an alternative way which is effective and more
simple and economic.'*® For example, a MIP-SERS sensor has
been used for the rapid qualitative and quantitative detection
of bovine serum albumin (BSA) using hydrogel as the
imprinting layer with particularly good hydrophilicity and
selectivity.”*

To further increase the target-capturing specificity, some
conventional recognition ligands have also been introduced
into MIP synthesis. Recently, Liu and co-workers have
developed the boronate-affinity sandwich assay (BASA)®

https://dx.doi.org/10.1021/acssensors.9b02039
ACS Sens. 2020, 5, 601-619
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Figure 8. (A) Schematic illustration for the preparation of Ag@CdTe@MIPs and the SERS detection of 2,6-dichlorophenol upon specific
recognition. Adapted with permission from ref 121. Copyright 2018 Wiley. (B) Schematic illustration of using different approaches for SERS
measurements: (a) aggregation of bioconjugates, (b) stacking of bioconjugates on glass plate, and (c) self-assembly of bioconjugates forming close-
packed arrays. Adapted with permission from ref 20. Copyright 2016 Elsevier Advanced Technology.

and the upgraded version termed plasmonic immuno-sandwich
assay (PISA) strategy (Figure 7A)°"'%*'* to specifically detect
trace glycoproteins in complex samples based on reversible
binding between boric acid and cis-diol-containing biomole-
cules through covalent bonds.' In particular, PISA can
achieve ultrasensitive detection at the single molecule level by
the additional amplification mechanism of the noble metals in
the capture substrates.'”* The orientation of macromolecules
greatly affects the Raman signals; that is, vibrational modes
perpendicular to the surface of the SERS substrates can be
amplified by the local electromagnetic field, while those parallel
ones show weak or even undetectable intensities.'"”” To avoid
the analyte-orientation induced Raman spectroscopy fluctua-
tion, the combination between aptamer and boronate-affinity
MIPs is proposed to construct a sensor for ALP detection. As
shown in Figure 7B, the self-polymerization of dopamine
controls the orientation of the aptamer-MIP hybrids. This
hybrid significantly improves the specificity and affinity for
ALP with the IF up to 9.5 and the LOD an order of magnitude
lower than that of aptamer-prepared MIPs.'*®

The above-mentioned MIP-SERS sensors mainly use the
entire protein molecule as template. However, since proteins
are easily deformed in harsh conditions and not easily to eluted
from the cross-linked polymer network, protein imprinting is
still a huge challenge.'” In 2000, using epitopes as templates
to prepare MIPs was first proposed by Minoura and
Rachkov,"''"" which can effectively resolve the main
problerns of protein imprinting. Since then, epitope imprinting
has been widely used in protein imprinting. Recently, Liu and
co-workers”> have developed a controllable oriented surface
dual MIP based plasmonic immunosandwich assay (duMIP-
PISA) for protein detection. C-Terminal epitope peptides and
N-terminal epitope peptide fragments fixed on the boronic
acid-functionalized substrates through glycosylation reaction
are polycondensed with the four silylating reagents, which
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greatly alleviates the problem of low imprinting efficiency
caused by the epitopes buried in the polymer (Figure 7C).”*
Besides, the dual recognition of the prepared MIP—protein—
MIP sandwich-like complexes ensures high specificity for
neuron-specific enolase (NSE) detection, while SERS
detection offers ultrahigh sensitivity. Therefore, the duMIP-
PISA has been applied to serum samples from healthy
individuals and small cell lung cancer patients, providing a
new way for protein identification. Compared with the
commonly commercial ELISA for detecting NSE, the MIP-
SERS method has the remarkable advantages of short time,
simple operation, wider linear range, and smaller sample
usage.”” Therefore, MIP-SERS sensors act as an irreplaceable
role in many important applications such as disease diagnosis.

B CHALLENGES AND PERSPECTIVES

Recent years have witnessed the flourishing development and
wide applications of MIP-SERS sensors. Still, some challenges
need to be addressed, and accordingly promising perspectives
can be proposed, mainly including three aspects: improving the
sensitivity, enhancing the reproducibility, and expanding the
application of MIP-SERS sensors.

