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KEYWORDS Abstract Combining molecular imprinting technology and quartz crystal microbalance (QCM),
Diethylstilbestrol; the diethylstilbestrol-molecularly imprinted polymers (DES-MIPs) were designed. The LC-
Quartz crystal microbalance; ®PBE/6-31G(d,p) method was chosen to predict the properties of DES-MIPs in this study. The cal-
Molecular imprinting culated results showed that the complex formed from DES and methacrylic acid with molar ratio of
polymers 1:5 and ethylene dimethacrylate as cross-linking agent had the largest amount of hydrogen bonds,

the lowest binding energy, and the optimal stability property. With the guidance of calculations, the
DES-MIPs were used to prepare QCM electrode by embedding method to construct the DES-
MIPs-QCM sensor. The experimental results displayed that the sensor had a high binding affinity
for DES when the DES-MIPs was 15 mg and the coating volume was 10 pL. The minimum detec-
tion limit of the sensor for DES was 2.63 ng/mL in the range of 50 to 350 ng/mL. The DES-MIPs-
QCM sensor exhibited high recognition capacity for DES compared to its structural analogs. The
sensor had been successfully used for the determination of DES in the actual water samples.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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accumulates in the body through the food chain and leads to an
increase in the rate of hermaphroditism, sex ratio disorders, and repro-
ductive organ mutations (Giusti et al., 1995; Jiang et al., 2016; Sweeney
et al., 2015), and also increases the risk of breast cancer, endometrial
cancer, and vaginal cancer in women (Huo et al., 2017; Troisi et al.,
2018; Troisi et al., 2019; Upson et al., 2015). The use of DES as a
growth promoter in livestock was prohibited early in the United States
and the European Union (Zhang et al., 2008). In China, the applica-
tions of DES and its esters in animal-derived food were also banned
in 2002 (Mi et al., 2019).

Currently, the main methods for analysis and detecting trace DES
of environment are high-performance liquid chromatography (He
et al., 2016), liquid chromatography-tandem mass spectrometry (Guo
et al., 2013; Hu et al., 2014), and pressurized capillary electrochro-
matography (Liu et al., 2005). However, the adsorption between tradi-
tional solid-phase extraction sorbent and the target is non-selective in
all the detection methods. Thus, the extractions of different analytes
and matrices required the selection of different sorbent packings.
Moreover, the elution conditions also should be strictly selected. The
long analysis period, high cost, and cumbersome steps limited the
widely use of the above assay methods. Therefore, it is especially
important to develop the assay methods with high selectivity, rapid
detection, and good stability to detect the DES contaminant residues
in water bodies.

The molecularly imprinted quartz crystal microbalance (QCM)
sensor is a sensitive detector which uses the piezoelectric effect of
quartz crystal to indirectly measure nanogram-level weight changes
on the electrode surface (Czanderna and Lu, 1984). This method is
widely used in many fields, including environmental monitoring
(Eddaif et al., 2020; Qi et al., 2021), food inspection (Chi and Liu,
2022), and drug analysis (Fuji et al., 2022), due to its benefits in terms
of simple operation, sensitive response, strong selectivity, stability, and
online detection. To obtain better selectivity, the molecularly
imprinted polymers (MIPs) with a defined arrangement of binding sites
are fixed on the crystal electrode surface of the QCM sensor (Fang
et al., 2016a, 2016b; Fang et al., 2017, Kong et al., 2014; Latif et al.,
2014). The MIPs are as the recognition component of electrode to con-
struct the molecularly imprinted QCM sensor. The mass-based molec-
ularly imprinted QCM sensors are based on the mass change, which is
caused by the adsorbed determinand on the surface of quartz crystal.
Thus, the bonding and recognition processes of the determinand on
the recognition part of MIPs are the keys to the analytical measure-
ment. In order to obtain the maximum response and minimum inter-
ference when the sensor detects DES pollutants with low
concentration in complex matrix environment, it is particularly impor-
tant to prepare DES-MIPs with higher selectivity and adsorption.
There are few literatures related to the screening of functional mono-
mers, imprinting ratios, and cross-linking agents for DES imprinting
systems combining theoretical and experimental studies. Moreover,
there is no research on DES-MIPs- QCM sensors. In recent years,
more and more researchers have used quantum chemical computa-
tional methods such as LC-oPBE (Nayyar et al., 2011) and M062X
(Liu et al., 2022) to simulate and design molecularly imprinted poly-
mers. Here, the functional monomer, imprinting ratio, and cross-
linking agent had been optimized by simulating the DES molecular
imprinting self-assembly system. Then, under the guidance of simu-
lated computational data, the DES-MIPs-QCM sensor using the
DES-MIPs modified quartz crystal electrodes had been constructed.
The detection performance of the sensor for ultra-low residual DES
in environmental water had also been investigated.

