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Acteoside (ACT) belongs to a type of phenylethanoid glycosides (PhGs), and it is worthy of obtaining high-purity due to its significant medicinal functions. In this study, a novel class of MIMs was designed and synthesized with PVDF membranes as the base membrane for high selective separation and enrichment of ACT. The effects of the different functional monomers, the amounts of functional monomers, crosslinking agents, and initiators on the separation properties of MIMs were investigated. Furthermore, adsorption ability, permeation capacity, and reusability of MIMs were discussed for ACT. It indicated that MIM7 was the optimal performance of MIMs. The adsorption ability of MIM7 for ACT was 62.83 mg/g, and the selectivity factor (α) of MIM7 was up to 2.74 and its permeability factor (β) was greater than 2.66. Moreover, the adsorption amount of MIM7 was still more than 88.57% of the initial value after five cycles. As an ACT imprinted layer of MIMs only had recognition sites for ACT molecules, which recombined with the recognition sites in the membrane permeation experiment, ACT molecules penetration was hindered. However, the analogs of ECH successfully passed MIMs. It indicated that the selective MIMs for ACT followed the mechanism of delayed permeation. This work provides an important reference for the high permselective separation of natural products.
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INTRODUCTION

Phenylethanoid glycosides (PhGs) are the main active ingredients in Cistanche tubulosa (Wang et al., 2017; Yan et al., 2017), and the research have indicated that it has the functions of kidney-replenishing, anti-oxidation, anti-tumor, anti-aging, and improving memory (Wu C. J. et al., 2019; Xu et al., 2019a). Acteoside (ACT) and echinacoside (ECH) are the index composition of PhGs, and the structures of ACT and ECH are similar (Cui et al., 2016b; Morikawa et al., 2019; Wu C. J. et al., 2019). At present, the main separation and purification methods of PhGs are the chromatography, the membrane separation technique, and adsorption method (Han et al., 2012; Dong et al., 2015; Pei et al., 2019; Xu et al., 2019b). High-speed countercurrent chromatography has low yield and low efficiency. The disadvantages of adsorption methods are high solvent consumption and low yield. The advantages of membrane separation technology are high separation efficiency, low energy consumption, and strong applicability (Zhang et al., 2018; Hong et al., 2019; Ding et al., 2020; Sun et al., 2020). However, membrane separation technology has the problem of poor selectivity and low separation purity for natural products. Therefore, it was of great significance to improve the membrane selectivity.

Molecularly imprinted polymers (MIPs) are a kind of polymer with specific recognition and selective adsorption for specific target molecules (template molecules) and their structural analogs (Chen et al., 2016). MIPs are widely used in separation, drug delivery, catalysis, and sensing due to its specific recognition and selective adsorption functions (Yang et al., 2018). MIPs can make the target components of Chinese herbal medicine highly concentrated, almost free of impurities, and obtain high-purity products (Ma et al., 2019; Liang et al., 2020; Zhao et al., 2020a,b). However, molecularly imprinted polymers are easily lost during recovery and are not easy to industrialize (Huang et al., 2020; Li et al., 2020a,b; Zhang et al., 2020). Therefore, the development and design of a highly selective, durable, and recyclable separation membrane is called the research topic of separation of PhGs.

In recent years, studies have shown that the preparation of molecularly imprinted membranes (MIMs) by combining molecularly imprinted technology with membrane separation technology has made breakthroughs in molecular specific recognition, natural active substance separation, biomacromolecule separation, and chiral compound separation (Yoshikawa et al., 2016; Su et al., 2020). MIMs have the advantage of specific recognition of molecular imprints, the stability of membrane separation, and the advantage of reusability (Fu et al., 2019; Hassan et al., 2019; Yu et al., 2019). Today, chemical imprinting, surface modification, and physical blending are often used to prepare MIMs (Wu et al., 2018a; Gao et al., 2019; Lu et al., 2019; Wu Y. et al., 2019). However, the mechanical properties and stability of MIMs prepared by chemical grafting and physical blending methods are relatively low. Therefore, surface modification on the surface of commercial membranes is the most commonly used method for MIMs (Wu et al., 2018b; Zhao et al., 2018). The ultrafiltration membrane mainly includes a polyether sulfone membrane, a polyacrylonitrile membrane, a polyvinyl chloride membrane, and a polyvinylidene fluoride (PVDF) membrane. A PVDF membrane is a new and excellent membrane material with high mechanical strength, acid and alkali resistance, and good chemical stability (Cui et al., 2016a; Zhao et al., 2017). The glass transition temperature and melting point of PVDF membranes are −39 and 172°C, respectively. The thermal decomposition temperature of PVDF membranes is higher than 316°C. It indicated that PVDF membranes have a good thermal stability (Meng et al., 2016; Xia et al., 2019). The molecular linear structure of PVDF is relatively simple (-CH2CF2-), and the chemical bond energy of PVDF is high, and the bond energies of C-F, C-H, and C-C are 453, 414.5, and 347.5 kJ/mol, respectively. PVDF membrane exhibits excellent chemical stability (Chen et al., 2020). Thus, PVDF membranes are often used for biological and drug separation (Guo et al., 2019).

The main work of this study is to design and synthesize MIMs with high selectivity and high adsorption capacity for ACT. A series of different ACT-MIMs were synthesized by optimizing the types and amounts of functional monomers, crosslinking agents, and initiators. The surface characteristics and functional groups of the synthesized MIMs were characterized by SEM and FT-IR. The adsorption capacity and permeability of MIMs were evaluated by static binding experiments, and the binding selectivity of MIMs was studied. The enrichment and separation of ACT from the mixture of ACT and ECH by MIMs have achieved good results.



