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1. Introduction

Fabrication of a surface molecularly imprinted
polymer membrane based on a single template and
its application in the separation and extraction of
phenytoin, phenobarbital and lamotriginet

Yan-lin Zhao,}? Yu-xin You,}® Yu-lang Chen,? Ying Zhang,? Yan Du®®
and Dao-quan Tang & *2°

An innovative molecularly imprinted polymer membrane (MIPM) was prepared with polyvinylidene
difluoride (PVDF) as the support, phenytoin (PHT) as the single template, methacrylic acid as the
functional monomer, ethylene glycol dimethacrylate as the cross-linking reagent, azobisisobutyronitrile
as the initiator, and acetonitrile—dimethylformamide (1:1.5, v/v) as the porogen. These materials were
characterized via scanning electron microscopy, Fourier transform infrared spectroscopy, Brunauer—
Emmett—Teller measurements and X-ray photoelectron spectroscopy. Their adsorption performances
were evaluated through a series of experiments including isothermal adsorption, kinetic adsorption,
selective adsorption, adsorption—desorption, reusability, and preparation reproducibility. Additionally, the
application was explored by investigating the extraction recovery of MIPMs towards PHT, phenobarbital
(PHB) and lamotrigine (LTG) in different matrices including methanol, normal saline (NS), phosphate
buffer solution (PBS) and plasma. The results showed that MIPMs with rough and porous surfaces were
successfully constructed, which offered good preparation reproducibility, reusability and selectivity. The
adsorption capacities of MIPMs towards PHT, PHB and LTG were 2.312, 2.485 and 2.303 mg g%,
respectively, while their corresponding imprinting factors were 8.538, 12.122 and 4.562, respectively. The
adsorption equilibrium of MIPMs was achieved within 20 min at room temperature without stirring or
ultrasonication. The extraction recoveries of MIPMs for PHT, PHB or LTG in methanol, NS and PBS were
more than 80% with an RSD% value of less than 3.64. In the case of plasma, the extraction recovery of
MIPMs for PHT and PHB was more than 80% with an RSD% value of less than 2.41, while that of MIPMs
for LTG was more than 65% with an RSD% value of less than 0.99. All the results indicated that the
preparation method for MIPMs was simple, stable, and reliable, and the prepared MIPMs possessed
excellent properties to meet the extraction application of PHT, PHB and LTG in different matrices.

headaches."* At present, pharmacological treatment with anti-
epileptic drugs (AEDs) is the primary choice for most patients

Epilepsy is a type of central nervous system disease character-
ized by sudden abnormal discharge of neurons and has become
the second most-common neurological disorder followed by
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with epilepsy. However, the inter-individual variability of drug
concentration in epileptic patients treated with AEDs may result
in inter-individual therapeutic efficacy and adverse/toxic
effects.® Thus, monitoring the blood concentration of AEDs is
commonly required to optimize their individual dose, improve
their therapeutic efficacy, and decrease their adverse and toxic
effects in the clinical management of patients with epilepsy.*
Phenytoin (PHT) and phenobarbital (PHB) are the first-
generation AEDs used in the treatment of epilepsy. However,
although they present obvious inter-individual variability,
narrow therapeutic scopes, nonlinear pharmacokinetics and
serious adverse effects, they are still widely used in the treat-
ment of focal, generalized and neonatal seizures owing to their
broad spectrum treatment range and low cost.>” Lamotrigine
(LTG) is another broad spectrum AED used for the treatment of
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focal and generalized seizures and is commonly the first choice
of drug in the treatment of multiple types of seizures or unde-
fined types of seizures.® As a second-generation AED, LTG has
overcome the disadvantages of first-generation AEDs. However,
serious side effects may occur during treatment with LTG
because of a large inter-individual variability influenced by
unpredictable pharmacokinetic interaction from drug-drug or
drug-food.>* Thus, monitoring the blood concentration of
PHT, PHB and LTG is important for their rational clinical
application.

Additionally, the potential threat to the ecological environ-
ment from organic micropollutants in environmental water
from pharmaceuticals has attracted comprehensive attention
and become a worldwide environmental concern."* Residue of
PHT, PHB or LTG in industrial or municipal wastewater may
enter the environmental water, and thus pose a threat to
ecological safety.””™* For example, Cardoso-Vera's group
demonstrated that an environmentally relevant concentration
of PHT may induce oxidative stress in zebrafish embryos and
brains of adult zebrafish, and increase the acetylcholinesterase
level in adult zebrafish, thus affecting the embryonic develop-
ment of zebrafish or triggering a harmful response in the brain
of adult zebrafish.">*® Another report showed that PHT and LTG
in treated wastewater may induce a stress response in tomato
plants.”” Unchanged forms of PHB excreted through the kidney
can contribute to aquatic contamination and potential damage
to human health and the environment.”**® Sérengard's study
indicated that LTG presented the highest risk quotient values
for Daphnia and fish.*® Goldstein et al. speculated that envi-
ronmental pH may produce ionized LTG, which may bind to the
negatively charged plant cell wall, and thus hinder its trans-
location in the plant.>* As mentioned above, the environmental
risk of PHT, PHB or LTG necessitates their monitoring and
improvement of environmental treatment and
management.