Improving the Sensitivity of MIP-SERS Sensors.
Sensitivity is a key parameter to evaluate the performance of
MIP-SERS sensors, which is mainly dependent on the
enhancement ability of the SERS substrates. Researchers
have endeavored to improve the sensitivity of MIP-SERS
sensors in two directions, i.e., preparing novel types of SERS
substrates and using controllable aggregation detection modes.

Preparation of Novel SERS Substrates. Some studies have
suggested that when the metal NPs are combined with the
metal—semiconductor heterojunction, the SERS signals will be
significantly enhanced.''>™!"* Consequently, a significant
enhancement at neck interconnections between associated
NPs or in metal—semiconductor heterostructures contributes

https://dx.doi.org/10.1021/acssensors.9b02039
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Figure 9. (A) Schematic illustration for fabricating MIP-ir-AuNPs by a sol—gel method and using MIP-ir-AuNPs for selective detection of BPA
using a small portable Raman spectrometer. Reprinted with permission from ref 141. Copyright 2013 Elsevier Science BV. (B) Schematic
illustration for extraction microprobe inserted into a single cell: (a) photo and SEM images of an extraction microprobe, (b) image showing an
extraction microprobe inserted into a single cell, (c) SEM image showing immune-sandwiches formed on an extraction microprobe after extracting
target protein from a single cell and being labeled with Raman nanotags, and (d) schematic diagram of Raman nanotags combined with an
extraction microprobe. Adapted with permission from ref 104. Copyright 2016 Wiley-VCH Verlag GmbH.

specific metal—semiconductor interface interactions and signal
intensification.'*>"'® Therefore, the SERS effect of the metal
NPs can be further promoted based on the electromagnetic
enhancement by combining the metal NPs with the metal—
semiconductor heterojunction.'’’~"** Common metal—semi-
conductor heterojunction structures mainly include CdTe
quantum dots (QDs),"”"'** TiO,,"">'"* and Zn0."'° Li and
co-workers'”' used CdTe QD-loaded AgNPs as the core to
construct a new MIP-SERS sensor (Figure 8A). The sensor
had good sensitivity, stability, and selectivity. After that, the
same group combined the SERS substrates of a metal NP—
metal—semiconductor heterojunction structure with MIPs to
develop a ZnO/Ag MIP-SERS sensor (ZOA-MIPs) for the
specific detection of R6G in water for the first time. When
using MIP-SERS sensors, ZnO/Ag heterostructures, and
AgNPs detection, the LODs of R6G were 1 X 1072, 1 x
1077, and 1 X 1075, respectively. The results revealed that the
prepared sensor can selectively bind and significantly enhance
the Raman signal of R6G. Besides, the ZOA-MIPs possessed
self-cleaning ability under ultraviolet light due to the excellent
degradation ability of the ZnO/Ag, leading to recyclability.'**
Therefore, this technology can greatly improve the sensitivity
of the MIP-SERS sensors and broaden their application
fields.*'**

Additionally, with the extension of the SERS field, composite
metal NPs composed of two or more elements owning unique
properties have attracted great research interest. Based on this,
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researchers have further proposed the nanosubstrate of SERS
probes with bimetallic core—shell NPs and bimetallic alloy
NPs, mainly including Au@Ag NPs’>'**~"* with Au as the
core, Ag@Au NPs'*71% with Ag as the core, and Au—Ag
alloy NPs. 337136 Relying on these technologies, more and new
MIP-SERS sensors with composite metal NPs as SERS
substrates can be further developed, thereby achieving further
improvement in sensitivity.

Developing Controllable-Aggregation Detection Mode.
The controllable aggregation of the MIP-SERS sensors is an
effective way to increase the sensitivity of the sensors.” Lv et
al.”” synthesized MIPs@gold nanorod (GNR) composites by
using GNR as the reinforcing substrate, transferrin as the
template molecule, and dopamine as the functional monomer
(Figure 8B). SERS measurement was performed by using three
different methods: (1) formation of protein imprinted GNR
aggregates, (2) stacking of the protein imprinted GNRs on a
glass plate, and (3) self-assembly of protein imprinted GNRs
into close-packed arrays. The results showed that the
nanoaggregates had the highest degree of Raman enhance-
ment. This strategy deserves further study to precisely control
the formation of nanoaggregates and clarify the signal-
aggregation state relationship.

