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Abstract

Hydrophilic molecularly imprinted polymer for effective removal of pollutants
from environmental water has attracted much attention due to their high selectivity
and matrix compatibility. Herein, resorcinol and formaldehyde have been first
proposed as the hydrophilic monomers to form water-compatible molecularly
imprinted resin magnetic nanomaterials (Fe;O4-RF-MIPs) by adopting a two-step
template immobilization strategy of surface molecular imprinting technique. In the
synthesis process, carboxyl-modified Fe;O4 nanoparticles and sulindac were adopted
as carrier and template molecule, respectively. The physical and chemical properties,
preparation process, and adsorption conditions of Fe;04-RF-MIPs were investigated
in detail. Fe;04-RF-MIPs exhibit uniform morphology, high crystallinity, outstanding
magnetic property, fast binding kinetics, high adsorption capacity, satisfactory
selectivity, and excellent reusability. Meanwhile, combining with HPLC,
Fe;04,-RF-MIPs as solid phase extraction adsorbents have been successfully applied
to specifically enrich and detect sulindac in sewage water. Accordingly,
Fe;04-RF-MIPs with ordered and evenly distributed imprinted sites and excellent
dispersibility in water would be potential in the field of water environmental pollution

control.

Keywords: Hydrophilic molecularly imprinted polymers; Resorcinol-formaldehyde

resin; Sulindac; Magnetic separation
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1. Introduction

Pharmaceutical and Personal Care Products (PPCPs), as emerging pollutants, have
received increasing attention [1]. PPCPs include various types of antibiotics, synthetic
musk, antihypertensive drugs, hair dyes, and nonsteroidal anti-inflammatory drugs [2].
Sulindac (SLA), one of the nonsteroidal anti-inflammatory drugs, was approved for
use by the FDA in 1978 [3]. It has been used to treat various inflammations for more
than 30 years with annual sales of several hundred tons. A lot of expired or excreted
SLA in feces and urine are put into environmental water, which unfortunately return
to the human body through the ecosystem. If excessive SLA molecules are
accumulated in the human body, it is easy to cause abdominal pain, dizziness, and
nausea, even causing seriously causing heart failure, depression, organ failure, and
Steven-Johnson syndrome [4]. Thus, it is of prime importance to separate and detect
SLA in the environmental water.

At present, the detection methods for SLA include UV spectrophotometer [5],
capillary zone electrophoresis [6], HPLC [7], electrochemical [8], and
Ultra-performance liquid chromatography [9]. The above methods often need sample
pretreatment, and the common sample pretreatment methods include solid phase
extraction (SPE), accelerated solvent extraction, supercritical fluid extraction, and
liquid-liquid extraction [10-13]. Among them, SPE has gained widespread concern
due to the advantages of rapidity, simplicity, less use of organic solvents, and good
reproducibility. However, the traditional SPE adsorbents still need complex

centrifugation procedures and lack selectivity. Therefore, new SPE adsorbents with
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specific recognition ability for enrich of trace SLA are urgently required. Molecularly
imprinted polymers (MIPs) have tailor-made binding sites that match well with the
shapes, sizes, and functional groups of predetermined template molecules [14]. We
reason that MIPs might be ideal SPE adsorbents for sample pretreatment.

During the past decades, surface molecular imprinting technique is regarded as an
effective method to synthesize MIPs by virtue of having plenty of recognition sites on
the surface of carriers. Compared with MIPs synthesized by bulk polymerization,
more uniform and effective binding sites exist on the surface of solid carriers, which
makes template molecules easier to be eluted, speeds up the mass transfer rate, and
reduces template leakage [15]. Due to these superiorities, MIPs prepared by surface
molecular imprinting technique as SPE adsorbents have been widely used. Numerous
nano-structural materials (quantum dots [16], carbon nanotubes [17], SiO, [18] or
magnetic nanoparticles [19]) are used as solid carriers for surface imprinting of
PPCPs because of their special characteristics of high surface-to-volume ratio and
physical/chemical properties related to particle size. Thereinto, magnetic Fe;O4
nanoparticles have received particular attention owing to their good biocompatibility,
low toxicity, and superparamagnetism [20].