High-performance liquid chromatography (HPLC) coupled
with spectrometry has become an important technique for the
monitoring of PHT, PHB or LTG in environmental water, urine,
and plasma.”**** During this process, the extraction and
separation of PHT, PHB or LTG from matrices is the first and
key step. Recently, solid-phase extraction (SPE) based on
molecularly imprinted polymers has aroused comprehensive
attention from scientists in the fields of environmental and
biomedical analysis,***® which has been successfully applied in
the determination of PHT, PHB or LTG in environmental water,
urine, serum, and plasma.”** Compared with the traditional
SPE column, molecularly imprinted polymer membranes
(MIPMs) have received more extensive attention for the sepa-
ration and extraction of target compounds in biological samples
or environmental water, given that they simultaneously possess
the advantages of molecularly imprinting and membrane
technology, such as specific recognition, specific surface area,
and convenient operation.***® However, to the best of our
knowledge, MIPMs suitable for the targeted extraction and
separation of PHT, PHB, and/or LTG in different matrices have
not been reported to date.

water
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In the current study, based on surface imprinting and free
radical polymerization, a novel MIPM using PHT as the single
template and polyvinylidene difluoride (PVDF) membrane as
the support was successfully designed, optimized and prepared.
The usability of MIPMs was evaluated by combining MIPM
extraction and HPLC for the determination of PHT, PHB, and
LTG in different matrices such as methanol, normal saline (NS),
phosphate buffer solution (PBS), and plasma. The proposed
method showed an excellent adsorption performance for PHT,
PHB, and LTG, which may broaden the application of MIPMs in
different chemical separations. The research findings in this
study possess obvious scientific significance and present a great
potential in practical applications.

2. Materials and methods

2.1. Reagents and materials

PHB was a gift from Xuzhou Municipal Hospital (Xuzhou First
People’'s Hospital). The reference PHT (Batch No. C11997231),
oxcarbazepine (OXC, Batch No. C11956913), LTG (Batch No.
C14769829), and carbamazepine (CBZ, Batch No. C11880371)
were purchased from Macklin Biochemical Technology Co., Ltd.
(Shanghai China), while 2,2-diphenylglycine (DPG, Batch No.
H2206795) was provided by Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China), and their purities were guaranteed
to be more than 98% by the producers. Chromatographic grade
acetonitrile (ACN) and methanol were obtained from Thermo
Fisher Scientific (Waltham, MA, USA), while potassium dihy-
drogen phosphate (Batch No. A2114155, =99.9%) was
purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Analytical grade methacrylic acid (MAA,
Batch No. C10649624, =99.9%) and azobisisobutyronitrile
(AIBN, Batch No. B040239, =98.0%) were provided by Macklin
(Shanghai China) and Energy Chemical (Shanghai, China),
respectively, while ethylene glycol dimethacrylate (EGDMA,
Batch No. 12001232, =98.0%), 4-vinylbenzoic acid (VBA, Batch
No. G2017034, =97.0%), methyl methacrylate (MMA, Batch No.
12106692, =99.5%), trimethylolpropane trimethacrylate (TRIM,
Batch No. K1915182, =98.0%), methacrylamide (MAAm, Batch
No. C10686192, =98.0%), acrylamide (AM, Batch No. E2107071,
=99.9%), and N,N-dimethylformamide (DMF, Batch No.
C2118167, =99.9%) were purchased from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Analytical grade
methanol (Batch No. 20210810), ethanol (Batch No. 20220113)
and acetic acid (Batch No. 20210118) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai China).
Commercially available PVDF membrane was purchased from
Merk Co. Ltd. (Darmstadt, Germany), while Nylon 66 (NY-66),
polypropylene (PP), and polytetrafluoroethylene (PTFE)
membranes were obtained from Haining Zhongli Filtering
Equipment Factory (Haining, Zhejiang, China).

2.2. Fabrication of PHT-MIPMs

The process for the preparation of MIPMs is illustrated in Fig. 1.
In detail, PVDF membranes were firstly cut in a square shape
(2 em x 2 cm) and activated by immersion in methanol for 24 h,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram for the preparation of molecularly imprinted polymer membranes (MIPMs) toward phenytoin, phenobarbital, and
lamotrigine, and the chemical structures of compounds used in current study.

washing with distilled water 3 times, and then immersion in
0.05 mol L™" AIBN methanol solution for 10 min. The activated
PVDF membranes were dried at ambient temperature for future
use. The pre-polymerization solution was obtained by mixing
55.97 mg of PHT (0.2 mmol), 522 uL of MMA (6.0 mmol), and
2.5 mL of ACN-DMF (1:1.5, v/v) under ultrasonication for
10 min at room temperature. Then, 16.76 mg of AIBN (0.1
mmol), 809 uL of EGDMA (4.0 mmol), and the activated PVDF
membrane were placed in a pre-polymerization solution. The
mixture was reacted for 25 min at ambient temperature with
nitrogen, and then 24 h in 60 °C an oil bath. Finally, PHT-
MIPMs were obtained after drying at room temperature and
removing the template by washing with methanol-acetic acid
(9:1, v/v) and methanol in sequence. Similarly, non-imprinted
polymer membranes (NIPMs) were simultaneously prepared
using the same method as above without the addition of PHT.

2.3. Characterization of materials

The surface morphology, functional groups, surface areas and
elemental analysis of PVDF, MIPMs and NIPMs were charac-
terized by scanning electron microscopy (SEM) (QUANTA FEG
450, FEI, USA), Fourier transform infrared spectroscopy (FT-IR
360, Shimadzu, Japan), surface area analysis (ASAP2460,
Micromeritics, USA) using the Brunauer-Emmet-Teller (BET)
method, and X-ray photoelectron spectroscopy (XPS) (ESCALAB
250Xi, Thermo Fisher Scientific, USA), respectively.