2. Materials and methods

2.1. Reagents and Instruments

DES, estrone (E1, standards), estriol (E3, standards), bisphe-
nol A (BPA, standards), and ethylene dimethacrylate (EDMA,

analytically pure) were purchased from Shanghai Aladdin
Reagent Co., Ltd. Methacrylic acid (MAA, analytically pure),
azobisisobutyronitrile (AIBN, analytically pure), acetonitrile
(analytically pure), methanol (analytically pure), acetic acid
(analytically pure), and tetrahydrofuran (analytically pure)
were purchased from Tianjin Guangfu Fine Chemical
Research Institute. Polyvinyl chloride (PVC, S-1000) was
acquired from the China Petrochemical Corporation, Qilu
Branch. The Quartz Crystal Microbalance Analyzer
(CHI400C) was purchased from Shanghai Chenhua Instru-
ments Co., Ltd. The Scanning Electron Microscope (JSM-
5600), JEOL Electronics Co., Japan. Constant temperature
water bath (HH-S) was purchased from Shanghai Boxun
Industrial Co. Vacuum drying oven (TDL-60B) was purchased
from Shanghai Anting Technology Instrument Factory.

2.2. Calculation method

All calculations were performed by using the Gaussian 09 pro-
gram version A.02 software (Frisch et al., 2009). With the 6-
31G(d,p) basis set, the geometric configuration of the template
molecule DES (Fig. 1) was optimized by M062X, B3LYP,
CAM, LC-oPBE, PBEIPBE, and ®B97XD, respectively
(Parr, 1983). The frequency calculations were performed at
the same level, and the default value is used for convergence.

The optimized calculation method was used to optimize the
molecular geometry configuration of four functional mono-
mers, namely, MAA, acrylamide (AM), 3-
aminophenylboronic acid (APBA), and o-phenylenediamine
(OPD), respectively. The imprinted binding sites of DES and
the four different monomers were first analyzed based on the
natural bonding orbital (NBO) charges and molecular electro-
static potential (MEP). Then all the isomeric structures of the
template-monomer complexes with varying ratios between
DES and the four functional monomers had been optimized
in order to determine the best functional monomer and the
optimal molar ratio. The binding energy (AE;) between DES
and functional monomer was calculated by equation (1), and
the basis set iterative addition error was corrected using the
counterpoise procedure (CP) method proposed by Boys and
Bornardi (Agababa et al., 2013).

AEl = Ecp - EDES - EEMonome (1)

Ecp (kJ/mol) is the total energy of the template-monomer
complex. Epgs (kJ/mol) is the energy of DES. > Eyvjonome (KJ/-
mol) is the sum of the functional monomer energies.

The binding energy (AE,) of MAA functional monomer
and crosslinker at a molar ratio of 1:1 is calculated as follows:

AE, = Ecp — Eniaa — Eca (2)

Ecp (kJ/mol) is the energy of complex (1:1) formed from MAA
and crosslinker. Eyjaa (kJ/mol) is the energy of MAA. Eca
(kJ/mol) is the energy of the crosslinker.

H21

The molecular structure of DES.

Fig. 1
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2.3. Preparation of DES-MIPs and NIPs

Based on the theoretical calculation results, DES-MIPs and
NIPs were prepared. 0.5 mmol DES was dissolved in 50 mL
acetonitrile solvent, and the corresponding functional mono-
mers were added according to the optimal imprinting ratio
between template and monomer. The pre-polymerization reac-
tion of template and monomer was performed after ultrasound
for 1 h. A certain amount of EDMA (reaction ratio between
monomer and cross-linking agent was 1:5) and 0.15 g AIBN
were added to the above sample solution with ultrasonic dis-
solving method. After deoxygenation, the mixed solution was
sealed and precipitated polymerized in the constant tempera-
ture water bath at 60 °C for 24 h. The color of solution chan-
ged from colorless to milky white during the reaction process.
After reaction finished, the solution was dried in the vacuum
drying oven at 40 °C to obtain DES-MIPs. The DES-MIPs
were extracted by soxhlet extraction using a methanol/acetic
acid solution (v/v, 9/1) for 48 h to completely remove template
molecules DES in the DES-MIPs. Then the methanol was used
to elute DES in the DES-MIPs for 24 h until the eluate was
neutral. The samples were dried again in the vacuum drying
oven to constant weight in order to obtain the MIPs without
template molecule DES. The preparation process of NIPs
was the same as that of MIPs, except no template was added.