To date, most MIPs are synthesized by co-polymerization of hydrophobic
functional monomers and template molecules with a crosslinking agent in organic or
rich-organic solvents, and exhibit good adsorption performance in the corresponding
organic solvents [21-23]. However, when these MIPs are applied in aqueous matrices

such as food, medical, and environmental fields, they mostly fail to show high
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adsorption capacity and outstanding selectivity, which attributes to the incompatibility
of MIPs with aqueous solutions and interference caused by water molecules through
impairing the hydrogen bond forces between template molecules and imprinted sites
[24,25]. In addition, a great quantity of organic solvents required for the preparation
of MIPs is quite harmful to environment and human health. These two shortcomings
greatly limit the practical application of MIPs. Therefore, the development of
hydrophilic MIPs is necessary. In order to increase the hydrophilicity of MIPs,
adopting hydrophilic monomers to prepare MIPs is an effective solution. Zaidi et al.
[26] adopted dopamine as the functional monomer to prepare the hydrophilic MIPs
for efficiently extracting 6-thioguanine in samples of urine. Xu et al. [27] described a
kind of hydrophilic MIPs using 2-acrylamido-2-methylpropane sulfonic acid as the
functional monomer for selective adsorption of trace acrylamide in food samples. Zhu
et al. [28] utilized 1-allyl-3-vinylimidazole chloride and 2-hydroxyethyl methacrylate
as the functional monomers to synthesize the hydrophilic MIPs for selective
adsorption of ciprofloxacin in environmental water. Compared with the previous
hydrophobic MIPs for the above corresponding three targets [29-31], the adsorption
capacity and the imprinting factor of hydrophilic MIPs are increased by 2.3 to 3.4
times and 1.2 to 6.2 times, respectively. Up to now, only a few hydrophilic functional
monomers have been developed. Thus, it is still of great challenge to explore new
hydrophilic functional monomers for preparing MIPs with satisfactory molecular
recognition ability in water-based matrices.

Hydrophilic resins (e.g. resorcinol-formaldehyde resin, epoxy resin, acrylic resin,
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chitosan-glyoxal resin, styrene-maleic acid-functionalized resin, etc.) show excellent
potential for preparing water-compatible MIPs. Yuan et al. [32] prepared hydrophilic
protein-imprinted resin by using resorcinol and melamine as functional monomers for
selective adsorption of bovine serum albumin in the aqueous matrix. Monier et al. [33]
synthesized imprinted styrene-maleic acid-functionalized resin for enantioselective
extraction of R-amphetamine. They also fabricated chitosan/glutaraldehyde resin for
enantioselective separation of L-glutamic acid [34]. Cao et al. [35] developed
hydrophilic melamine-urea-formaldehyde monolithic resin for specific recognition of
plant growth regulators in water. These synthesized hydrophilic MIPs have specific
recognition ability and high enrichment efficiency in water. But, when directly used
as SPE adsorbents, they need to be ground, screened, and centrifuged, which is
time-consuming and complicated. In addition, the preparation processes using these
functional monomers [36-38] need to be added additional reagents as crosslinking
agents and heated to synthesize hydrophilic resins. To address these issues, we select
resorcinol and formaldehyde as the hydrophilic functional monomers combining with
magnetic Fe;O4 nanoparticles to prepare hydrophilic molecularly imprinted
resorcinol-formaldehyde resin magnetic nano-spheres with high adsorption property
and rapid separation efficiency. Resorcinol-formaldehyde resin has the advantages of
abundant hydrophilic groups, good compatibility with the matrix, and mild
preparation conditions. So far, to the best of our knowledge, there is no MIPs as SPE
adsorbents for specific isolation of SLA, let alone for water-compatible magnetic

MIPs for SLA.
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Herein, we first adopt resorcinol and formaldehyde as the hydrophilic monomers,
SLA as template molecule, and carboxyl modified Fe;O4 as carrier to form
water-compatible molecularly imprinted resin magnetic nanomaterials by adopting a
two-step template immobilization strategy. The two-step template immobilization
strategy means that the template molecules are first immobilized with the functional
groups on the surface of the carriers through covalent or non-covalent interaction, and
then the template molecules are secondly immobilized using imprinted layer [39].
MIPs prepared by a two-step template immobilization strategy have more ordered
imprinted sites and evenly distributed imprinted sites attached on the surface of
carriers [40] compared to MIPs prepared by the one pot method. As we expected, the
adsorption ability and selectivity of MIPs are improved by adopting a two-step
template immobilization strategy, and the dispersibility of as-prepared MIPs in water
is greatly improved because the resorcinol-formaldehyde resin imprinted layer
contains a lot of hydrophilic groups. The preparation conditions were optimized in
detail. Meanwhile, the characterization and binding capacities of synthesized MIPs
were investigated. Moreover, a method for selective recognition and determination of
SLA in environmental water samples was established by a combination of the
obtained MIPs as SPE sorbents and HPLC.