2.4. Evaluation of the adsorption performance of the
materials

The adsorption performance of MIPMs or NIPMs was evaluated
by static adsorption, kinetic adsorption, selective adsorption,
adsorption-desorption, and reusability and reproducibility

© 2024 The Author(s). Published by the Royal Society of Chemistry

experiments. Analytes in residual solution or desorption solu-
tion were determined by HPLC-UV and the chromatographic
conditions are presented in the ESI.}

2.4.1. Static adsorption. MIPMs or NIPMs were placed in
5 mL methanol solution containing PHT, PHB or LTG at the
concentrations of 10, 20, 30, 40, 60, 80, 100, or 150 ug mL ™" for
2 h of static adsorption at ambient temperature, respectively.
Then, the residual solution was filtered with a 0.22 pm nylon
membrane and determined by HPLC-UV after MIPMs or NIPMs
were taken out. The adsorption capacity was calculated
according to eqn (1), and the isotherm adsorption models
including linearized Langmuir chemical adsorption, non-
linearized Freundlich physical adsorption, and Dubinin-
Radushkevich based on Polanyi's potential theory were fitted
according to eqn (2)—(4), as follows:***

(Co—C)V

0. = W — (1)

where Qc, Cy, C, V, and W are the adsorption capacity (mg g~ '),
initial solution concentration (ug mL™"), solution concentration
after adsorption equilibrium (ug mL™"), adsorption solution
volume (mL), and dry weight of MIPMs or NIPMs (mg),
respectively.

C. 1 N C.

Q. KOn On
where Q, is the maximum adsorption capacity (mg g~ ') and K is
the Langmuir model constant.

(2)

1
In Q. =In Kr + ;ln C. (3)

where Ky is the Freundlich model constant (mg g~ ) and 7 is the
adsorption intensity parameter.
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In Q. = In Oy — kage” (4)

where k,q (mol® J?) is the adsorption free energy activity coef-
ficient and ¢ is the Polanyi adsorption potential and calculated
by RTIn(1 + 1/C.), in which T is the absolute temperature and R
(8.314 J mol * K ) is the gas constant.

2.4.2. Kinetic adsorption. MIPMs or NIPMs were immersed
in 5 mL of 80 pg mL ™' PHT, PHB or LTG methanol solution and
statically placed at ambient temperature. The residual solution
was sampled at 2, 5, 10, 15, 20, 30, 40, 60, 90 or 120 min,
respectively, filtered using a 0.22 um nylon membrane, and
then determined by HPLC-UV. The adsorption capacity was
calculated using eqn (1) and the adsorption kinetics was fitted
by the pseudo-first-order rate and pseudo-second-order rate
using eqn (5) and (6), as follows:*

kit

In(Q. — Q)= In Q. — 3303 (5)

L — 1 + L (6)
Qr k2 Qez QC

where Q, (mg g~ ") is the adsorption capacity at adsorption time ¢
(min) and k; and k, are the corresponding pseudo-first-order

and pseudo-second-order adsorption rate constants,
respectively.
2.4.3. Adsorption selectivity. MIPMs or NIPMs were put in

5 mL methanol solution containing PHT, PHB, LTG, DPG, OXC
or CBZ at the concentration of 80 pg mL ™" for 2 h of standing
time at ambient temperature. The structures of these
compounds are presented in Fig. 1. Then, the residual solution
was sampled, filtered using a 2.2 pm nylon membrane, and then
determined by HPLC-UV. The adsorption capacity (Q.), distri-
bution coefficient (Kj), selection coefficient («), and relative
selectivity coefficient (§) were calculated using eqn (1), (7), (8)
and (9), respectively, as follows:*

K4 = QJC. (7)
o= Kd(template)/Kd(interferem) (8)
B = avipmsy XNIPMSs) 9)

2.4.4. Adsorption-desorption. MIPMs were placed in 5 mL
solution containing PHT, PHB or LTG at the concentration of 80
ug mL " for 20 min of static adsorption at ambient tempera-
ture. Subsequently, the adsorption-saturated MIPMs were taken
out and the concentration of residual solution was determined
to calculate their adsorption capacity (Q.). Then the MIPMs
were immersed in desorption reagent for 5, 10, 20, 30, 40, and
60 min at ambient temperature and the analytes in the
desorption reagent were quantified by HPLC-UV to calculate the
desorption capacity (Qq). The desorption rate (Qa/Q. x 100%)
was calculated and used as an index to evaluate the adsorption-
desorption of MIPMs for the optimization of the desorption
reagents.

2.4.5. Preparation reproducibility and reusability experi-
ments. 5 batches of PHT-MIPMs were prepared with 3 replicates
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under the optimum conditions and the adsorption-desorption
test was performed. The variation in the adsorption capacity of
MIPMs was employed to evaluate their preparation reproduc-
ibility. The reusability of MIPMs was assessed by the variation in
their adsorption capacity with 8 adsorption-desorption cycles.