2.4. Construction of DES-MIPs- QCM electrodes

The QCM sensor was mainly consisted by a detection cell, an
oscillator, a converter, a piezoelectric quartz crystal electrode,
and a computer system. The quartz crystal electrode is the key
section of the QCM sensor. It is used the DES-MIPs as the
identification component. DES molecularly imprinted QCM
electrodes were constructed by a certain amount DES-MIPs
(NIPs) and 10 mg PVC, which were placed in 10 mL of
tetrahydrofuran reagent. The fundamental frequency of piezo-
electric quartz crystal electrode for QCM sensor was 8 MHz,
and its diameter was 8 mm. After ultrasound for 60 min, the
mix-solution was dropwise added to the middle of the QCM
electrode in order to make the liquid evenly spread on the elec-
trode surface. The DES-MIPs (NIPs) modified molecularly
imprinted QCM electrodes were obtained after tetrahydrofu-
ran volatilized. The modified electrode was fixed in the detec-
tion cell. When the modified film of electrode surface
adsorbed DES substrate, the frequency of piezoelectric quartz
crystal substrate would change along with the change of elec-
trode mass. By detecting the frequency change of electrode
output signal, the quantitative detection of determinand can
be realized. The equations are as follow.

A =fi—1 3)

Af = =226 x 10°°/;Am/ A4 (4)

Af (Hz) is the value of the frequency change of the crystal sub-
strate. f; (Hz) is the response frequency after frequency stabi-
lization. f, (Hz) is the fundamental frequency of the crystal
substrate. Am (g) is the amount of binding of DES-MIPs
(NIPs) to DES. 4 (0.205 cm?) is the dial area of the crystal sur-
face of electrode.

After each test, the electrode was removed, and the modi-
fied film on the electrode surface was eluted with methanol-

acetic acid eluent (v/v,7:3) and double-distilled water. The
cleaning procedure was repeated more than 5 times. When
the response frequency is the reference frequency, it means that
the modified film has been eluted cleanly. That is to say, the
residues of DES in the actual samples should be nearly zero.
The electrode is dried under N, atmosphere and then stored
in a dry box for backup. The diagram of DES molecularly
imprinted QCM electrode construction was shown in Fig. 2.

2.5. Detection condition optimization of DES molecularly
imprinted QCM sensors

In order to obtain the maximum sensitivity of electrode for the
DES molecularly imprinted QCM when detecting the actual
water sample, the different additions (5, 7.5, 10, 12.5, 15,
17.5, and 20 mg) of DES-MIPs (NIPs) and coating amounts
(5, 10, 15, 20, and 25 pL) had been investigated, respectively.
According to the response frequency of the QCM sensor, the
optimal addition and coating amounts of DES-MIPs were
determined.

2.6. Study of DES selectivity

The response frequencies of DES, E3, E1, and BPA solutions
(200 ng/mL) were measured by using the sensor when E3, E1,
and BPA were selected as competing molecules (Fig. 3). All
measurements were repeated three times, the average values
were taken, and the selection factor («) was calculated.

o = AFDES/AFA (5)

AFpgs (Hz) is the value of the frequency change of the sensor
response to the template molecule DES. AF, (Hz) is the value
of the frequency change of the sensor response to competing
molecules E3, E1, and BPA.

2.7. Application of sensors in environmental sample detection

The water sample (5 L, Blue Lake of Jilin Agricultural Univer-
sity) was filtered and heat concentrated to 10 mL. The concen-
trated sample and 5 mL DES standard solution (50 and
200 ng/mL) were placed in a 30 mL centrifuge tube. After
ultrasound for 15 min, the mix-solution was left for 6 h. The
supernatant of mix-solution was filtered with a 0.22 um filter
tip. 20 pL determinand solution was added to the background
solution using a micropipettor, and the response values of
DES were recorded using the constructed QCM sensor.