MATERIALS AND METHODS


Materials and Reagents

The echinacoside (ECH, ≥98%) was supplied by the Shanghai Li Ding Biotechnology Co., Ltd. The acteoside (ACT, ≥98%) was purchased from the Shanghai Li Ding Biotechnology Co., Ltd. (Shanghai, China). 4-vinylpyridine (4-VP, 98%) and methacrylic acid (MAA, 98%) were purchased from the Aladdin Reagent Co., Ltd. (Shanghai, China). Ethyleneglycol dimethacrylate (EGDMA, 98%) was supplied by the Qingdao Ruinasi Polymer Material Co., Ltd (Qingdao, China), azodiisobutyronitrile (AIBN, 98%) was purchased from the Aladdin Reagent Co., Ltd. (Shanghai, China). N, N-dimethylformamide (DMF, 99.5%) was purchased from the Aladdin Reagent Co., Ltd. (Shanghai, China). Acrylamide (AM, 99%) was purchased from the Beijing Dingguo Biological Technology Co., Ltd. (Beijing, China). Acetonitrile (ACN, ≥99.9%) was supplied by Sinopharm Chemical, Reagent (Shanghai, China), Methanol (≥99.9%), and acetic acid (≥99.9%) were purchased from the Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China). Ethanol (≥99.7%) was purchased from the Shanghai Shiyang Chemical Co., Ltd (Shanghai, China). Polyvinylidene fluoride membranes (PVDF membranes, 0.45 μm) were purchased from the RisingSun Membrane Technology Co., Ltd. (Beijing, China). Distilled water was supplied by the Smart-S15 system (Shanghai, China).



HPLC Conditions

The e2695 fluid system (waters, USA) was used for analytical determination of ACT and ECH. A Symmetry C18 column (250 × 4.6 mm, 5 μm, reversed phase) was used to detect and separate the e2695 fluid system. Acetonitrile (A) and acetic acid/water (1:44, v/v) (B) were used as the mobile phase to inject at a flow rate of 1 mL/min, and the detection time was 40 min. The detection temperature of the column oven was 30°C. The detection wavelength of the ultraviolet detector was 330 nm. All samples were analyzed by retention time and compared with the UV-Vis spectrum of the standard.



Characterization of Membranes

The surface morphology and microstructure of MIMs and NIMs were examined by SEM (ZEISS GeminiSEM 450, Carle Zeiss, Germany). The chemical structures of MIMs and NIMs were measured by the attenuation total reflection method using FT-IR (Nicolet iS50 FT-IR, Thermo Fisher Scientific, America). FT-IR scanning conditions: step size was 2 cm−1, and scanning range was 4,000–500 cm−1.



MIMs Preparation

According to Table 1, a series of MIMs (MIM1, MIM2, MIM12) were prepared by changing the type or quantity of functional monomers, crosslinkers, and initiators to explore the best preparation conditions. The preparation process was accomplished by in-situ polymerization with thermal initiation in a nitrogen atmosphere. The schematic diagram on the synthesis process of MIM is illustrated in Scheme 1. The whole preparation process is as follows:


Table 1. The preparation parameters of molecularly imprinted membrane.
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SCHEME 1. Schematic illustration of synthesis pathway of MIMs for selective separation of ACT.


Firstly, a PVDF microfiltration membrane was immersed in methanol and activated for 24 h. Then rinsed with distilled water for 3 to 4 times to remove surface contamination which allowed the PVDF membrane to expand moderately. Following that, the PVDF membrane was immersed in 0.05 mol/L mixed solution of AIBN and methanol for 10 min. After this, it was placed in the oven to dry at 40°C to drain the excess membrane solution.

Secondly, a mixed solution of acetonitrile and N, N-dimethylformamide was prepared at a volume ratio of 1:1.5, and 2.5 mL of the mixed solution was taken to dissolve 125.00 mg ACT and 210.00 mg 4-VP. Then, the mixture was prepolymerized at 25°C for 2 h.

Subsequently, 1.12 g EGDMA and 16.40 mg AIBN were added and completely dissolved in the prepolymerization solution. Then, the PVDF membrane was immersed into the resulting casting solution and reacted in a nitrogen atmosphere for 23 min.

Finally, the excess casting fluid was expelled from the membrane surface. The membrane was placed in an oil bath at 60°C under a nitrogen atmosphere and thermally initiated for 24 h to complete the polymerization.

The template molecule ACT in the imprinted layer of MIMs was eluted with a mixed solution of methanol and acetic acid with a volume ratio of 9:1 until there was no ACT in the eluent. Then, the acetic acid on the MIMs was removed with methanol to obtain MIMs with template molecules removed and stored in methanol. The difference between non-molecularly imprinted membranes (NIMs) and MIMs is that no template molecules were added during the synthesis.



Static Binding Experiments

The adsorption capacity of the membrane is an important indicator to evaluate the performance of the membrane. Therefore, it is necessary to analyze the adsorption capacity of the membrane through static binding experiments. In the isothermal adsorption experiment, a piece of MIMs or NIMs was immersed in 20 mL ACT solution of different concentrations (0.20, 0.40, 0.60, 0.80, and 1.00 mg/mL) and placed in constant temperature for adsorption (30°C, 24 h). In the adsorption kinetics experiment, a piece of MIMs or NIMs was immersed in 20 mL of ACT solution with an initial concentration of 0.5 mg/mL for adsorption (30°C, 24 h). Samples were taken at different time points (0.5 mL), and the concentration of ACT in the solution at different time points was determined by HPLC. The binding capacities of MIM7 and NIM7 were calculated according to the formula as follows (Fan et al., 2014; Yao et al., 2018):
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where Bt(mg/g) and Be (mg/g) represent the ACT adsorption amount at time t and equilibrium adsorption amount, respectively. Ct and Ce are the concentrations (mg/mL) at time t and equilibrium concentration, respectively. C0 is the initial ACT concentration; V is the volume (mL) of the solution; and m is the mass (g) of MIMs or NIMs.