Enhancing the Reproducibility of MIP-SERS Sensors.
Reproducibility is another important factor to determine the
practical application performance of MIP-SERS sensors, which
is closely related to the reproducibility of the SERS

https://dx.doi.org/10.1021/acssensors.9b02039
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substrates.”” To date, the researchers have proposed two some physical techniques such as lithography have also been
methods to improve the SERS detection reproducibility, applied to prepare highly uniform SERS substrates. Large-area
namely, by introducing internal standard (IS) and by preparing ordered hexagonal-packed SINR@AuNP SERS substrates have
highly uniform SERS substrates. been successfully prepared by metal-assisted chemical etching
For example, core—shell nanosubstrates with embedded IS and lithography.Bg The substrate has controllable gaps and
reporters (4-mercaptopyridine) have been devised for reliable uniformly covered Au NPs with high sensitivity and
quantitative SERS analysis. The introduction of IS signal can reproducibility (RSDs = 3.9—-7.2%). In addition, high-
calibrate the fluctuation of analyte (1,4-phenylene diisocya- resolution electron-beam lithography has been employed to
nide) signals caused by changes of particle aggregation state prepare monodisperse gold nanoblocks with high reproduci-
and measurement conditions.>” Ashley et al.*” have used bility on glass substrates.'*’ Nowadays, the IS method®* and
acetic acid as an IS to achieve quantitative detection of lithography®*°® have been introduced into the construction of
clozacillin in pig serum. Relative standard deviations (RSDs) MIP-SERS sensors, but there is still a long way to go to solve
are in a range of 3.9—18.7%. The result proves that the method the problem of reproducibility of MIP-SERS sensors.
has good reproducibility. Another route is to prepare highly Expanding the Application of MIP-SERS Sensors. To
uniform SERS substrates from the aspect of optimizing date, research on MIP-SERS sensors is mainly at the stage of
microstructures, which have high-density array of noble structural design and proof-of-concept detection in the lab,
metal NPs on solid supports by block copolymer NP self- whereas practical applications are rarely mentioned. With the
assembly. Cho et al."** have fabricated a highly uniform array development and maturity of MIP-SERS sensors, application
of silver nanoclusters on a silicon wafer based on the reduction research should be put on the agenda. Considering the
of AgNO; in polystyrene-blockpoly(4-vinylpyridine) copoly- advantages of MIP-SERS sensors, such as miniaturization,
mer (PS-b-P4VP) micelles, followed by spin-coating and UV rapidity, high selectivity, and sensitivity, successful applications
irradiation. The result of measured Raman intensity was quite in many fields can be expected including in situ rapid detection
reproducible, less than 5% over 30 experimental runs. Besides, and biological detection in the microscopic scale.
612 https://dx.doi.org/10.1021/acssensors.9b02039
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In Situ Rapid Detection. It is an essential and urgent
requirement to carry out in situ rapid detection in many fields
such as environmental monitoring and food safety analysis.
MIP-SERS sensors combined with portable Raman instru-
ments can play an important role in this area. For instance, Xue
et al."*" prepared a MIP-ir-AuNPs sensor in conjunction with
the small portable Raman spectrometer (Figure 9A),
accomplishing the real-time detection of bisphenol A (BPA).
Cao et al.'** reported a MIP-SERS sensor for rapid detection
and quantification of bitertanol in cucumbers and peaches. It
should be noted that because of the relatively low detection
performance of the portable instruments, the detection
sensitivity and reproducibility are decreased.'*> Thus, this
application mode is more fit for an area not emphasizing
detection sensitivity like rapid screening.