3. Results and discussion

3.1. Selection of theoretical calculation methods

Table 1 lists the bond lengths and bond angle values of DES
optimized by the different methods (M062X, B3LYP, CAM,
LC-0PBE, PBEIPBE, and ©B97XD) with 6-31G(d,p) basis
set and corresponding experimental crystal data (Yearley
et al., 2008). As can be seen from Table 1, the geometrical
structure parameters of DES calculated by the six theoretical
calculation methods (M062X, B3LYP, CAM, LC-wPBE,
PBEIPBE, and ®B97XD) were very close to each other and
were within the error tolerance. The standard deviations of
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Fig. 2 The diagram of DES molecularly imprinted QCM
electrode construction.

bond lengths calculated by the six methods were 0.0003,
0.0004, 0.0012, 0.0003, 0.0005 and 0.0004 nm, and the stan-
dard deviations of bond angles were 1.2610, 1.2847, 1.2555,
1.2243, 1.3162 and 1.2626°, respectively. Compared with the
other five methods, the standard deviation values of the struc-
tural parameters calculated by the LC-oPBE method were the
smallest, indicating that the geometrical parameters calculated
under the LC-oPBE theory could be in good agreement with
the experimental values. Thus, the LC-oPBE/6-31G(d,p)
method was chosen to optimize the geometrical configuration
of DES, functional monomers, and their complexes in this
study. Moreover, the LC-oPBE/6-31G(d,p) method could also
give the satisfactory forecast results in the other studies
(Vydrov and Scuseria, 2006; Sarghein et al., 2022).

3.2. MEP and NBO analysis

In order to determine the bonding sites between DES and four
functional monomers (AM, APBA, MAA, and OPD), the
NBO charges and MEP were calculated. The active site of
action of molecule could be predicted by the NBO charges
of the atom. Moreover, the molecule could be a proton donor
(proton acceptor) when it owned positively charged (negatively

OH
CHy

OH

HO HO

(a)

charged). As can be seen from Fig. 4(a), the O atoms (O19,
020) in the phenolic hydroxyl groups of DES have more neg-
ative charges, which are both —0.695. The H atoms in the ben-
zene rings and phenolic hydroxyl groups of DES own the more
positively charges, which are +0.495 (H21, H22), +0.243
(H26, H28), and +0.261 (H23, H29), respectively. Among
them, 019, 020, H21, and H22 atoms on the phenolic hydro-
xyl group have larger absolute values of charge, and they are
the most important active sites of DES. Similarly, the main
active sites of AM (Fig. 4(b)) are O2 (—0.604) in the carbonyl
group and H4 (+0.429) and HS (+0.420) in the amine group.
The main active sites of APBA (Fig. 4(c)) are N11 (—0.865),
H12 (+0.405), and H13 (+0.406) on the amine group and
O15 (-0.901), O17 (—0.898), H16 (+0.494), and HI18
(+0.494) on the hydroxyl group. The main active sites of
MAA (Fig. 4(d)) are O6 (—0.601) on the carbonyl group and
H8 (+0.512) on the hydroxyl group. The main active sites of
OPD (Fig. 4(e)) are NIl (—0.888), N12 (—0.888), HI3
(+0.410), H14 (+0.405), H15 (+0.410), and H16 (+0.405)
on the amine group. As seen from Fig. 4, the electrostatic
potential in different regions of DES and the four monomer
molecules are shown by different colors. The red area indicates
the electron-rich region with electrophilic activity, i.e., the pos-
itively charged particles have strong interactions with it. The
blue area indicates the electron-deficient region with nucle-
ophilic activity, i.e., the negatively charged particles are easily
approached by it. It is clear that O atoms on the hydroxyl and
carbonyl groups and N atoms on the amine groups of the five
compounds are more electronegative and surrounded by a
higher density of electron clouds, making them vulnerable to
attack by electrophilic reagents. H atoms on the benzene ring,
hydroxyl group, and amine group have high electrostatic pos-
itive potentials and are easily attacked by nucleophilic

CH;z
H;C CH,

HO OH

(b) (©

Fig. 3 Molecular structures of E3 (a), El (b), and BPA (c).

Table 1 Structural parameters of DES calculated using M062X, B3LYP, CAM, LC-oPBE, PBEIPBE, and ®B97XD methods, and

corresponding experimental data (Exp.).

Species M062X B3LYP CAM LC-oPBE PBEIPBE ®B97XD Exp.