2. Experimental
2.1. Materials and reagents
Ferric chloride hexahydrate (FeCl;-6H,0), anhydrous sodium acetate (NaOAC),

sodium polyacrylate (PPAS), ethanol, acetonitrile, acetic acid, ethylene glycol (EG),
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diethylene glycol (DEG), and ammonium hydroxide (NH3-H,O, 25%) were purchased
from Xi'an Chemicals Ltd. Resorcinol (RSC), formaldehyde (FMD), sulindac (SLA),
indole (ID), indomethacin (NA), 3-indoleacetic acid (IAA), benzidamine
hydrochloride (BZD), estradiol (E2), and estrone (E1) were obtained from Shanghai
Aladdin Ltd. The highly purified water (18.25 M{Q/cm) was prepared with a WaterPro
water system (Axlwater Corporation, TY10AXLC1805-2, China) and used
throughout the experiments. All reagents are of at least analytical grade and used
without further treatment.
2.2. Preparation of Fe;0,-COOH

According to previous reports [40], the carboxyl-modified Fe;O, magnetic
nanomaterials (designed as Fe;O4,-COOH) were obtained by a one-step solvothermal
method. Firstly, the FeCl;-6H,0 (0.51 g), NaOAC (2.03 g), and PPAS (0.05 g) were
dispersed into the mixture of EG (7 mL) and DEG (15 mL). Then, the solution was
poured into high pressure reactors, sealed to heat at 200 °C. After reaction for 12 h,
the autoclave was cooled to room temperature. Subsequently, the products were
repeatedly washed with highly purified water and dried under vacuum at 40 °C to
constant weight. Finally, Fe;0,-COOH were obtained by grinding.
2.3. Preparation of Fe;0,RF-MIPs

The magnetic imprinted nanomaterials with resorcinol-formaldehyde resin and
Fe;04-COOH as the imprinted layer and carrier, respectively (designed as
Fe;04,-RF-MIPs) were synthesized by a two-step template immobilization strategy.

Firstly, 0.25 g of Fe;04-COOH were dispersed into 20.0 mL of highly purified water



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

in a 100 mL of three-necked bottle and the mixture was sonicated for 10 min. Then,
0.30 g of SLA and 2.0 mL of NH;3-H,O (25%) were added and stirred for 30 min.
Afterward, 0.10 g of RSC and 0.05 mL of FMD were added to the above mixed
solution, mechanically stirring for 6 h. Subsequently, the prepared nanomaterials were
cured for 10 hours and repeatedly washed with highly purified water. Finally, to
remove the template molecules SLA, the method of adopting ethanol-acetic acid (95:5,
v/v) as eluent and assisting shaking was used. 20.0 mL of eluent was replaced at
intervals of two hours until no adsorption was detected at about 286 nm by HPLC.
Through an external magnetic field, the obtained Fe;O4-RF-MIPs were separated
from the eluent and washed with highly purified water for six times, then dried under
vacuum at 40 °C. For contrast, non-imprinted magnetic nanomaterials (designed as
Fe;04-RF-NIPs) were synthesized by the same procedures without the presence of the
template molecules SLA. In order to embody the advantages of two-step template
immobilization strategy, Fe;04-RF-MIPs and Fe;O4-RF-NIPs were synthesized by the
one pot method with the same dosage and under the same conditions (Supporting
Information).
2.4. Characterization

Morphological characters of the products were observed by field transmission
electron microscope (TEM, jem-2100, Japan). Fourier transform infrared (FT-IR)
spectra in the region of 400-4000 cm™! were obtained by a Nicolet AVATAR 330
FT-IR spectrophotometer. The magnetic properties were analyzed at room

temperature via a vibrating sample magnetometer (VSM, MPMS-squid VSM-094).
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The identification of the crystalline phase was recorded with a Rigaku
D/max/2500v/pc X-ray diffractometer (Rigaku Co., Japan) with Cu Ka radiation. The
HPLC analyses were performed on a Hitachi HPLC system equipped with L-2130
pump, L-2400 detector, L-2300 column oven, and WondaSil C18 column (5 pm, 4.6
mm x 150 mm). The column temperature was 40 °C. The optimized mobile phase
was acetonitrile (0.05%)-acetic acid solution (70:30, v/v) delivered at a flow rate of
1.0 mL min’!, the injection volume was 10 pL, and the column effluent was
monitored at 286 nm.
2.5. Adsorption experiments and selectivity evaluation

In the kinetic and isothermal adsorption experiments, the adsorption procedure was
operated by adding 10.0 mg of Fe;04-RF-MIPs or Fe;O4-RF-NIPs into 10.0 mL of
SLA solution. The kinetic adsorption experiments were implemented by adjusting
absorption time from 0 to 30 min at regular intervals, while the concentration of SLA
was kept at 300 pg mL-l. Then the nanoparticles were separated by an external
magnetic field and the residual SLA in the supernatant was determined by HPLC. The
adsorption amounts (Q, mg g') of Fe;04-RF-MIPs or Fe;04-RF-NIPs to SLA were
calculated on the basis of Eq. (1). The kinetic data were used to fit the
Pseudo-second-order kinetic model based on Eq. (2).
0=(Co-CVIw (D
t1O=1/kQ*+t/Q.=1/Vy+t/Q. (2)