Biological Detection in the Microscopic Scale. At the
current stage, MIP-SERS sensors are mainly used for
qualitative and quantitative detection of small molecules in
the environment and food analysis fields. With the continuous
development of society, micro area detection of analytes and
imaging in cells/tissues has aroused widespread attention in
the field of biomedical analysis. Therefore, we will elaborate on
the two aspects: micro area detection of analytes in cells/
tissues and cell/tissue imaging.

Nanoparticle-typed MIP-SERS sensors are applicable for
detection of living cell and tissues via coincubation; however,
the intracellular/microscale locations can hardly be controlled
due to the random diffusion after entering living cells or
tissues.'** Under this circumstance, researchers have devel-
oped a new application model to achieve the micro area
detection of cells/tissues: needle MIP-SERS sensors. The
sensor uses the noble metal coated needle as SERS substrates,
and then the MIPs layer is prepared on the surface to form
microprobe to specifically extract the analyte in living cells/
tissues. The key to implement this application mode is that the
needle has a very small volume, enabling precise positioning of
cells or subcellular and negligible damage to cells/
tissues. """ In addition, this application mode has high
spatial and temporal resolution compared with traditional
noble metal NPs.'*> So, this application mode has attracted
much attention from researchers.' **”'>! Based on PISA, Liu et
al. prepared a needle MIP-SERS sensor (the size is about 1
um) for detecting ALP and AFP contents in single cells in vivo
(Figure 9B).'* Target proteins can also be extended to other
kinds of protein biomarkers or molecules. For example, this
research group further applied the method to the detection of
glucose and fructose in plant tissues.””” Accordingly, this
sensor can be a versatile tool for a variety of important
applications, such as disease diagnosis, pharmacological
evaluation, and ecological analysis. If the needle MIP-SERS
sensors are used in conjunction with the portable Raman
spectrometer, real-time live detection will be achieved.
Moreover, researchers should further extend the application
model of MIP-SERS sensors to maximize the application
ranges of MIP-SERS sensors.

It is well-known that SERS probes have the advantages of
ultrahigh sensitivity, excellent light stability, multiplexing
labeling ability, and biocompatibility. Therefore, SERS probes
are often used as a noninvasive tool for cell/tissue imaging and
cancer detection.”'**7"*® Consequently, researchers have
attempted to apply MIP-SERS sensors to the field of cell/
tissue imaging by preparing MIP-SERS tags. Compared with
traditional SERS probes modified with antibodies as
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recognition units, MIP-SERS tags gain selectivity and with
better designability and structural stability. Also, compared
with laser scanning confocal microscopy, Raman spectroscopy
can use ultraviolet to near-infrared (NIR) li%ht as an excitation
source, offering a high spatial resolution.” Therefore, MIP-
SERS tags have great advantages in the field of cell/tissue
imaging.

On the basis of previous researches in the boronate-affinity
MIP-SERS sensors, Liu’s group'>* has prepared MIP-SERS
tags with sialic acid (SA) as a template (Figure 10A, B). When
the cells become cancerous, SA is overexpressed on the surface
of cancer cells. Therefore, the probe is able to distinguish
cancer cells/tissues. This is the first time that MIP-SERS tags
have been used to image cancer cells and tissues on normal
cells and tissues.">* In addition, the group has further proposed
multifunctional MIP-SERS tags for recognition and NIR
photothermal treatment of cancer. NIR laser irradiation on
the MIP-SERS tags induces the localized hyperthermia effect,
which could selectively inhibit/kill the cancer cells without
aﬁ”ectinsg the surrounding healthy cells and tissues (Figure
10C)."” This boronate-affinity based MIP-SERS method is
simple and easy to apply in a variety of biomarkers, indicating
promising perspectives for cancer screening and treatment.

B CONCLUSIONS AND REMARKS

As emerging optical probes, MIP-SERS sensors combine the
advantage of excellent binding selectivity from MIPs with
molecular recognition features and super detection sensitivity
from SERS with fingerprint recognition characteristics. With
elaborate structural designs on the interfaces between SERS
substrates and MIPs, sensors of many structure types have
been developed, which give full play to the properties of the
two materials. MIP-SERS sensors have exhibited excellent
detection performance toward various kinds of analytes in
complex aqueous media, and on this basis they have also been
successfully tested in some higher-level applications such as in
situ fast analysis and early cancer diagnosis/treatment. We
believe that MIP-SERS sensors will have better development in
the future by learning from the latest research results of MIPs
and SERS and by integrating more advanced sensing platforms
such as microfluidics,””'*> which will further improve the
detection quality and expand the application areas.