R (nm)

C2-C12 0.1397 0.1402 0.1395 0.1391 0.1410 0.1396 0.1389
C4-Co6 0.1388 0.1391 0.1396 0.1383 0.1397 0.1387 0.1391
C6-C8 0.1395 0.1399 0.1393 0.1391 0.1406 0.1395 0.1382
C8-C10 0.1394 0.1397 0.1391 0.1389 0.1405 0.1394 0.1380
C10-C12 0.1392 0.1395 0.1420 0.1388 0.1401 0.1392 0.1395
(%)

C2-C12-C10 121.31 121.48 121.42 121.40 121.50 121.33 120.86
C2-C4-C6 121.50 121.73 121.64 121.58 121.78 121.52 121.73
C4-C6-C8 119.67 119.76 119.72 119.74 119.78 119.74 119.23
C10-C8-020 122.74 122.87 122.76 122.71 122.97 122.82 121.97
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Fig. 4 MEP distributions and NBO charges of DES (a), AM (b), APBA (c), MAA (d), and OPD (e).

reagents. The results of MEP analysis were consistent with
those of NBO charges analysis.

3.3. Optimization of the functional monomer

The imprinted polymers have the special ability, which is
remembering the template molecule. It is because that the
imprinted pores of MIPs are spatially arranged in a regular
rule, and MIPs have special functional groups which could
interact with template molecule. Thus, the selection of func-
tional monomers for imprinting is crucial. In the synthesis of
MIPs, the largest the molar ratio between template molecules
and monomers is, the more favorable the recognition of the
imprinted pores with shape and spatial structure in MIPs.
The important factors affecting the pore shape and spatial
structure are the selection of the functional monomer and
molar ratio. The stable spatial configurations of complexes
formed from DES and four functional monomers (AM,
APBA, OPD, and MAA) were simulated at the LC-oPBE/6-
31G(d,p) level, respectively. In Fig. 5 and Table 2, the DES-
MAA stable complex had the largest molar ratio, the largest
amount of hydrogen bonds, and the lowest binding energy,
which means that the MAA could be expected to prepare
MIPs with higher adsorption, better selectivity, and more sta-
bility. In addition, from Fig. 5(d) and Table 2, one can find
that O19 and 020 in DES acted as electron donors to form

double hydrogen bonds with electron acceptors H60 (H72)
and H48 (H84) in MAA, respectively. The formation of these
double hydrogen bonds greatly increased the stability of the
prepolymer. In summary, DES and MAA formed a prepoly-
mer with the largest molar ratio (1:5), the highest amount of
binding bonds (9), and the highest stability. It could be
expected to synthesize DES-MIPs with the highest imprinting
efficiency.

3.4. Screening of the cross-linking agent

For the specified imprinted molecules, the imprinting efficiency
and recognition ability of MIPs are influenced not only by the
type of functional monomer and the imprinting ratio but also
by the type of cross-linking agent. To improve the imprinting
efficiency of MIPs to DES template molecules and the stability
of the imprinted polymer, the binding energy between the
selected crosslinker and MAA functional monomer should
be as low as possible, however, it should be higher than that
between DES and MAA functional monomer (Khan et al.,
2015). Fig. 6 shows the binding energies (AE,) between
MAA and DES and between MAA and two crosslinkers
(DVB and EDMA), respectively, with a molar ratio of 1:1.
As shown in Fig. 6, the binding energy (AE,) between MAA
and DVB (EDMA) was —13.67 (—29.70) kJ/mol, which were
both higher than that of DES-MAA complex with a molar
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Fig. 5
DES-OPD (1:4); (d) DES-MAA (1:5).

ratio of 1:1 (—41.08 kJ/mol). It indicated that both DVB and
EDMA can be selected as crosslinkers. Moreover, the AE,
value between EDMA and MAA was lower than that between
DVB and MAA, revealing that EDMA was more suitable as
the cross-linking agent for DES-MIPs.