Where Cy and C. (ug mL™) respectively represent the initial and equilibrium

concentration of SLA. V' (mL) represents the volume of the SLA solution and W (g)
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is the mass of the nanoparticles. k; (g mg'min!) is the equilibrium rate constant of
pseudo-second-order equation. ¥, (mg g'min') is the initial adsorption rate. Q. is the
equilibrated adsorption capacity and Q is the adsorption capacity at the time of ¢ (min)
[41,42].

The isothermal adsorption experiments were carried out by using SLA solutions
with different initial concentrations in the range of 10-400 pg mL-' under the same
incubation time of 10 min. The process of separation and detection is the same as
kinetic adsorption. The Freundlich isothermal model was used to analyze the
adsorption process. It is defined as Eq. (3).

log O = mlog C. + log K¢ 3)

Where Kr (mg g') is the Freundlich constant. m is the Freundlich exponent,
expressing the system's heterogeneity [43].

The selectivity of Fe;04,-RF-MIPs was evaluated by selecting six compounds (ID,
NA, TAA, BZD, E2, and El) as the competitors. Accordingly, 10 mg of
Fe;04-RF-MIPs or Fe;04-RF-NIPs were added into 10.0 mL of solution containing
adsorbates at an initial concentration of 300 pg mL-' and shaken for 10 min. The
remaining steps were as the same to kinetic adsorption experiments.

The specific recognition ability of Fe;04,-RF-MIPs was evaluated by imprinting
factor (/F) and selectivity coefficient (SC), which were defined as Eqgs. (4) and (5).

IF = Omip / Onip (4)
SC=IF,/ IF, ©)

Where Omp and Onpp (mg g'!) are the adsorption capacities to SLA or competitors
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on Fe;04-RF-MIPs and Fe;04-RF-NIPs. [F; and IF, represent the imprinting factors
for SLA and its competitors [41,44].
2.6. Reproducibility and reusability of Fe;04RF-MIPs

To evaluate the reproducibility of Fe;04-RF-MIPs, 10.0 mg of six different batches
of nanomaterials prepared on different days were added to 10.0 mL of SLA solution
(300 ug mL-") and shaken for 10 min. Subsequently, Fe;0,-RF-MIPs were isolated by
an additional magnet. The concentration of SLA in the supernatant was detected by
HPLC.

Eight adsorption-desorption experiments of Fe;O4-RF-MIPs were performed
adopting the same batch of nanomaterials to evaluate the reusability. 10.0 mg of
Fe;04-RF-MIPs were added to 10.0 mL of SLA solution (300 ug mL!) and shaken
for 10 min. Subsequently, Fe;O4-RF-MIPs were isolated by an additional magnet. The
concentration of SLA in the supernatant was detected by HPLC. The adsorbed
nanomaterials were eluted with ethanol-HAc (95:5, v/v) for 6 h to ensure complete
removal of the residual SLA in the polymers. At last, Fe;04-RF-MIPs were dried in
the vacuum at 40 °C for 2 h and then reused in the succeeding adsorption-desorption
cycles.

2.7. Real sample analysis

To evaluate the adsorption ability of Fe;O4-RF-MIPs in practical application, the
discharged sewage samples were collected from the Ruixin Pharmaceutical Plant and
the Second Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China). The

discharged sewage samples were filtered by 0.22 pum membranes to remove the
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suspended materials. Specifically, 10.0 mg of Fe;O4-RF-MIPs were dispersed into
10.0 mL of SLA spiked sewage samples at three different levels (0.01, 0.05, and 0.5
ug mL1). The mixed solution was shaken for 10 min. Subsequently, the adsorbed
nanomaterials were washed by ethanol-HAc (95:5, v/v) for 6 h and the eluent was
collected and evaporated to dry under a stream of nitrogen. Then the residues of the
eluent were dissolved in 0.5 mL of acetonitrile. Finally, the standard, spiked, and
eluted samples were used for the HPLC analysis.
3. Results and discussion
3.1. Synthesis of Fe;0,RF-MIPs