B AUTHOR INFORMATION

Corresponding Authors

Jinhua Li — CAS Key Laboratory of Coastal Environmental
Processes and Ecological Remediation, Research Center for
Coastal Environmental Engineering and Technology, Yantai
Institute of Coastal Zone Research and Center for Ocean Mega-
Science, Chinese Academy of Sciences, Yantai 264003, China;
Email: jhli@yic.ac.cn

Yunging Wang — CAS Key Laboratory of Coastal
Environmental Processes and Ecological Remediation, Research
Center for Coastal Environmental Engineering and Technology,
Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai 264003, China; Email: yqwang@yic.ac.cn

Lingxin Chen — CAS Key Laboratory of Coastal Environmental
Processes and Ecological Remediation, Research Center for
Coastal Environmental Engineering and Technology, Yantai
Institute of Coastal Zone Research, Chinese Academy of Sciences,
Yantai 264003, China; School of Pharmacy, Binzhou Medical
University, Yantai 264003, China; College of Chemistry and
Chemical Engineering, Qufu Normal University, Qufu 273168,

https://dx.doi.org/10.1021/acssensors.9b02039
ACS Sens. 2020, 5, 601-619


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinhua+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:jhli@yic.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunqing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:yqwang@yic.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingxin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02039?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

China;
yic.ac.cn

orcid.org/0000-0002-3764-3515; Email: Ixchen@

Authors

Xiaotong Guo — CAS Key Laboratory of Coastal Environmental
Processes and Ecological Remediation, Research Center for
Coastal Environmental Engineering and Technology, Yantai
Institute of Coastal Zone Research, Chinese Academy of Sciences,
Yantai 264003, China; University of Chinese Academy of
Sciences, Beijing 100049, China

Maryam Arabi — CAS Key Laboratory of Coastal
Environmental Processes and Ecological Remediation, Research
Center for Coastal Environmental Engineering and Technology,
Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai 264003, China; © orcid.org/0000-0002-
2028-9572

Xiaoyan Wang — CAS Key Laboratory of Coastal
Environmental Processes and Ecological Remediation, Research
Center for Coastal Environmental Engineering and Technology,
Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai 264003, China; School of Pharmacy, Binzhou
Medical University, Yantai 264003, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.9b02039

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Youth Innovation
Promotion Association CAS (2017256), the National Natural
Science Foundation of China (21876199, 21804010,
41776110, 81573393, 21976209), the Instrument Developing
Project of the Chinese Academy of Sciences (YZ201662), the
Science and Technology Development Plan of Shandong
Province of China (2019GSF108047), the Technical Innova-
tion Project of Instrument Function Development of the
Chinese Academy of Sciences, the Chinese Academy of
Sciences President’s International Fellowship Initiative
(2019PC0050), and the Taishan Scholar Project Special
Funding (ts20190962).

B VOCABULARY

MIP-SERS sensor, MIPs are used as specific sensing materials
in SERS sensor, or SERS spectroscopy technique is employed
for the measurement of vibrational characteristic signatures of
the adsorbed compounds in MIPs layers, in which the MIPs as
recognition elements can specifically bind target analytes and
as transduction elements can generate Raman output signals
for SERS detection; Electromagnetic enhancement, local
electric field enhancement due to surface plasmon resonance;
Chemical enhancement, the enhancement caused by the
adsorption characteristics of the substance molecules on the
metal substrate and the charge transfer between the molecules
and the substrate; Hot spot, high-intensity local electric field
existing in the interstices of noble metal nanoparticles;
Epitope, surface domains composed of three to six amino
acid residues of the macromolecule antigenic site; Boronate-
affinity, the molecular interactions of the reversible covalent
reaction between boronic acid ligands and cis-diol-containing
compounds
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