3.5. The nature of the imprinting interaction between DES and
MAA

To investigate the nature of the interaction between DES and
MAA in the DES-MIPs system, the electron density topologi-
cal analysis of the complex formed from DES and MAA (1:1)
with the lowest binding energy was performed at the LC-

Models of complexes formed from template molecules and functional monomers: (a) DES-AM (1:4); (b) DES-APBA (1:4); (c)

®PBE/6-31G(d,p) level (Lu and Chen, 2012), and its molecular
diagram was shown in Fig. 7. Fig. 7 shows that 020 and H21
on the phenolic hydroxyl group in the DES molecule had bond
critical point (BCP) with H48 on the hydroxyl group and 046
on the carbonyl group in the MAA molecule, respectively. The
BCP connected the two atoms, O20 and H48 as well as H21
and 046, through two bond paths. Thus, the existence of bond
paths displayed that there was a bonding interaction between
the two atoms, 020 and H48 as well as H21 and O46.

The Atoms in Molecules (AIM) theory can study interac-
tions among many kinds of atoms, especially in hydrogen-
bonded systems. According to the AIM theory, the nature of
bonding in DES-MAA prepolymers (1:1) can be determined
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Table 2 Relevant parameters of the molecularly imprinted interaction system between DES and functional monomers.

Complexes Number of H-bond Action sites H-bond length (nm) AE; (kJ/mol)
C9-H29.--042 0.2450 —86.50
C7-019- - -H44 0.2038
DES-AM 6 0O19-H22- - -N73 0.2041
(1:4) C8-020- - -H54 0.2116
020-H21---052 0.1787
C8-020- - -H67 0.2398
DES-APBA 6 C8-020---H74 0.2057 —90.81
(1:4) C8-020- - -H76 0.2119
020-H21---091 0.1869
019-H22---0111 0.1885
C7-019- - -H56 0.2099
C7-019- - -H58 0.2052
DES-OPD 6 C8-020- - -H88 0.2217 —108.17
(1:4) 020-H21- - -N67 0.1814
C8-020- - -H71 0.2400
C7-019- - -H53 0.2419
019-H22- - -N52 0.1814
C7-019- - -H104 0.2223
DES-MAA 9 C10-H23- --046 0.2451 —146.62
(1:5) C8-020- - -H48 0.1867
C8-020- - -H84 0.1955
020-H21---082 0.1777
019-H22---0% 0.1706
C5-H28. --058 0.2399
C7-019- - -H60 0.1867
C7-019---H72 0.1883
C9-H29.--070 0.2320
-7 I DES-MAA(1:1) P4 ) -
60k ot RN MAA-CA ; ”{ 3 }(» H21 i
N ( %/a/\\ \ N s 020
50 e ) o ) cHy < 8
o 50 Hc \’r o k‘/ %—A 148 P
'IB [ ) cHy [ 4 L ¢
g 40+
P F HoC CH,
<4, I c o H
ol
ﬁ -20 Fig. 7 Molecular diagram of DES-MAA prepolymer (1:1).
-10-
I X \ N Ey values (—30.82 and —33.21 kJ/mol) were larger than
0 DES-MAA DVB EDMA —42 kJ/mol, respectively. Aforementioned calculated results

Fig. 6 AF, between DES and MAA (1:1) as well as MAA and
cross-linking agents.

by analyzing the Laplacian value (7>p(r)bep) and the energy
density of electrons (Ey) at BCP (Zhang et al., 2019). p
(t)bep value could directly reflect the type of chemical bond.
When Vzp(r)bCp is larger than 0, the corresponding chemical
bond is a hydrogen bond. The energy density of electrons
(Ey, Eq = 0.5 V(1)) could also indicate the nature of bonding.
In theory, the hydrogen bonding energy is larger than —42 kJ/-
mol. In Table 3, the vzp(r)bCID values at BCP of the two bonds
formed by the DES-MAA (1:1) prepolymer were 0.0919 and
0.0929 a.u., respectively. It satisfied the requirement of hydro-
gen bonds range for the formation of typical hydrogen bonds
proposed by Rozas et al (Rozas et al., 2000). In addition, their

indicated that the active sites of interaction between DES
and MAA are recognized through hydrogen bonding.

3.6. Preparation of DES-MIPs

According to the predicted results, the DES-MIPs and NIPs
microspheres were synthesized at 333 K, when EDMA was
the cross-linking agent, acetonitrile was the solvent, and the
imprinting ratio between DES and MAA was 1:5. The scan-
ning electron microscopy (SEM) was used to investigate the
microsphere morphology, particle size, and distribution range
of DES-MIPs and NIPs (Fig. 8). In Fig. 8, the microsphere
morphology of MIPs and NIPs were nearly circular in shape,
with a more homogeneous morphology and good dispersion.
The particle size of microspheres was analyzed using the Nano
Measurer 1.2 program (Wang et al., 2021), and the particle
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Table 3 vzp(r)bcp values and Epy values of DES-MAA
prepolymer (1:1) at the LC-oPBE/6-31G(d,p) level.