In addition, in order to evaluate the selective adsorption performance of MIMs or NIMs, the prepared MIMs or NIMs were immersed in a mixture containing ACT and its structural analog ECH (the initial concentration of each substance was 0.5 mg/mL) for adsorption (30°C, 24 h). The selectivity factor (α) was determined as (Gao et al., 2019):

[image: image]

where BACT (mg/g) and BECH (mg/g) represent the equilibrium adsorption amount of MIMs or NIMs to ACT and ECH, respectively. CACT and CECHrepresent the equilibrium concentrations of MIMs or NIMs to ACT and ECH, respectively.



Membrane Permeation Measurement

Permeability selectivity is an important evaluation index for the selective separation performance of MIMs. In the osmosis experiment, a mixed solution consisting of ACT and ECH (0.5 mg/mL) was used to evaluate the relationship between osmotic selectivity and the change between them. In order to evaluate the selective recognition characteristics of MIM for ACT, a permeation experiment was carried out in an H-shaped permeation tank. The cross-section diameter of the opening of the H-shaped permeation tank was 1.5 cm. The membrane was installed on the connection port of the two permeation cells and the connection port was sealed (there is no pressure difference between them). The permeate side of the H-shaped permeation tank as the donor chamber received 50 mL of the initial concentration of 0.5 mg/mL of ACT/ECH. The other side of the H-shaped permeation tank as the acceptor chamber received an equal volume of water. The solution was stirred with magnetic force in the osmosis cells on both sides, and then samples were taken from the solution at a certain time point. The concentration of ACT and ECH in the solution was determined by HPLC. Permselectivity factor β, permeability coefficient P (cm2/s), and permeation flux J (mg/cm2·s) were calculated by the following equations (Wu et al., 2014, 2015):
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where A, d, and V represent the effective areas of the membrane (cm2), the thickness of membranes (cm), and the solution volume of donor or acceptor chamber (mL), respectively. ΔCX/Δt is the rate of change of the concentration of the solution in the acceptor chamber. (CFX-CRX) is the concentration difference of the solution on both sides of the osmosis cell. X is the target ACT or analog ECH. i and j are the target ACT and the analog ECH, respectively.




RESULTS AND DISCUSSION


Optimization of Synthesis Conditions

In order to explore the optimal synthesis conditions, the preparation conditions (type of functional monomer, amount of functional monomer, amount of crosslinking agent, and amount of initiator) were optimized and discussed. The effects of the type of functional monomer, amount of functional monomer, amount of crosslinking agent, and amount of initiator on rebinding the capacity of MIMs at 30°C are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Effects of the (A) type of functional monomer, (B) amount of functional monomer, (C) amount of crosslinking agent, and (D) amount of initiator on rebinding the capacity of MIMs at 30°C.


As shown in Figure 1A, MIMs prepared with different functional monomers showed different rebinding ability. The rebinding ability and selectivity of MIM1 prepared with 4-VP as the monomer were higher than those prepared with AM and MAA as the monomers. The rebinding ability of MIM1 prepared with 4-VP as the monomer to ACT and ECH were 29.11 mg/g and 13.93 mg/g, respectively. The selectivity factor of MIM1 was 1.95. The ACT molecule was an acidic imprinted molecule, and 4-VP as the basic functional monomer was selected, which was conducive to the formation of a stable host and guest complexes of the template molecule and functional monomer. However, AM and MAA were a neutral and acidic functional monomer respectively, which were not conducive to the formation of stable hydrogen bonds of the template molecule and functional monomer (Omran et al., 2019). Therefore, 4-VP as a functional monomer can facilitate MIMs recombination and selective separation of ACT.

As shown in Figure 1B, the amount of functional monomer plays a key role in selectivity of MIMs. When the amount of 4-VP was 6 mmol, the selectivity factor of MIM5 was 2.66, and the adsorption capacity of ACT and ECH were 42.19 mg/g and 19.92 mg/g (Figure 1B), respectively. As the amount of 4-VP was small, only a small fraction of ACT can bind to 4-VP. The excess ACT was in free state, which leads to the low amount of imprinted holes of ACT. Increasing the amount of the functional monomer 4-VP can make the preassembly between imprinted molecules and functional monomers more full. However, if the amount of 4-VP was too large, the self-association of 4-VP will occur, which will reduce the binding sites in the imprinted layer of MIMs (Mao et al., 2016).

As shown in Figures 1C,D, the amount of crosslinking agent and initiator will affect the selectivity and adsorption of MIMs. As the amount of crosslinking agent and initiator increases, the selectivity of MIMs will gradually decrease. This is because a high amount of crosslinking agent and initiator will lead to a high crosslinking degree of polymer in the MIMs imprinted layer, making the accessibility of imprinted sites worse. Thus, the selectivity of MIMs will be reduced.

Through the optimization and discussion of the type of functional monomer, the amount of functional monomer, the amount of crosslinking agent, and initiator, it can be concluded that the performance of MIM7 was the best. The optimal synthesized conditions of MIMs were synthesized by using ACT as the template molecule, 4-VP as the functional monomer, EGDMA as the crosslinking agent, AIBN as the initiator, and their ratio was 2:60:40:1. The selectivity factor of MIM7 was 2.74, and the adsorption capacity of ACT and ECH were 62.83 and 29.49 mg/g, respectively.



Characterizations of Membranes

The surface morphology and microstructure of MIM7, NIM7, and PVDF were shown in Figure 2. Figure 2A shows the surface of the MIM7 uniform distribution of the 2 μm imprinting holes. As shown in Figure 2B, the surface of the NIM7 is distributed with a few uneven holes. As shown in Figure 2C, the surface of the PVDF membrane has ~10 μm holes. Compared with the PVDF membrane, it can be seen that the pores on the surface of MIM7 and NIM7 are smaller. It indicated that the imprinted layer was successfully synthesized on the surface of the PVDF membrane.


[image: Figure 2]
FIGURE 2. SEM of (A) MIM7, (B) NIM7, and (C) PVDF.