2.5. Usability evaluation of MIPMs

In this part, PHT, PHB, or LTG reference solution at the
concentration of 3 levels was spiked in methanol, NS, PBS, and
rat blank plasma to simulate the practical chemical industry
samples, environmental water, urine, and plasma, respec-
tively.*>** Extraction experiments of the target analytes in
different matrices were carried out to investigate the practical
application of MIPMs. It was noted that in this study, the
plasma sample needed to be diluted by 4 times with PBS before
treatment with MIPMs; while the other matrices sample could
be treated with MIPMs directly. After static adsorption for
20 min, the eluent of MIPMs was determined by HPLC and the
extraction recovery of the target compounds was calculated to
appraise the usability. In addition, for plasma, the matrix
interference and extraction recovery of MIPMs towards the
target compounds were also evaluated by comparing with ACN
protein precipitation. Rat blank plasma and urine were a gift
from the Laboratory Animals of Xuzhou Medical University, and
all animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Xuzhou
Medical University and approved by the Animal Ethics
Committee of Xuzhou Medical University (No. 201902A031).

HPLC analysis of PHT, PHB, or LTG in this experiment was
carried out on a Waters Alliance HPLC system consisting of
Waters 2695 Separations Module connected to a Waters 2998
PDA Absorbance Detector. Sample separation was performed on
an Agilent Zorbax SB-C18 column (150 mm x 4.6 mm, 5 um)
kept at 35 °C. The mobile phase consisted of ACN (A) and
10 mM potassium dihydrogen phosphate water solution (B) at
the flow of 1.0 mL min~". The optimal gradient elution program
was set as follows: 0.0-1.0 min, 90% B; 1.0-1.5 min, 55-90% B;
1.5-7.5 min, 55% B; 7.5-8.0 min, 55-90% B; 8.0-10.0 min, 90%
B. The auto-sampler temperature was maintained at 4 °C and
the injection volume was 10 pL. The detection wavelength was
set at 210 nm.

3. Results and discussion

3.1. Preparation of PHT-MIPMs

To achieve MIPMs with the optimal adsorption performance,
some experimental parameters, such as type and amount of
supporting membrane, template, functional monomer,
crossing-linking agent and initiator, were optimized. These
factors playing critical roles in both the synthesis and adsorp-
tion capacity of MIPMs were optimized by a single factor
experiment. For the selection of a single template, given that the
chemical structure of PHB is similar to that of LTG, while the
chemical structure of PHT is different from that of PHB or LTG
(Fig. 1), this study observed the influence of PHT and LTG on
the absorption capacities of MIMPs. The detailed experimental

© 2024 The Author(s). Published by the Royal Society of Chemistry
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parameters are presented in Tables S1-S91 and the HPLC
conditions used to detect PHT in the residual solution are listed
in the ESL.}

According to the results presented in Fig. S1,f MIPMs
exhibited superior adsorption capacity when they were synthe-
sized using PVDF as the supporting membrane, 0.20 mmol PHT
as the template, MMA as the functional monomer, and EGDMA
as the cross-linking agent. The optimal molar ratio of template/
functional monomer/cross-linking agent was found to be 1:
30:20. Meanwhile, 0.10 mmol of AIBN served as the initiator
and 2.25 mL of ACN-DMF mixture (1: 1.5, v/v) was employed as
the porogen.

3.2. Characterization of materials

In our current study, MIPMs and NIPMs were characterized by
SEM, FT-IR, XPS, and BET. As shown in Fig. 2, compared with
PVDF with lots of irregular cavities, NIPM had a rough and
dense stack layer on its surface, which was associated with the
cross-linking of the molecularly imprinted polymer on the
membrane. After the templates were washed and removed,
a porous structure was presented on the surface of MIPM for the
identification of the target analytes.

The FT-IR spectrum of NIPM and MIPM, using the PVDF
membrane as the control, are presented in Fig. 3A. The
stretching vibration peaks for the functional groups C=0 at
approximately 1721 cm ™' and C=C at approximately 1659 cm "
can be attributed to MMA and EGDMA, suggesting the existence
of molecularly printed polymers grafted on the surface of PVDF
membrane. PVDF contains carbon (C), hydrogen (H) and fluo-
rine (F) elements, while PHT contains C, H, oxygen (O) and
nitrogen (N) elements. The XPS results presented the corre-
sponding information for the elements in present in PVDF and
PHT (Fig. 3B). On the one hand, the appearance of an O 1s
characteristic peak in NIPMs, MIPMs, and MIPMs with
template further clarified that the molecularly imprinted poly-
mers were successfully grafted to the surface of PVDF. On the
other hand, the characteristic peak of N 1s at the binding energy
408 eV was presented both in PHT-MIPMs with templates and
PHT but not in NIPMs and MIPMs, which indicated that the
templates were successfully removed from MIPMs by washing,
and NIPMs did not contain PHT. The surface area and porosity

were investigated by nitrogen adsorption-desorption

11 Standard ETD  5000x _ 10.00kV 8.0 80217 mm

10.00 kv
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isotherms, and the pore size distribution curves are presented
in Fig. 3C and D, respectively. MIPMs and NIPMs exhibited clear
type IV hysteresis loops and a relatively concentrated aperture
distribution, further identifying their porous structure, which
was mainly mesoporous. According to the BET data listed in
Table 1, MIPMs appeared to have bigger superficial area and
pore size than NIPMs, indicating that more cavities were formed
in MIPMs after the templates were washed out. The above-
mentioned results indicate that MIPMs were successfully
prepared and had a porous structure for analyte recognition.