The synthetic process of Fe;O4,-RF-MIPs was exhibited in Fig. 1. First,
Fe;0,-COOH were obtained by a one-step solvothermal method [40]. Then the
template molecules SLA were immobilized at the surface of Fe;0,-COOH through
multiple hydrogen bonding interactions between carboxyl groups of Fe;O4-COOH
and the hydroxyl group, thionyl group, and fluorine atom of SLA to form
Fe;0,-COOH-SLA complexes. Afterward, the resorcinol-formaldehyde resin
imprinted layer embedding SLA was synthesized and covered on the Fe;O4,-COOH by
adding RSC and FMD. Because a lot of hydroxyl and phenyl groups existed in
resorcinol-formaldehyde resin, SLA were further immobilized on Fe;O4,-COOH
through multiple hydrogen bonds and n-w interactions. In order to form more ordered
and evenly distributed imprinted sites, resorcinol-formaldehyde resin as a new kind of
hydrophilic imprinted layer was adopted to re-immobilize the template molecules.

Finally, the SLA molecules were eluted with ethanol-HAc (95:5, v/v) and the
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Fe;04-RF-MIPs with specific imprinted sites to SLA were obtained. The specific

adsorption capacity of Fe;04-RF-MIPs is mainly attributed to the shape and size of

the imprinted sites and specific noncovalent interactions (Supporting Information).

COOH
Hooc, | COOH
FeCly6H,0 EG, DEG SLA &
NaOAC HOOC | s COOH =3
PPAS solvothermal )
reaction
HOOC COOH
COOH ¢
RSC solidify remove ..
FMD rebind *

Fig. 1. The synthesis process of Fe;04-RF-MIPs.

In order to get good recognition ability and the best thickness of imprinted layer,

the ratio and amounts of RSC and FMD were optimized. As shown in Fig. 2A, the O

and /F display a growing trend with the ratio of RSC and FMD increasing. When the

ratio of RSC and FMD is increased to 1:2, the Q (36.0 mg g'') and IF (4.36) reach to

the maximum, which can be attributed to the fact that as the ratio of RSC and FMD

increases, the polymers of RSC and FMD change from monohydric phenol to

dihydric phenol to form linear resorcinol-formaldehyde resin. The linear

resorcinol-formaldehyde resin with more exposed hydroxyl groups can interact with
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SLA through multiple hydrogen bonds and n-m interactions. However, as the ratio of
RSC and FMD is higher than 1:2, the resorcinol-formaldehyde resin generates a lot of
ether bonds and plenty of hydroxyl sites are covered, reducing the binding sites of the
resin to the SLA template molecules [45].

We also investigate the amount of RSC while maintaining the ratio of RSC and
FMD at 1:2 (Fig. 2B). When RSC is less than 0.10 g, the adsorption capacity is
smaller. This result can be interpreted as the fact that the limited RSC and FMD are
not enough to provide recognition sites for all template molecules. When the amount
of RSC is 0.10 g, the maximum amount of adsorption is obtained. This reason can be
explained by the possibility that RSC and FMD are completely reacted, and form an
appropriate imprinted layer with sufficient recognition sites to bind to the template
molecules SLA. However, when the amount of RSC is more than 0.10 g, the
adsorption capacity decreases. Because excessive RSC and FMD are self-polymerized
and formed many resorcinol-formaldehyde resins floating in the reaction solution, so
that some resins are not coated on the surface of nanoparticles (Fig. S1). In addition,
this also causes reagent waste and post-processing difficulties. Therefore, the ratio of

1:2 of RSC and FMD and 0.10 g of RSC are adopted in our following experiments.
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321 3.2. Characterization of obtained nanomaterials

322 The TEM images of Fe;0,-COOH and Fe;04-RF-MIPs are displayed in Fig. 3.
323  Fe;04,-COOH in Fig. 3A have a spherical shape with a diameter of ~100 nm and
324  uniform particle size distribution. Fig. 3B exhibits obviously ~30 nm thick layer on
325 the Fe;04-COOH, demonstrating the successful imprinted process. Meanwhile, the

326 high resolution of TEM images with visible details have been presented in Fig. S2.
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Fig. 3. TEM images of Fe;04-COOH (A) and Fe;04-RF-MIPs (B).