Figure 3A is the FT-IR spectra of NIM7, MIM7-ACT, and MIM7. The peaks at around 1,637 and 1,456 cm−1 represented the bending vibrations of C = N and C = C from 4-VP, respectively. From the spectrum analysis, it is concluded that MIM7 and NIM7 had been successfully prepared. NIM7 and MIM7 had the same characteristic peak, it indicated that their chemical structures were similar. By comparing the spectra of MIM7 and MIM7-ACT, it can be found that MIM7-ACT had a new peak at 2,956 cm−1, which was due to the hydrogen bonding association between ACT and 4-VP on MIM7. It indicated that the template molecule ACT and MIM7 have been recombined through hydrogen bonding.


[image: Figure 3]
FIGURE 3. FT-IR spectra of (A) NIM7, MIM7-ACT, and MIM7, (B) MIM1, MIM2, and MIM3.


Figure 3B is the FT-IR spectra of MIM1, MIM2, and MIM3. The peaks at around 1,643 and 1,481 cm−1 can be attributed to the bending vibrations of C = N and the stretching vibrations of C = C from 4-VP, respectively. The peaks at around 1,643 and 1,718 cm−1 represented the tensile vibration of C = N and C = O from AM. The peak at 1,643 cm−1 corresponded to the tensile vibration of C = O from MAA. It suggested that 4-VP, AM, and MAA were successfully introduced into the MIMs.



Binding Analysis and Recognition Specificity of MIM7

In order to conduct a detailed evaluation of the recombination capability of MIM7, a system static adsorption experiment is required. Firstly, the isothermal adsorption experiments were carried out on MIM7 and NIM7, and analyzed through mathematical models. Secondly, the adsorption kinetics of MIM7 and NIM7 and their rate control components were studied.

Figure 4 shows the adsorption equilibrium data and Langmuir model of ACT on MIM7 and NIM7. The Langmuir adsorption isotherm constants for ACT on MIM7 and NIM7 have been listed in Table 2. It can be seen from Figure 4 that the rebinding ability of MIM7 and NIM7 to bind ACT molecules is closely related to the initial concentration of ACT molecules, and this recombination ability also increases as the initial concentration increases. Moreover, MIM7 has a higher rebinding ability to ACT than NIM7, this due to MIM7 having more imprinted holes and high affinity sites in the molecularly imprinted layer. In particular, when the initial concentration was 1.4 mg/mL, the rebinding ability of MIM7 was much higher than that of NIM7 (the recombination amount of MIM7 is 40.06 mg/g, and the recombination amount of NIM7 is 19.66 mg/g). In addition, the Langmuir isotherm adsorption model was established to fit the experimental data, the linear regression value (R2) was 0.9986, and the adsorption mechanism of MIM7 was further studied. It indicated that MIM7 rebinding sites were evenly distributed on the surface, while the adsorption to ACT was considered as monolayer adsorption.


[image: Figure 4]
FIGURE 4. Equilibrium data and Langmuir modeling for the adsorption of ACT onto MIM7 and NIM7.



Table 2. Langmuir adsorption isotherm constants for ACT onto the MIM7 and NIM7.
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Figure 5 shows the kinetic curves and fitting model of ACT onto MIM7 and NIM7. Table 3 shows kinetics constants for the pseudo-first-order and pseudo-second-order rate equations. The dynamic adsorption of MIM7 was performed in 0.50 mg/mL ACT solution. From the data trend in the Figure 5, it can be seen that the adsorption capacity of ACT by MIM7 increases rapidly from 0 to 240 min, and increases slowly from 240 to 420 min, but almost unchanged after 420 min. Therefore, the adsorption of MIM7 reached equilibrium at 420 min, and the equilibrium adsorption amount was 40.08 mg/g. From 0 to 240 min, the ACT solution has more free ACT molecules, and the imprint holes in MIM7 are not combined, so the hydrogen bonding speed of MIM7 and ACT is faster. Subsequently, as the amount of rebinding of MIM7 and ACT molecules increases, the recognition sites on MIM7 and the content of ACT in the solution were reduced, so that the recombination rate was reduced until the dynamic equilibrium was reached. In addition, the adsorption processes of MIM7 and NIM7 were fitted with kinetic models. It can be seen from the linear fitting results in Table 3 that the experimental data were consistent with the pseudo-second-order dynamic fitting data. The linear regression R2 of MIM7 and NIM7 were 0.9993 and 0.9983, respectively. The dynamic adsorption equilibrium data were basically consistent with the pseudo-second-order r kinetic fitting data, which shows that the chemical adsorption of MIM7 to ACT is dominant. Therefore, it indicated that this process of adsorption behavior may be hydrogen bonding.


[image: Figure 5]
FIGURE 5. Kinetic curves and fitting model of ACT onto MIM7 and NIM7.



Table 3. Kinetics constants for the pseudo-first-order and pseudo-second-order rate equations.
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Selective Transport and Separation Mechanism of MIM7

In order to gain a deeper understanding of the separation performance of MIM7 and NIM7, the permselectivity experiment was required. Permselectivity was measured at a constant temperature of 30°C, and the initial concentration of the permeate was 0.5 mg/mL. In the experiment, ACT and ECH were used as competing molecules to study the time-dependent penetration selectivity results of MIM7 and NIM7.

Figure 6 is the time-dependent permselectivity curves of two target molecules (ACT and ECH) through MIM7 and NIM7. As shown in Figure 6A, the concentration of the solution on the left and right sides of the MIM7 permeation pool reached 800 min to equilibrium, and the equilibrium concentration of ECH and ACT in the receiving pool were 0.092 and 0.035 mg/mL, respectively. As shown in Figure 6B, the concentration of the solution on the left and right sides of the NIM7 permeation pool reached 800 min to equilibrium, and the equilibrium concentration of ECH and ACT in the receiving pool were 0.092 and 0.035 mg/mL, respectively. The presence of ACT imprinted holes on MIM7 results in the reorganization of ACT and MIM7, which hinders the transfer of ACT molecules. However, there were no imprinted holes of ECH on MIM7, and ECH would not recombine during transmission. Therefore, ECH passed MIM7 more easily. In contrast, NIM7 had no imprinted holes of ACT and ECH, so ACT and ECH had almost the same penetration. It indicated that there was no imprinting site in NIM7. More importantly, the permselectivity and separation factors (βACT/ECH) data were mainly in Table 4, where the βACT/ECH values of MIM7 are all >2.66. This clearly showed that the excellent selective separation performance of MIM7 and the presence of specific recognition sites for ACT only.