Molar ratios  Actions sites

1:1 C8-020- - -H48
C45-046- - -H21

Ey (kJ/mol)

—30.82
—33.21

vzp(r)bcp (a~u~)

0.0919
0.0929

diameter ranges of DES-MIPs and NIPs were 105-260 nm and
70-200 nm, respectively. It indicated the synthetic DES-MIPs
had internal pores matching with DES when polymerization
reaction was carried out. Thus, the internal pores made the
particle size of MIPs larger than that of NIPs.

3.7. Optimization of sensor detection conditions

In this study, the PVC embedding method was used to fix
DES-MIPs stably on the surface of QCM electrodes. Thus,
the amounts of DES-MIPs and PVC affected the number
and thickness of the imprinting binding sites of the modified
film, which in turn affected the sensitivity and response time
of the sensor detection. In Fig. 9, when the pH of the PB back-
ground solution was 7 and the coating amount was 5, 10, 15,
20, and 25 pL, respectively, the response frequency of the sen-
sor was increased and then decreased with the increase of the
DES-MIPs addition. According to the original measuring
curve (Fig. S1, Supporting Information), the response time
of the sensor was 24 min. When the amount of polymer addi-
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tion was 15 mg, the response frequency of sensor was the max-
imum and the sensitivity of detection was the highest. This
indicates that the excess DES-MIPs would overlap each other,
affecting the amount of selective adsorption at the imprinting
binding sites. As a result, it would lead to a decrease of
response for sensor. When the amount of polymer addition
was 15 mg and the coating volume was 5 pL, the imprinting
film would be relatively thin. Thus, the binding sites were fewer
and the sensor response was weaker. As the coating volume
increased, the number of imprinted polymer particles on the
modified film also increased, providing more binding sites
and increasing the response frequency. The sensor response
frequency reached a maximum when the coating volume
reached 10 pL, i.e., the adsorption of DES reached saturation.
However, when the coating volume was larger than 10 pL, the
imprinting film would be relatively thick and the DES-MIPs
on the film were densely distributed or even stacked, resulting
in the response frequency of the sensor decrease. Moreover,
the thick film would lead to the loss of resonance activity of
the crystal substrate. Therefore, when the amount of polymer
addition was 15 mg and the coating volume was 10 pL, the
response frequency of the sensor was the maximum and the
detection of DES was most sensitive.

3.8. Selective analysis of sensors

The response frequencies of sensor to DES-acetonitrile stan-
dard solution with different concentrations (50-350 ng/mL)
were investigated when the amount of polymer addition was
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Fig. 8 SEM of DES-MIPs (a) and NIPs (b) and particle size distributions of DES-MIPs (c) and NIPs (d).
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Frequency shift,AF(Hz)

Addition(mg)

Fig. 9 Frequency shifts of sensor at different amount additions
and coating volume of DES-MIPs.

15 mg, coating volume was 10 pL, and pH value of PB solution
was 7. Each experiment was repeated three times. The results
were shown in Fig. 10(a). The response frequency of sensor
increased as the concentration of DES standard solution
increased, and the response regression equation of DES-
MIPs modified sensor in this detection concentration range
was ¥ = —1.768X — 15.848 (R*> = 0.9987). According to
the equation, the limit of detection (LOD) was 3.36/S (S,
slope; o, residual standard deviation) and the LOD value of
the DES-MIPs-modified sensor was 2.63 ng/mL. The LOD
value obtained in this study was lower than that of the rapid
detection for DES by using the arrayed langasite crystal
microbalance (Liu et al., 2017). Moreover, the frequency shifts
of the DES-MIPs-modified sensor are much larger than those
of the NIPs-modified sensor (Fig. 10(a)).

E3, El, and BPA were selected as structural analogues of

mer particles on the modified film. In addition, the response
frequency of BPA was greater than that of E3 and El. It
may be because that BPA and DES were both phenolic com-
pounds and contained phenol. In contrast, the E1 contained
a cyclopentanone ring, which was different significantly from
the structure of DES. The selection factor («) values of the sen-
sors were 1.23, 1.47, and 5.47 for BPA, E3, and El, respec-
tively. It was shown that the sensor had a strong selectivity
for DES when DES coexisted with El in the substance to be
measured, and all these studies indicate that the DES molecu-
larly imprinted QCM sensor has a better selectivity for DES.