3.3. Adsorption performance evaluation of MIPMs

The adsorption properties of MIPMs were evaluated through
isothermal adsorption, dynamic adsorption, selective adsorp-
tion and adsorption-desorption. HPLC-UV was used to deter-
mine the target compounds in the residual solution, and the
representative HPLC-UV chromatograms of PHT, PHB, LTG,
DPG, OXC and CBZ are shown in Fig. S2.1

3.3.1. Static and kinetic adsorption. The isothermal
adsorption curves, Langmuir chemical adsorption model, non-
linearized Freundlich physical adsorption model, and Dubinin-
Radushkevich model based on Polanyi's potential theory for
MIPMs and NIPMs towards PHT, PHB, and LTG are presented
in Fig. 4. The parameters of the Langmuir, Freundlich, and
Dubinin-Radushkevich models are listed in Table 2. As illus-
trated in Fig. 4A, E, and I, the adsorption capacities of MIPMs
towards PHT, PHB, and LTG increased with an increasing
concentration in the range of 10-60 ug mL ™", 10-80 ug mL™},
and 10-40 pug mL ™', respectively, and then flattened. The
maximum adsorption capacities of MIPMs towards PHT, PHB,
and LTG were 2.312, 2.485, and 2.303 mg g ', respectively. The
adsorption capacities of NIPMs towards PHT, PHB, and LTG
increased with an increasing concentration in the range of 10—
40 pug mL™"; however, the increased slopes were lower than that
of MIPMs. Moreover, the adsorption capacities of NIPMs
towards PHT, PHB, and LTG at the corresponding concentra-
tions were all much lower than that of MIPMs. As shown in
Fig. 4B-D, F-H, J-L, and Table 2, the R* values of PHT, PHB, and
LTG in the Langmuir model were 0.9945, 0.9857, and 0.9903,
respectively, which are higher than that in Freundlich or
Dubinin-Radushkevich models. The results indicate that the
Langmuir model well fitted the static adsorption of PHT, PHB,

s
+ ;,P“t.

e’

mag @ HY pot W
80 8.0867mm ETD 5000x  20.00kV 80 80007 mm

Fig. 2 Representative scanning electron microscopy images (A—C) of PVDF, non-molecularly imprinted polymer membranes (NIPMs), and

MIPMs.
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PVDF, NIPMs, PHT, PHT-MIPMs or PHT-MIPMs with a template.

Table 1 BET analysis of PVDF, NIPMs and MIPMs

Superficial Pore volume Pore size
Membrane area (m® g ") (em*>g ™) (nm)
NIPMs 0.9353 0.01591 8.11
MIPMs 3.006 0.01283 17.32

and LTG on MIPMs, which hinted that interactions may not
exist between the adsorbed molecules, the transmigration of
adsorbed molecules on the adsorption surface, and monolayer
adsorption occurred at the binding sites with homogeneous
energy levels. The dimensionless constant separation factor (Ry)
was used to further predict the characteristics and feasibility of
the Langmuir model. The formula for the calculation of Ry, is Ry,
= 1/(1 + bCy), where b is the Langmuir model constant (mL
ng ) and C, is the initial concentration (ug mL ). The results
showed that the R; values of PHT, PHB, and LTG were all
distributed on a scale of 0 to 1, suggesting that a favorable
process was present in the adsorption of PHT, PHB and LTG on
MIPMs.*?

The kinetic adsorption curves of MIPMs and NIPMs towards
PHT, PHB, and LTG are presented in Fig. 5A-C, and the results
showed that the adsorption capacities of MIPMs towards PHT,
PHB, and LTG increased with an increase in time before 5 min,
20 min, and 20 min, respectively, followed by tending to flatten

8358 | RSC Adv, 2024, 14, 8353-8365

out. The experimental equilibrium adsorption -capacities
(Qe(exp)) Of MIPMs were 2.588, 2.241, and 2.275 mg g ',
respectively. The adsorption capacities of NIPMs towards PHT,
PHB, and LTG increased with an increase in time before 20 min,
but were much lower than that of MIPMs. To explore the
potential adsorption mechanism, the non-linear approach of
pseudo-first-order and pseudo-second-order models was further
used to fit the original data, and the results are shown in
Fig. 5D-I and Table 3.**** The correlation coefficients of PHT,
PHB, and LTG from the pseudo-second-order kinetic models
were all more than 0.999, which were higher than that in the
pseudo-first-order kinetic model. The calculated equilibrium
adsorption capacities (Qe(ca)) of PHT, PHB, and LTG in the
pseudo-second-order kinetic models were 2.612, 2.355, and
2.333 mg g~ ', respectively, which were higher and closer to the
experimental adsorption capacities (Qe(exp)) than that in pseudo-
first-order kinetic models. Thus, these results suggest that the
adsorption process of the target compounds on MIPMs may
involve chemical interactions, and the adsorption rate may be
influenced by the movement of the target molecules within the
pores of MIPMs.