[image: Figure 6]
FIGURE 6. Time-dependent permselectivity curves of various targets (ACT and ECH) through (A) MIM7 and (B) NIM7.



Table 4. Time-permeation results (800 min) of MIM7 and NIM7 for ACT and ECH.

[image: Table 4]

The existing permeation selectivity mechanisms of MIMs are mainly two different mechanisms for promoting penetration and delaying penetration (Wu et al., 2018b; Wu Y. et al., 2019). According to the above penetration experiment results, it can be seen that the ACT molecule has not passed MIM7, and the ECH has passed smoothly. This indicates that delayed penetration plays a dominant role in the selective separation of MIM7. The separation efficiency of ACT mainly depends on the imprint holes of MIM7. In other words, this is because the presence of holes imprinted on the surface of MIM7 makes ACT molecules recombine with MIM7, while in ECH this does not occur (Wang et al., 2015). Therefore, ECH will directly pass through MIM7 during the recombining process.



Regeneration and Stability of MIM7

It is well-known that the circularity and stability of MIMs are a very critical and important property. Therefore, the adsorption stability and regeneration performance of MIM7 were studied by the adsorption/desorption cycle experiment of MIM7. As shown in Figure 7, the initial adsorption capacity of MIM7 was 62.83 mg/g, and the adsorption capacity gradually decreased as the number of cycles increased. When the fifth cycle was reached, the adsorption capacity of MIM7 was 55.65 mg/g, and it was 88.57% of the maximal adsorption amount. It indicated that MIMs based on PVDF had a good stability.


[image: Figure 7]
FIGURE 7. Adsorption-desorption cycles of MIM7 for ACT adsorption.





CONCLUSIONS

In summary, a kind of ACT-MIMs based on a PVDF membrane was developed for the selective separation of ACT. The optimal MIMs were prepared by investigating the types of functional monomers, the amounts of functional monomers, the amounts of crosslinking agent, and the amounts of initiator. The optimal synthesized conditions of MIMs were prepared by using ACT as a template molecule, 4-VP as a functional monomer, EGDMA as a crosslinking agent, and AIBN as initiator, and their molecular ratio was 2:60:40:1. The separation performance of MIM7 was evaluated by an adsorption and permeation test. The MIM7 prepared under optimal preparation conditions showed excellent performance. The selectivity factor was 2.74 and the permeability coefficient exceeded 2.66. According to the phenomenon of penetration experiment and data analysis, the permeation mechanism of MIMs delayed permeation. It indicated that the MIMs have high recognition rate and good stability. This work has a significant guidance role for the separation of ACT and its structural analogs, and MIMs exhibited a potential application in the separation of natural products.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



AUTHOR CONTRIBUTIONS

XZ carried out the experiments and wrote the manuscript. YC, HX, and YH assisted in the collection of experimental data. YL contributed to the study design. XL contributed to the study design, manuscript revision, and final version. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation for Young Scientists of China (grant number 21706166); Program for Young and Middle-aged Scientific and Technological Innovation Leaders in Bingtuan (grant number 2019CB024); the Program for Young Innovative Talents of Shihezi University (grant number CXRC201802 and CXRC201704); the Major Science and Technology Project of Xinjiang Bingtuan (grant number 2017AA007/01); and the National Natural Science Foundation of China (grant number 21661027).



ACKNOWLEDGMENTS

We wish to thank the Analysis and Testing Center of Shihezi University for the microscopy and microanalysis of our specimens.



REFERENCES

 Chen, L., Wang, X., Lu, W., Wu, X., and Li, J. (2016). Molecular imprinting: perspectives and applications. Chem. Soc. Rev. 45, 2137–2211. doi: 10.1039/C6CS00061D

 Chen, X., Huang, G., Li, Y., An, C., Feng, R., Wu, Y., et al. (2020). Functional PVDF ultrafiltration membrane for Tetrabromobisphenol-A (TBBPA) removal with high water recovery. Water Res. 181:115922. doi: 10.1016/j.watres.2020.115952

 Cui, J., Wu, Y., Meng, M., Lu, J., Wang, C., Zhao, J., et al. (2016a). Bio-inspired synthesis of molecularly imprinted nanocomposite membrane for selective recognition and separation of artemisinin. J. Appl. Polym. Sci. 133:43405. doi: 10.1002/app.43405

 Cui, Q., Pan, Y., Bai, X., Zhang, W., Chen, L., and Liu, X. (2016b). Systematic characterization of the metabolites of echinacoside and acteoside from Cistanche tubulosa in rat plasma, bile, urine and feces based on UPLC-ESI-Q-TOF-MS. Biomed. Chromatogr. 30, 1406–1415. doi: 10.1002/bmc.3698

 Ding, S., Li, X., Ding, S., Zhang, W., Guo, R., and Zhang, J. (2020). Ionic liquid-decorated nanocages for cooperative CO2 transport in mixed matrix membranes. Sep. Purif. Technol. 239:116539. doi: 10.1016/j.seppur.2020.116539

 Dong, B., Yuan, X., Zhao, Q., Feng, Q., Liu, B., Guo, Y., et al. (2015). Ultrasound-assisted aqueous two-phase extraction of phenylethanoid glycosides from Cistanche deserticola Y. C. Ma stems. J. Sep. Sci. 38, 1194–1203. doi: 10.1002/jssc.201401410