Fig. 4 shows the measured FT-IR spectra of Fe;04,~-COOH and Fe;04-RF-MIPs.
The characteristic peaks of Fe-O are all observed at 578 cm! for Fe304-COOH and
Fe;04-RF-MIPs, indicating that magnetic nanoparticles are successfully synthesized.
The absorption peaks at 3420 cm!' and 1623 cm! are arisen from the stretching
vibrations of O-H and C=0 respectively [40]. It is manifested that Fe;O4,-COOH are
prepared by a one-pot solvothermal method. The peculiar four peaks at 1491, 1300,
961, and 725 cm™ are assigned to the stretching vibration of -CH,-, stretching
vibration of O-H, bending vibration of C-H, and benzene ring framework bending
vibration of C=C, suggesting that resorcinol-formaldehyde resin imprinted layer is
successfully formed and the obtained nanoparticles have a large number of
hydrophilic groups, which are beneficial to the dispersibility of Fe;O04,-RF-MIPs in
water. All these typical peaks reveal the successful formation of Fe;04,-RF-MIPs. The
XRD patterns of Fe;04,-COOH (Fig. S3a) and Fe;O4-RF-MIPs (Fig. S3b) indicate that
they both have a crystal form of Fe;04 [46], but the peaks of Fe;O4-RF-MIPs are
weaker than those of Fe;O,~-COOH, which also proves that the surface of

Fe;04-RF-MIPs are covered with the imprinted layer.
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Fig. 5 depicts the magnetic properties of the Fe;04,-COOH and Fe;04-RF-MIPs.
The S-like curves demonstrate that magnetization saturation values of Fe;O4,-COOH
and Fe;04-RF-MIPs are 79 and 56 emu g!. The reduction of magnetization saturation
value of about 30% also indactes that the resorcinol-formaldehyde resin imprinted
layer is successfully formed on the surface of Fe;O4,-COOH. Fe;04-RF-MIPs still
possess enough magnetism to meet the demand of rapid magnetic separation.
Meanwhile, the separation and redispersion processes of Fe;O4-RF-MIPs are
displayed in Fig. S4. The synthesized Fe;04-RF-MIPs can be readily dispersed in
solution and when an additional magnet is placed next to them, the magnetic
nanomaterials are strongly attracted to the place near the magnet. After the removal of

the magnet, the redispersion of Fe;04-RF-MIPs is achieved within three seconds.
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3.3. Adsorption kinetics

The adsorption kinetics of SLA onto Fe;O4-RF-MIPs and Fe;O4-RF-NIPs are
shown in Fig. 6A. The adsorption amount of Fe;O04-RF-MIPs increases rapidly in the
first 2 min which reveals that there are a lot of available recognition sites. Then, the
adsorption capacity reaches the equilibrium after 10 min, because the imprinted sites
are gradually filled by the SLA template molecules. Fig. 6B exhibits that the
experimental data for Fe;O4-RF-MIPs and Fe;O4-RF-NIPs are consistent with the
Pseudo-second-order model (R’ > 0.99). Table S1 exhibits the relevant kinetic
parameters and equations, and the values of Q. and &, are 37.04 g mg g!, 0.0384 g
mg' min!, and 826 mg g', 0.5428 g mg! min' for Fe;04-RF-MIPs and
Fe304-RF-NIPs, respectively. The ¥V of Fe;04-RF-MIPs (52.63 mg g™! min') is much
higher than that of Fe3;O4-RF-NIPs (37.04 mg g! min'), suggesting that the
adsorption of SLA by Fe;04-RF-MIPs is a fast process because of the high density of
recognition cavities at the surface of the Fe;O4,-RF-MIPs. In addition, the chemical

course can be considered as the rate-limiting step in the whole adsorption process
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[42].
3.4. Adsorption isotherms

The isothermal adsorption of Fe;O4-RF-MIPs and Fe;O4-RF-NIPs toward SLA are
presented in Fig. 6C. The adsorption capacities of two absorbents gradually increase
with the concentration of SLA increasing, and attain saturation when the
concentration of SLA is 300 ug mL-!. The adsorption capacity of Fe;04,-RF-MIPs is
much higher than that of Fe;04,-RF-NIPs at the same initial concentration. What is
more, equilibrium adsorption capacity of Fe;O4-RF-MIPs for SLA is calculated to be
36.0 mg g, which is 4.36 times more than that of Fe;04-RF-NIPs (8.25 mg g!)
because more specific adsorption sites exist on Fe;O4-RF-MIPs for the recognition of
SLA. In addition, the adsorption capacity (9.8 mg g') and IF (2.52) of
Fe;04-RF-MIPs prepared by the one pot method (Fig. S5) are lower than those
synthesized by the two-step template immobilization strategy, illustrating that the
two-step template immobilization strategy makes Fe;O4,-RF-MIPs having more

ordered and evenly distributed imprinted sites attached on the surface of carriers.