3.3.2. Adsorption selectivity. In this study, the structural
analogue DPG and clinically possible co-administrated medi-
cines including OXC and CBZ were used to investigate the
adsorption selectivity of MIPMs and NIPMs, and the selectivity
coefficients (a), relative selectivity coefficients (8), and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption isotherm curves of MIPMs and NIPMs for PHT (A), PHB (E) and LTG () (n = 3) and illustration of the isotherm data presented in
terms of the linearized Langmuir (B), (F) or (J), Freundlich (C), (G) or (K) and Dubinin—Radushkevich (D), (H) or (L) models. (B)-(D) represent the
models of PHT. (F)—(H) represent the models of PHB. (J)-(L) represent the models of LTG.

imprinting factor (IF) were used to evaluate the selective
performance of MIPMs or NIPMs towards PHT, PHB and
LTG.30 As shown in Fig. S3,f the adsorption capacities of
MIPMs towards the six compounds were found to be higher
than that of NIPMs. Moreover, MIPMs presented better
adsorption towards PHT, PHB, LTG, and DPG, but worse
adsorption towards OXC and CBZ, which can be attributed to
their similar structures. Consistent with the above-mentioned
findings, the results in Table 4 show that the adsorption
capacities of MIPMs towards PHT, PHB, LTG, DPG, OXC, and
CBZ were obviously much higher than that of NIPMs. The
selectivity adsorption coefficients («) revealed that the adsorp-
tion capacities of MIPMs towards PHT, PHB, and LTG were 1.4-,
1.6, 1.5-fold higher than that of DPG, 1.8-, 2.0-, 1.9-fold higher
than that of OXC, and 2.3-, 2.5-, 2.3-fold higher than that of CBZ,

respectively. In comparison, the adsorption capacities of NIPMs
towards PHT, PHB, and LTG were 1.5-, 1.2-, 2.9-fold higher than
that of DPG, 0.6-, 0.4-, 1.1-fold higher than that of OXC, and 0.6-,
0.4-, 1.1-fold higher than that of CBZ, respectively. These find-
ings indicate that MIPMs presented better adsorption for PHT,
PHB, and LTG and had significantly improved adsorption
selectivity compared to NIPMs. The relative selectivity adsorp-
tion coefficients (8) indicated that the selective adsorption
capabilities of MIPMs towards PHT or PHB against DPG were
similar to that of NIPMs, while the selective adsorption capa-
bility of MIPMs for PHT/OXC, PHB/OXC, LTG/OXC, PHT/CBZ,
PHB/CBZ, or LTG/CBZ was approximately 3.3-, 4.7-, 1.7-, 4.1,
5.9-, or 2.2-fold higher than that of NIPMs, respectively.

The IF value is another important parameter that charac-
terizes the specific recognition of MIPM, which was calculated

Table 2 Parameters of Langmuir, Freundlich and Dubinin—Radushkevich models for MIPMs towards PHT, PHB and LTG

Langmuir Freundlich Dubinin-Radushkevich
K
Analyte Om (mgg™) (mLpg) R n Ke(mgg') R Om(mgg™)  Ka(mol’j?) R
PHT 2.548 0.09135 0.9945 2.763 0.4837 0.7979 2.155 —0.000009 0.9626
PHB 2.943 0.05316 0.9857 2.150 0.3277 0.8590 2.212 —0.00001 0.9189
LTG 2.515 0.1107 0.9903 3.351 0.4370 0.7362 2.224 —0.000009 0.9393

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dynamic adsorption plots (A—C) (n = 3), pseudo-first-order (D—-F) and pseudo-second-order (G-I) kinetic models for the adsorption of

PHT, PHB or LTG by MIPMs.

by the ratio of adsorption capacity between MIPM and NIPM.
Interestingly, our results showed that the IF value of the
template PHT was not the highest but lower than that of PHB or
DPG (Table 4), which may result from that similar recognition
sites in the chemical structures of PHT, PHB and DPG, while the
molecular size of PHB or DBG was lower than that of PHT.
Moreover, the IF value of LTG was lower than that of PHT, PHB
or DPG, which may be related to the high electronegativity of Cl

in LTG, and thus result in LTG being easily adsorbed by NIPMs.
Although the IF value of DPG was higher than that of PHT or
LTG, the adsorption capacity (Q.) of MIPM toward DPG was
lower than that for PHT or LTG, and DPG was rarely presented
in the experiment, which hinted that the usability of MIPMs in
practical work may be reliable.

3.3.3. Optimization of adsorption-desorption. The eluent
type and volume and the desorption time affected the

Table 3 Kinetic constants for the adsorption of PHT, PHB and LTG on MIPMs

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Analyte Qe(exp] (mg gil) Qe(cal) (mg gil) kl RZ Qe(cal) (mg gil) k2 RZ

PHT 2.588 1.938 0.6149 0.9725 2.612 0.06302 0.9999
PHB 2.241 2.201 0.4256 0.9730 2.355 0.1857 0.9991
LTG 2.275 1.136 0.4896 0.9212 2.333 0.07896 0.9996
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PHT-MIPMs NIPMs

Analyte Qe (mg g’l) ®(DPG) ®(oxC) ®(CBZ) Q. (mg g’l) ®(DPG) ®(oxC) ®(cBZ) 16[DPG) 16(oxc) 16(CBZ) IF