 Fan, J. P., Li, L., Tian, Z. Y., Xie, C. F., Song, F. t., Zhang, S. H., et al. (2014). A novel free-standing flexible molecularly imprinted membrane for selective separation of synephrine in methanol-water media. J. Membr. Sci. 467, 13–22. doi: 10.1016/j.memsci.2014.05.018

 Fu, K., Zhang, R., He, J., Bai, H., and Zhang, G. (2019). Sensitive detection of ketamine with an electrochemical sensor based on UV-induced polymerized molecularly imprinted membranes at graphene and MOFs modified electrode. Biosens. Bioelectron. 143:111636. doi: 10.1016/j.bios.2019.111636

 Gao, J., Zhou, S., Hou, Z., Zhang, Q., Meng, M., Li, C., et al. (2019). One pot-economical fabrication of molecularly imprinted membrane employing carbon nanospheres sol coagulation bath with specific separation and advanced antifouling performances. Sep. Purif. Technol. 218, 59–69. doi: 10.1016/j.seppur.2019.01.079

 Guo, X., Li, C., Li, C., Wei, T., Tong, L., Shao, H., et al. (2019). G-CNTs/PVDF mixed matrix membranes with improved antifouling properties and filtration performance. Front. Environ. Sci. Eng. 13:9. doi: 10.1007/s11783-019-1165-9

 Han, L., Ji, L., Boakye-Yiadom, M., Li, W., Song, X., and Gao, X. (2012). Preparative isolation and purification of four compounds from Cistanches deserticola Y.C. Ma by high-speed counter-current chromatography. Molecules 17, 8276–8284. doi: 10.3390/molecules17078276

 Hassan, S. S. M., Amr, A. E.-G. E., Abd El-Naby, H., El-Naggar, M., Kamel, A. H., and Khalifa, N. M. (2019). Novel aminoacridine sensors based on molecularly imprinted hybrid polymeric membranes for static and hydrodynamic drug quality control monitoring. Materials 12:203327. doi: 10.3390/ma12203327

 Hong, S., She, Y., Cao, X., Wang, M., He, Y., Zheng, L., et al. (2019). A novel CdSe/ZnS quantum dots fluorescence assay based on molecularly imprinted sensitive membranes for determination of triazophos residues in cabbage and apple. Front. Chem. 7, 1000–1011. doi: 10.3389/fchem.2019.00130

 Huang, Z., He, J., Li, H., Zhang, M., Wang, H., Zhang, Y., et al. (2020). Synthesis and application of magnetic-surfaced pseudo molecularly imprinted polymers for zearalenone pretreatment in cereal samples. Food Chem. 308:125696. doi: 10.1016/j.foodchem.2019.125696

 Li, L., Zheng, X., Chi, Y., Wang, Y., Sun, X., Yue, Q., et al. (2020a). Molecularly imprinted carbon nanosheets supported TiO2: strong selectivity and synergic adsorption-photocatalysis for antibiotics removal. J. Hazard. Mater. 383:121211. doi: 10.1016/j.jhazmat.2019.121211

 Li, W., Zhang, Z. M., Zhang, R. R., Jiao, H. F., Sun, A. L., Shi, X. Z., et al. (2020b). Effective removal matrix interferences by a modified QuEChERS based on the molecularly imprinted polymers for determination of 84 polychlorinated biphenyls and organochlorine pesticides in shellfish samples. J. Hazard. Mater. 384, 121241–121241. doi: 10.1016/j.jhazmat.2019.121241

 Liang, C., Zhang, Z., Zhang, H., Ye, L., He, J., Ou, J., et al. (2020). Ordered macroporous molecularly imprinted polymers prepared by a surface imprinting method and their applications to the direct extraction of flavonoids from Gingko leaves. Food Chem. 309:125680. doi: 10.1016/j.foodchem.2019.125680

 Lu, J., Qin, Y., Zhang, Q., Yu, C., Wu, Y., Yan, Y., et al. (2019). Antibacterial, high-flux and 3D porous molecularly imprinted nanocomposite sponge membranes for cross-flow filtration of emodin from analogues. Chem. Eng. J. 360, 483–493. doi: 10.1016/j.cej.2018.12.014

 Ma, X., Lin, H., He, Y., She, Y., Wang, M., Abd El-Aty, A. M., et al. (2019). Magnetic molecularly imprinted polymers doped with graphene oxide for the selective recognition and extraction of four flavonoids from Rhododendron species. J. Chromatogr. A. 1598, 39–48. doi: 10.1016/j.chroma.2019.03.053

 Mao, Y., Meng, M., Yan, L., Sun, F., Yan, Y., and Liu, S. (2016). Fabrication of highly selective molecularly imprinted membranes for the selective adsorption of methyl salicylate from salicylic acid. RSC Adv. 6, 91659–91668. doi: 10.1039/C6RA17955J

 Meng, N., Priestley, R. C. E., Zhang, Y., Wang, H., and Zhang, X. (2016). The effect of reduction degree of GO nanosheets on microstructure and performance of PVDF/GO hybrid membranes. J. Membr. Sci. 501, 169–178. doi: 10.1016/j.memsci.2015.12.004

 Morikawa, T., Xie, H., Pan, Y., Ninomiya, K., Yuan, D., Jia, X., et al. (2019). A review of biologically active natural products from a desert plant Cistanche tubulosa. Chem. Pharm. Bull. 67, 675–689. doi: 10.1248/cpb.c19-00008

 Omran, N. H., Wagdy, H. A., Abdel-Halim, M., and El Nashar, R. M. (2019). Validation and application of molecularly imprinted polymers for SPE/UPLC-MS/MS detection of gemifloxacin mesylate. Chromatographia 82, 1617–1631. doi: 10.1007/s10337-019-03782-1