390 Further, as shown in Fig. 6D, the adsorption equilibrium data for both
391  Fe304-RF-MIPs and Fe;04-RF-NIPs are fit to Freundlich isotherms model (R? > 0.99).
392 Table S1 exhibits relevant isotherm parameters and equations. The results
393 demonstrate that the adsorption occurs on specific homogeneous sites and the
394  adsorption of SLA onto Fe;04-RF-MIPs could be a multilevel adsorption process
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396 Fig. 6. Adsorption kinetic (A) and isothermal (C) curves of Fe;04,-RF-MIPs and Fe;O4-RF-NIPs
397 for the SLA; Pseudo-second-order model (B) and Freundlich isotherms model (D) to evaluate the
398 kinetic and isothermal mechanism of Fe;O4-RF-MIPs and Fe;04-RF-NIPs.
399  3.5. Adsorption selectivity
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To evaluate the adsorption selectivity of Fe;O4-RF-MIPs and Fe;O04-RF-NIPs, two
structural analogs (NA and IAA) and four coexistences (ID, BZD, E2, and E1) are
chosen as competitors (Fig. S6). From Fig. 7, it can be seen that the adsorption
amount of SLA onto Fe;04-RF-MIPs is 36.0 mg g!, much higher than other
experimental adsorbates. Among these, the higher adsorption amounts for NA (26.55
mg g'!) and IAA (23.67 mg g!) are contributed to a partial structure similar to that of
SLA. Moreover, Fe;0,-RF-MIPs and Fe;O4-RF-NIPs both have low adsorption
amounts for ID (1.130 mg g!, 1.06 mg g'), BZD (1.540 mg g!, 1.36 mg g!), El
(0.510 mg g, 0.46 mg g'!), and E2 (0.620 mg g'!, 0.55 mg g'") because of lacking of
similar structures compared to NA and IAA. The specific recognition performance of
the Fe;04-RF-MIPs is further evaluated by /F and SC (Table 1). The /F value for SLA
(4.36) is larger than those of the reference compounds and the SC values are greater
than 1.26, suggesting that Fe;O04-RF-MIPs have high adsorption selectivity for SLA.

These results all reveal outstanding specific recognition ability of Fe;O4-RF-MIPs.
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Fig. 7. Adsorption selectivity of Fe;04-RF-MIPs and Fe;04-RF-NIPs.

Table 1 Selectivity adsorption parameters of Fe;O4-RF-MIPs and Fe;04-RF-NIPs.

Analytes Owmrp (mg g Onrp (mg g™) IF SC
SLA 36.00 8.25 4.36 -
NA 26.55 7.94 3.34 1.31
BZD 1.540 1.36 1.13 3.86
IAA 23.67 6.85 3.45 1.26

El 0.510 0.46 1.11 3.93
E2 0.620 0.55 1.12 3.89
ID 1.130 1.06 1.06 4.11

3.6. Reproducibility and reusability of Fe;04RF-MIPs

The reproducibility plays an important role for the utilization of materials. Based
on this, the reproducibility is estimated by six different batches of Fe;O4-RF-MIPs
prepared on different days. Five independent replicates of the adsorption for SLA are
measured for each batch. The average Q of the six batches of Fe;0,-RF-MIPs is 35.89
mg g'!, and the RSD are less than 6.4% (3.7%, 2.6%, 6.4%, 4.3%, 1.2%, and 5.3%)
(Table S2). The results exhibit that the reproducibility of the resultant materials is
satisfactory.

To investigate the service life of obtained adsorbent, the reusability of
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Fe;04-RF-MIPs is tested. The eluent of ethanol-HAc (95:5, v/v) is used to desorb the
SLA absorbed by Fe;O04-RF-MIPs. Through HPLC measurement, the adsorption and
desorption capacities of prepared nanomaterials are depicted in Fig. 8. With the
increase of the cycle times, the adsorption capacity of Fe;O4-RF-MIPs decreases
slightly, but the adsorption efficiency remains above 95% after the eighth recycling,
which is possible concluded that the selected eluent is able to effectively destroy the
noncovalent interaction between SLA template molecules and imprinted sites without
additional damage to the shape and size of the imprinted sites. (Supporting
Information). The results indicate that the reusability of Fe;O4-RF-MIPs is
satisfactory with reversible recognition, interaction, and adsorption processes and the
eluent is suitable for reusability procedure.
Fig. 8. Reusability of Fe;04-RF-MIPs.

3.7. Method evaluation and sewage sample analysis

We have established a method for the determination of SLA in sewage by using
Fe;04-RF-MIPs as SPE materials combined with HPLC. Table 2 shows the analytical
performance parameters of the developed method, including linear range, LOD, LOQ,
and precisions. The relatively high correlation coefficient (R?>0.9971) is obtained in
the range of 0.01-120 ug mL-! for SLA. The LOD (S/N = 3) and LOQ (S/N = 10) are
as low as 2.1 ng mL"! and 7.1 ng mL-!, respectively. The intra-day and inter-day
precisions are studied through extraction and determination of SLA in the spiked
sewage at three different levels (0.01, 0.05, and 0.5 ug mL-!). The results demonstrate

that the relative standard deviation (RSD) of intra-day precision is 1.6-3.8%, while



448  that of inter-day precision is 2.4-4.9%.