PHT 2.230 1.435 1.832 2.262 0.261 1.512 0.5612 0.5527 0.9492 3.264 4.093 8.538
PHB 2.462 1.611 2.057 2.540 0.203 1.171 0.4348 0.4282 1.376 4.731 5.932 12.122
LTG 2.288 1.484 1.895 2.340 0.502 2.948 1.094 1.078 0.5035 1.732 2.171 4.562
DPG 1.645 — — — 0.174 —_ —_ —_ — — — 9.465
OXC 1.308 — — — 0.458 — — — — — — 2.857
CBZ 1.086 — — — 0.464 —_ —_ — — — — 2.342

desorption rates of PHT, PHB and LTG, which need to be
investigated and optimized. As shown in Fig. S4-S6,f the
desorption rates of PHT, PHB, and LTG adsorbed by MIPMs
were the highest when methanol was used as the eluent,
surpassing that of ACN, distilled water, and ethanol. Thus,
methanol was chosen as the final desorption reagent. The
desorption rate of PHT, PHB, and LTG reached the highest
when the desorption time was 20 min, and was not obviously
enhanced after 20 min. Thus, the desorption time was finally set
at 20 min. In the case of the eluent volume, there was no notable
difference in the desorption rate among different volumes of
desorption reagents (methanol). However, considering factors
such as environmental protection, safety and cost-effectiveness,
it is preferable to use the minimum amount of desorption
reagent. Therefore, the final desorption conditions of PHT, PHB
and LTG on MIPMs were set as follows: 1 mL of methanol and
desorption for 20 min.

3.3.4. Preparation reproducibility and reusability of
MIPMs. The preparation reproducibility of MIPMs in the
current study was investigated by evaluating the variation in
adsorption capacity from 5 batches of MIPMs with three repli-
cates. The results showed that the variation in adsorption
capacity for PHT from the same batch of MIPMs was not more
than 0.04%, while that of 5 batches of MIPMs was not greater
than 3.48% (Table S10t). These results indicate that the prep-
aration method of MIPMs in our current study is reproducible
and reliable, which may result from the fact that the prepara-
tion of the PVDF membrane in this study was simple.

Reusability is another important aspect of polymers.*® Thus,
in our current study, the adsorption capacity of PHT, PHB and
LTG on MIPMs was calculated after 8 adsorption-desorption
cycles. As depicted in Fig. S7,T the variation in the adsorption
capacity of PHT, PHB, and LTG on the same MIPMs was 13.88%,
13.92%, and 14.86% after 7 adsorption-resorption cycles,
respectively, which demonstrated that the prepared MIPMs
exhibited recyclability and could be utilized for at least 7 times.

3.4. Evaluation of application ability

To investigate the application of MIPMs for extracting PHT,
PHB, and/or LTG from real samples, simulated samples were
prepared and employed. The migration of the target molecules
or the binding sites on the surface of MIPMs may be affected by
endogenous macromolecular compounds found in biological
samples, such as proteins, phospholipids, and DNA. Thus, to

© 2024 The Author(s). Published by the Royal Society of Chemistry

minimize the impact of these compounds on the extraction
efficiency of MIPMs for the target compounds, in our study, we
diluted the plasma using PBS, which closely resembles the body
fluid of animals or humans. This was the first step in investi-
gating the effects of diluting plasma with PBS on the extraction
of the target compounds. As shown in Table S11,7 the extraction
recoveries of MIPMs for the 3 target analytes at a dilution ratio
of 4 were significantly higher than that at the dilution ratio of 2.
However, there was no obvious difference for extraction recov-
eries between the dilution ratio of 4 and 8. Therefore, PBS at
a dilution ratio of 4 was used to dilute plasma before extraction
using MIPMs.

The extraction recoveries of PHT, PHB and LTG from MIPMs
in different matrices are listed in Table 5. The results showed
that the extraction recoveries of MIPMs for PHT, PHB, or LTG in
methanol, NS, and PBS were all greater than 80% with an RSD%
value less than 3.64. The extraction recoveries of MIPMs for PHT
and PHB in plasma were more than 80% with the RSD% value of
less than 2.41 and that of MIPMs for LTG was more than 65%
with the RSD% value of less than 0.99. These results indicate
that MIPMs can be used to extract PHT, PHB, and LTG in
different real matrices, such as organic solution, environmental
water, urine, and plasma.

Moreover, the analytical performance of the prepared
MIPMs for the extraction of PHT and PHB from plasma was
compared to that of ACN protein precipitation from the aspects
of extraction recovery and anti-interferences of endogenous
compounds. As illustrated in Fig. S8, S9 and Table S12,1 the
extraction recovery of MIPMs for PHT was obviously higher than
that of ACN protein precipitation; however, the extraction
recoveries of both methods were all more than 80% with RSD%
less than 4.14%. For the extraction recovery of PHB, there was
no significant difference between both methods. Moreover,
MIPM treatment could obviously reduce the interferences from
endogenous compounds in the extraction of PHT and PHB
compared with ACN protein precipitation. Furthermore, the
proposed method was compared with some other available
methods based on MIPs or membrane extraction in the litera-
ture for PHT, PHB, and/or LTG.>*33%~>3 As shown in Table 6, the
extraction recovery of the current method for PHT in plasma
was similar with that in the works by Jia's group*® and Yar-
ipour's group® but higher than that in other methods.**** The
extraction recovery of the current work for PHT in aqueous
solution was obviously higher than that in the reference