 Pei, W., Guo, R., Zhang, J., and Li, X. (2019). Extraction of phenylethanoid glycosides from Cistanche tubulosa by high-speed shearing homogenization extraction. J. AOAC Int. 102, 63–68. doi: 10.5740/jaoacint.18-0039

 Su, C., Li, Z., Zhang, D., Wang, Z., Zhou, X., Liao, L., et al. (2020). A highly sensitive sensor based on a computer-designed magnetic molecularly imprinted membrane for the determination of acetaminophen. Biosens. Bioelectron. 148:111819. doi: 10.1016/j.bios.2019.111819

 Sun, Y., Zong, Y., Yang, N., Zhang, N., Jiang, B., Zhang, L., et al. (2020). Surface hydrophilic modification of PVDF membranes based on tannin and zwitterionic substance towards effective oil-in-water emulsion separation. Sep. Purif. Technol. 234:116015. doi: 10.1016/j.seppur.2019.116015

 Wang, C., Hu, X., Guan, P., Wu, D., Yang, L., and Du, C. (2015). Preparation of molecularly imprinted regenerated cellulose composite membranes by surface-initiated atom transfer radical polymerization method for selective recognition of lysozyme. Adsorpt. Sci. Technol. 33, 411–425. doi: 10.1260/0263-6174.33.4.411

 Wang, X., Wang, X., and Guo, Y. (2017). Rapidly simultaneous determination of six effective components in Cistanche tubulosa by near infrared spectroscopy. Molecules 22, 843–843. doi: 10.3390/molecules22050843

 Wu, C. J., Chien, M. Y., Lin, N. H., Lin, Y. C., Chen, W. Y., Chen, C. H., et al. (2019). Echinacoside isolated from Cistanche tubulosa putatively stimulates growth hormone secretion via activation of the ghrelin receptor. Molecules 24, 720–720. doi: 10.3390/molecules24040720

 Wu, Y., Li, C., Meng, M., Lv, P., Liu, X., and Yan, Y. (2019). Fabrication and evaluation of GO/TiO2-based molecularly imprinted nanocomposite membranes by developing a reformative filtering strategy: application to selective adsorption and separation membrane. Sep. Purif. Technol. 212, 245–254. doi: 10.1016/j.seppur.2018.11.042

 Wu, Y., Liu, X., Meng, M., Lv, P., Yan, M., Wei, X., et al. (2015). Bio-inspired adhesion: fabrication of molecularly imprinted nanocomposite membranes by developing a hybrid organic-inorganic nanoparticles composite structure. J. Membr. Sci. 490, 169–178. doi: 10.1016/j.memsci.2015.04.023

 Wu, Y., Lu, J., Lin, X., Gao, J., Chen, L., Cui, J., et al. (2018a). Bioinspired synthesis of janus nanocomposite-incorporated molecularlyimprinted membranes for selective adsorption and separation applications. ACS Sustain. Chem. Eng. 6, 9104–9112. doi: 10.1021/acssuschemeng.8b01442

 Wu, Y., Lu, J., Lin, X., Gao, J., Chen, L., Lv, P., et al. (2018b). Bioinspired synthesis of SiO2/pDA-based nanocomposite-imprinted membranes with sol-gel imprinted layers for selective adsorption and separation applications. Phys. Chem. Chem. Phys. 20, 15775–15783. doi: 10.1039/C8CP02068J

 Wu, Y. L., Yan, Y. S., Pan, J. M., Dai, X. H., Shi, W. D., and Meng, M. J. (2014). Fabrication and evaluation of molecularly imprinted regenerated cellulose composite membranes via atom transfer radical polymerization. Chin. Chem. Lett. 25, 273–278. doi: 10.1016/j.cclet.2013.11.019

 Xia, Y., Li, J., Wang, H., Ye, Z., Zhou, X., Huang, H., et al. (2019). Synthesis and electrochemical performance of poly(vinylidene fluoride)/SiO2 hybrid membrane for lithium-ion batteries. J. Solid State Electrochem. 23, 519–527. doi: 10.1007/s10008-018-4161-2

 Xu, H., Pei, W., Li, X., and Zhang, J. (2019b). Highly efficient adsorption of phenylethanoid glycosides on mesoporous carbon. Front. Chem. 7:781. doi: 10.3389/fchem.2019.00781

 Xu, H. T., Zhang, C. G., He, Y. Q., Shi, S. S., Wang, Y. L., and Chou, G. X. (2019a). Phenylethanoid glycosides from the Schnabelia nepetifolia (Benth.) PDCantino promote the proliferation of osteoblasts. Phytochemistry 164, 111–121. doi: 10.1016/j.phytochem.2019.05.003

 Yan, Y., Song, Q., Chen, X., Li, J., Li, P., Wang, Y., et al. (2017). Simultaneous determination of components with wide polarity and content ranges in Cistanche tubulosa using serially coupled reverse phase-hydrophilic interaction chromatography-tandem mass spectrometry. J. Chromatogr. A. 1501, 39–50. doi: 10.1016/j.chroma.2017.04.034

 Yang, Q., Wu, X., Peng, H., Fu, L., Song, X., Li, J., et al. (2018). Simultaneous phase-inversion and imprinting based sensor for highly sensitive and selective detection of bisphenol A. Talanta 176, 595–603. doi: 10.1016/j.talanta.2017.08.075

 Yao, R., Yu, Z., Wu, M., and Yu, H. (2018). Preparation and evaluation of molecularly imprinted membrane of teicoplanin. Anal. Methods 10, 5416–5422. doi: 10.1039/C8AY01623B

 Yoshikawa, M., Tharpa, K., and Dima, S. O. (2016). Molecularly imprinted membranes: past, present, and future. Chem. Rev. 116, 11500–11528. doi: 10.1021/acs.chemrev.6b00098

 Yu, H., Yao, R., and Shen, S. (2019). Development of a novel assay of molecularly imprinted membrane by design-based gaussian pattern for vancomycin determination. J. Pharm. Biomed. Anal. 175:112789. doi: 10.1016/j.jpba.2019.112789