3.9. Application of sensors in the detection of environmental
water samples

According to the fitted linear equation, a certain amount of
DES solution was added to the water samples, and the
response values were detected using the DES-MIPs modified
QCM sensor for several cycles to investigate the feasibility
and detection rate of the sensor in water sample detection.
The results are shown in Table 4. In Table 4, the response fre-
quency value of sample solution was —364.29 Hz for the first
time and the corresponding concentration of DES was
197.08 ng/mL in the sample solution. Along with the number
of cycles increased, the response frequency of sensor to sample
solution decreased. The response frequency value of sample
solution was —340.21 Hz for the seventh detection, corre-
sponding to the concentration of DES was 183.46 ng/mL.

Table 4 Cycling performance of the sensor tested in the water
samples (200 ng/mL).

. X X X Times Response values  Concentrations Recovery rates
DES to investigate the response frequencies of DES and its (Hz) (ng/mL) (%)
structural analogues on sensors, which were constructed with
QCM clectrodes modified by DES-MIPs. As shown in ! e LU s
. . 2 —358.95 194.06 97.03
Fig. 10(b), the response frequencies of the QCM sensor to 3 35290 190.64 95.32
DES and its structural analogues (E3, E1, and BPA) were in 4 _348.27 188.02 94.01
the order of DES > BPA > E3 > El. The QCM sensor 5 _345.62 186.52 93.26
has the best selective recognition and the largest response fre- 6 —342.65 184.84 92.42
quency for DES, which is due to the fact that DES functional 7 —340.21 183.46 91.73
groups can interact with the binding sites in the holes of poly-
(@ ® 6
o —— DES-MIPs 100 ——pis| 5,
—«—NIPs s 50, —e— BPA| "':fzfi:’: 7
< -100 1 5::::;5;5??, .:23
= s00| AR U
= 14
600} 123 ik
_800 1 L 1 1 L 1 1 0 :333:’:‘"’5':':':53 ........... ‘::‘
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Concentration(ng/mL) Interferents

Fig. 10  Frequency shifts of the sensor for different concentrations of DES standard solution (a), the o values of the sensor for BPA, E3,
and El, insert was the respond frequency of sensor for BPA, E3, and E1 and DES (b).
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Compared to the original solution concentration (200 ng/mL),
the detection range was from 91.73% to 98.54%. It indicated
that using DES-MIPs modified QCM sensors to detect water
samples is feasible and has stable cycle utilization. However,
after seven cycles, the detection rate of QCM sensor was signif-
icantly reduced due to more or less damage to the internal pore
structure of the DES-MIPs on its surface during electrode
cleaning, thus, the error of the detection results will increase.
In addition, the response frequency value of actual sample
with low concentration of DES standard solution (50 ng/
mL) was explored. The recovery rates were between 89.96%
and 96.94% (Table S1, Supporting Information). It indicates
that the DES-MIPs modified QCM sensor could also be
applied to detect the samples with low concentration.

4. Conclusions

In this study, we investigated the interaction bonding sites, prepolymer
spatial configuration, and bonding parameters of DES and four func-
tional monomers using the LC-oPBE/6-31G(d,p) method. The nature
of prepolymer interactions and the selection of the best functional
monomer and crosslinker were also performed. The calculation results
showed that DES-MAA prepolymers interacted with each other
through hydrogen bonding. The optimized cross-linking agent was
EDMA and the optimized molar ratio between DES and MAA was
1:5 when the solvent was acetonitrile. According to the theoretical
results, the QCM sensor was constructed with DES-MIPs modified
electrode. The experimental results showed that the maximum
response frequency of sensor was obtained when the pH value of PB
background solution was 7, the amount of DES-MIPs addition was
15 mg, and the coating volume was 10 pL. The LOD value of sensor
was 2.63 ng/mL. The DES-MIPs-QCM sensor showed good selectivity
and recognition of DES among its analogues under optimal detection
conditions. In the simulation of real water samples, the recovery rates
of DES-MIPs-QCM sensor were ranged from 91.73% to 98.54% for 7
cycles (the concentration of DES standard solution was 200 ng/mL),
demonstrating the DES-MIPs-QCM sensor owned good stability and
reproducibility.
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