RSC Adv, 2024, 14, 8353-8365 | 8361
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Table 5 Extraction recovery of MIPMs towards OXC, CBZ, MHD, and CBZE in different matrices (n = 5)°
Recovery (%)
Matrix
Methanol NS PBS Plasma
Nominal concentration
Analyte (ng mL™Y) Mean + SD RSD% Mean + SD RSD% Mean + SD RSD% Mean + SD RSD%
PHT 3.16 85.52 £ 1.46 1.71 85.68 £ 0.87 1.01 96.01 £+ 0.82 0.86 88.47 £ 2.13 2.41
12.63 87.25 £ 1.81 2.08 85.89 £ 1.04 1.22 95.99 £+ 1.31 1.37 87.38 £ 1.45 1.66
42.08 86.70 £ 1.96 2.26 84.09 £ 1.18 1.41 95.89 + 1.43 1.49 90.62 £ 0.76 0.84
PHB 2.95 83.56 £ 0.88 1.06 82.65 £ 2.19 2.65 91.87 £+ 3.34 3.64 82.67 £ 0.95 1.15
11.81 86.49 £ 2.74 3.17 82.38 £ 2.33 2.83 90.59 + 2.42 2.67 83.57 £ 1.37 1.64
39.37 85.64 £ 2.16 2.52 82.54 £ 0.99 1.20 92.84 £ 2.64 2.84 84.28 £ 1.03 1.22
LTG 6.36 80.15 £ 1.01 1.26 80.25 £ 0.59 0.74 83.98 £ 2.49 2.97 65.38 £ 0.65 0.99
25.44 81.22 + 2.33 2.87 80.43 £ 1.72 2.14 84.92 + 1.06 1.25 67.23 £ 0.42 0.62
63.60 84.11 £ 0.64 0.76 81.80 £ 0.38 0.47 84.93 £ 0.78 0.91 69.26 £+ 0.34 0.49

4 NS, normal saline; PBS, phosphate buffer solution.

methods.*”** In the case of PHB, the extraction recovery in the
current work for plasma was higher than that of the reported
methods,**** while the extraction recovery in current work for
aqueous solution was higher than that of MIPs or electro-

membrane extraction®®*>** but similar with that of MIP fiber
extraction,” which may result from the similar characters
between MIP fiber and MIPMs. In the case of LTG, the

Table 6 Comparison of the results with other methods for PHT, PHB, and LTG based on MIPs or membrane extraction®

extraction recovery of the employed method for plasma or
aqueous solution was lower than that of previous works based
on MIPs,**** which may result from the different templates
used to prepare the MIPs.

Analytical
Extraction method Analyte Matrix Extraction recovery method Ref.
MIPs extraction PHT Plasma 89.2-94.3% HPLC-UV 28
MIPs extraction PHT Wastewater, plasma, and urine 77.0%, 42.0%, and 43.0% HPLC-UV 47
MIPs extraction PHT Plasma 58.0-78.0% HPLC-UV 48
MIPs fiber extraction PHB Urine 94.3-98.5% HPLC-UV 29
MIPs extraction PHB Urine 81.0-86.0% HPLC-UV 49
MIPs extraction PHB Plasma 75.0% HPLC-UV 50
MMIPs extraction LTG Serum 76.6-79.0% HPLC-UV 30
MMIPs extraction LTG Urine 97.1-98.0% HPLC-UV 31
Plasma 96.6%-97.0
MIPs extraction LTG Serum 80.8-83.8% HPLC-UV 32
MIPs extraction LTG Serum 84.0-89.0% HPLC-UV 51
Electromembrane extraction PHT Plasma and urine 88.0-92.0% HPLC-UV 33
Electromembrane extraction PHT Water solution 42.2% HPLC-UV 52
PHB 33.0%
Electromembrane extraction PHT Plasma, saliva, and urine 20.6% HPLC-UV 53
PHB 11.7%
MIPMs extraction PHT Methanol 85.5-87.3% HPLC-UV This work
NS 84.1-85.9%
PBS 95.9-96.0%
Plasma 87.4-90.6%
PHB Methanol 83.6-86.5%
NS 82.4-82.7%
PBS 90.6-92.8%
Plasma 82.7-84.3%
LTG Methanol 80.2-84.1%
NS 80.3-81.8%
PBS 84.0-84.9%
Plasma 65.4-69.3%

¢ MIPs: molecularly imprinted polymers; MMIPs: magnetic molecularly imprinted polymers; MIPMs: molecularly imprinted polymer membranes.
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4. Conclusion

In the current study, an innovative MIPM was prepared with
PVDF as the support and PHT as the single template, which
could simultaneously be adapted to extract and separate PHT,
PHB and LTG in different matrices including methanol, NS, PBS
and plasma. This preparation method involved simple meth-
anol activation of the supporting membrane without compli-
cated chemical modification and one-step initiation
polymerization and grafting of the molecularly imprinted
polymer, and thus was simple, easy and rapid. According to the
series of characterization, MIPMs presented excellent adsorp-
tion performances, reproducibility, and reusability. The
maximum adsorption capacity of the MIPMs towards PHT, PHB
and LTG was 2.312, 2.485, and 2.303 mg g™, respectively, and
their adsorption behaviors followed the pseudo-second-order
kinetic equation. The prepared MIPMs exhibited extraction
recoveries of over 80% for PHT, PHB, and LTG in methanol, NS,
and PBS, as well as for PHT and PHB in plasma. In addition,
MIPM treatment could obviously decrease the interferences
from endogenous compounds in plasma. All the above-
mentioned results suggested that the synthesized MIPMs can
be used to extract PHT, PHB, and LTG in real organic solution,
environmental water and urine, and PHT and PHB in real
plasma. Taken together, our study successfully prepared new
MIPMs that offered alternative selectivity for the extraction of
PHT, PHB, and/or LTG in different matrices, which presented
promising potential for application in real organic solutions in
the chemical industry, environment water, urine and plasma.
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