 Zhang, H., Guo, R., Zhang, J., and Li, X. (2018). Facilitating CO2 transport across mixed matrix membranes containing multifunctional nanocapsules. ACS Appl. Mater. Interfaces 10, 43031–43039. doi: 10.1021/acsami.8b15269

 Zhang, Z., Cao, X., Zhang, Z., Yin, J., Wang, D., Xu, Y., et al. (2020). Synthesis of dummy-template molecularly imprinted polymer adsorbents for solid phase extraction of aminoglycosides antibiotics from environmental water samples. Talanta 208:120385. doi: 10.1016/j.talanta.2019.120385

 Zhao, J., Wu, Y., Wang, C., Huang, H., Lu, J., Wu, X., et al. (2018). Insights into high-efficiency molecularly imprinted nanocomposite membranes by channel modification for selective enrichment and separation of norfloxacin. J. Taiwan Inst. Chem. Eng. 89, 198–207. doi: 10.1016/j.jtice.2018.03.015

 Zhao, J., Wu, Y., Zhou, S., Yan, L., Dong, H., Chen, L., et al. (2017). Molecularly imprinted nanocomposite membranes based on GO/PVDF blended membranes with an organic-inorganic structure for selective separation of norfloxacin. New J. Chem. 41, 14966–14976. doi: 10.1039/C7NJ03402D

 Zhao, X., He, Y., Wang, Y., Wang, S., and Wang, J. (2020a). Hollow molecularly imprinted polymer based quartz crystal microbalance sensor for rapid detection of methimazole in food samples. Food Chem. 309:125787. doi: 10.1016/j.foodchem.2019.125787

 Zhao, X., Pei, W., Guo, R., and Li, X. (2020b). Selective adsorption and purification of the acteoside in Cistanche tubulosa by molecularly imprinted polymers. Front. Chem.7:903. doi: 10.3389/fchem.2019.00903

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

Copyright © 2020 Zhao, Cheng, Xu, Hao, Lv and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif
B,

G-V

m





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Design and Preparation of Molecularly Imprinted Membranes for Selective Separation of Acteoside



		Introduction



		Materials and Methods



		Materials and Reagents



		HPLC Conditions



		Characterization of Membranes



		MIMs Preparation



		Static Binding Experiments



		Membrane Permeation Measurement







		Results and Discussion



		Optimization of Synthesis Conditions



		Characterizations of Membranes



		Binding Analysis and Recognition Specificity of MIM7



		Selective Transport and Separation Mechanism of MIM7



		Regeneration and Stability of MIM7







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/fchem-08-00775-t004.jpg
Membranes ~ Substrates  J (mg-cm™2-h™") P (em®-h~")  Bacr/ecn

MinM7 ACT 1.93 x 107° 4.02 x 10°¢ 266
ECH 506 x 10-5 107 x 10-°
NIM7 ACT 1.40 x 1075 292 x 10°¢ 1.04

ECH 1.46 x 10-5 3.05 x 10-6





OPS/images/math_3.gif
2acr/Cact
"~ Becn/Cecn

(&)





OPS/images/math_2.gif
Be=

G- GV

@





OPS/images/fchem-08-00775-t003.jpg
Membranes

Qo.oxp.
(mgg™")

MIM7 40.1232
NIM7 19.6581

Qoc
(mgg™)

30.4442
14. 4721

Pseudo-first-order model

K
(Lmg™)

0.0017
0.0012

0.7184
08134

Pseudo-second-order model

Qe K2 R?
(mgg™) (Lmg™)
53.4141 00011 09993
24.9110 0.0032 0.9983





OPS/images/fchem-08-00775-t002.jpg
Membranes  Q

wp (MIG™Y) Qo (Mgg™)  KilLmg™) R?

MIM7 40.0615 45.8685 0.0039 0.9986
NIM7 19.6581 20.3847 0.0080 0.9961









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-08-00775-g005.gif





OPS/images/fchem-08-00775-g006.gif
-

o
S a1

i

B

Con






OPS/images/fchem-08-00775-g003.gif
‘Transmittance (%)

e
v

larz-acT

5, /RN
B il e
o S0 000 Hor T 10

‘Wavenumbers (cnr1)

st gt Mane
1000 SO 4o00 3S0 3000 200 2000 1500 1000 500






OPS/images/fchem-08-00775-g004.gif
PO






OPS/images/fchem-08-00775-t001.jpg
Membranes Functional monomer (mmol) Crosslinker Initiator

(mmol)  (mmol)
4-vp AM MAA  EGDMA  AIBN
MiM1 2 = s 6 0.1
MiM 2 - 2 - 6 o1
MIM 3 - - 2 6 0.1
MIM 4 4 - - 6 01
MIM 5 6 3 01
MM 6 8 - - 6 0.1
MIM 7 6 4 0.1
MM 8 6 - - 8 0.1
MM 9 6 - 10 0.1
MM 10 6 - - 4 02
MIM 11 6 - 4 03
MIM 12 6 - - 4 04
NIM 7 6 . - 4 0.1

Al MiMs were prepared by adding 0.2 mmol template molecules (ACT), and all NiMs were
prepared without adding template molecules (ACT).





OPS/images/fchem-08-00775-g007.gif
wumber

Cyele n





OPS/images/fchem-08-00775-g008.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Design and Preparation of
Molecularly Imprinted Membranes
for Selective Separation of
Acteoside





OPS/images/fchem-08-00775-g001.gif
ta3133333 )

NI 3
i v

¢M uM

/ 3 "

7 TEE . fEFEFIFEIALe
. Bawy o g’y
2323323 3333323393

55

5 :ﬁ






OPS/images/fchem-08-00775-g002.gif





OPS/images/math_5.gif
)





OPS/images/math_4.gif
@





OPS/images/math_6.gif
()