449  Table 2. The performance parameters of the proposed method. (n = 5)

Analyte Linearity range R? RSD (%) LOD LOQ
(ug mL-) intra-day inter-day (ng mL1) (ng mL1)
SLA 0.01-120 0.9971 1.6-3.8 2.4-49 2.1 7.1
450 To verify the accuracy of the established method, the sewage samples spiked with

451  three levels (0.01, 0.05, and 0.5 ug mL-") of SLA were analyzed by HPLC and each
452  concentration was measured five times. From Table 3, the recoveries of SLA in
453  sewage from a hospital and a pharmaceutical plant samples are ranged from 93.2% to
454  97.4%, and 94.6% to 98.6%, respectively. The RSDs are less than 5.2%. These results
455 reveal that the developed method is accurate, sensitive, and selective for
456  determination of SLA in sewage and the Fe;O04-RF-MIPs coupled with HPLC can
457 meet the need of selective isolation and determination of trace SLA in sewage.
458  Compared with previous methods [47,48] for detecting SLA by HPLC with traditional
459  SPE and photo-diode array detection, the established method has lower LODs and
460  higher recoveries in two different sewage samples (Table S3).

461 Table 3. Recoveries of Fe;04-RF-MIPs towards SLA for spiked sewage sample analysis. (n=5)

SLA

Sample 0.01 pg mL"! 0.05 pg mL"! 0.5 pg mL-!

Recovery(%) RSD(%) Recovery(%) RSD(%) Recovery(%) RSD(%)

hospital 93.2 52 95.3 4.7 97.4 32
pharmaceutical plant 94.6 4.9 96.6 4.2 98.6 2.8
462 Fig. 9 presents the chromatograms of the standard solution with SLA, the spiked

463  sewage samples, and eluent of adsorbed Fe;O4-RF-MIPs. As shown in Fig. 9A-b and

464  9B-b, the peak of SLA could not be observed and some other peaks in spiked sewage
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samples (0.05 ug mL"), suggesting that the sewage samples are complex matrices.
After absorbing and enriching of sewage samples, Fe;04,-RF-MIPs are eluted with
ethanol-HAc (95:5, v/v) and the eluents were detected (Fig. 9A-c and 9B-c). The peak
of SLA emerges distinctly at about 5.4 min with no interfering peaks, which is in
accordance with the retention time of standard SLA (Fig. 9A-a, 9B-a). The results
prove that Fe;O04,-RF-MIPs combining with HPLC can selectively and efficiently

absorb, enrich, and detect trace SLA in the sewage.
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472 Fig. 9. Chromatograms of wastewater samples from a hospital (A) and a pharmaceutical plant (B)
473 spiked samples with SLA at the concentration of 0.05 ug mL-! (b), eluent of adsorbed

474 Fe;04-RF-MIPs (c), and SLA standard solution (a).

475 4. Conclusion

476 In summary, a novel kind of hydrophilic imprinted magnetic nanomaterials was
477  fabricated for the specific recognition of SLA by adopting a two-step template
478  immobilization strategy of surface molecular imprinting technique. The resorcinol and

479  formaldehyde are first proposed as functional monomers to form hydrophilic
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imprinted layer, which is beneficial for the imprinting performances, in virtue of its
rich hydrophilic functional groups and good compatibility with the water matrix. The
resultant nanomaterials not only exhibit outstanding magnetic performance for rapid
separation, but also show the high adsorption capacity (36 mg g'!), satisfactory
selectivity (I[FF = 4.36, SC > 1.2) and excellent reusability. Meanwhile,
Fe;04,-RF-MIPs combined with HPLC are successfully applied in the specific
isolation and detection of SLA in sewage samples. It is proved that the established
method has good accuracy, precision, and sensitivity because of low LOD (2.1 ng
mL1) and LOQ (7.1 ng mL-), little RSDs (< 5.2%), and high recoveries (> 93.2%).
All these results indicate that Fe;O4-RF-MIPs, owning the strong specific binding
ability and outstanding dispersibility in sewage, have a promising future in selective

recognition and determination of SLA from environmental water.
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Highlights

A novel type of hydrophilic molecularly imprinted polymers was prepared.
Resorcinol-formaldehyde resin as hydrophilic imprinted layer was first proposed.
Two-step template immobilization and surface imprinting strategies were combined.
The imprinted nanomaterials have high adsorption capacity and good reusability.
Specific enrichment and detection of trace sulindac from sewage samples was

achieved.



