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Abstract: Molecular imprinting technology has gained increasing attention and application in protein adsorption and separation. Bacterial growth on the imprinted material would reduce the adsorption selectivity of the imprinted cavity, contaminate the isolation products and shorten the service life of the material. To solve the above problems, carrier materials with dual antibacterial ability are constructed for the first time and novel surface protein imprinted microspheres (GO-PEI/MXene@MIPs) are manufactured. Thanks to the large exterior surface area, the saturation adsorption amount of GO-PEI/MXene@MIPs reaches 312.63 mg/g with an imprinting factor (IF) value of 3.16 within 90 min. Meanwhile, this imprinted material also exhibits a high ability to separate real samples as well as reusability. In addition, this material has excellent broad-spectrum antibacterial effects, which will significantly extend its service life in real-world environments. This study provides a feasible solution for the application of surface protein imprinted materials in real-world environments.
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1 Introduction
[bookmark: _Hlk109310783]Molecular imprinting technology (MIT) is a technique to artificially tailor polymers with specific recognition ability for a particular molecular shape, size and functionalization site by mimicking the process of antigen-antibody specific recognition, and the polymers synthesized by this technique are called molecularly imprinted polymers (MIPs)1. Compared with other similar technologies, MIT has the advantages of high physical stability, ease of preparation and low cost. It has been widely used in purification and separation, chemo-/bio- sensing, artificial antibodies, drug delivery, catalysis and degradation2. However, for protein imprinting, the large molecular weights and complex spatial structures of proteins bring new challenges, including 1) difficulties in mass transfer inside large volumes of imprinted materials, 2) the structures and characteristic functional groups at different sites may vary considerably, which increases the difficulty of specific recognition, and 3) the fact that most kinds of proteins can only react in aqueous solution leading to a large limitation on the types of functional monomers.3 To solve these problems, researchers have proposed some novel imprinting techniques in recent years4, such as surface imprinting technology5,6 and epitope imprinting technology7,8, which continuously promote the application of protein imprinting technology. Surface imprinting technology is that using nanomaterials with large specific surface area as carriers, then synthesizes an imprinted layer with specific recognition sites for template molecules on the surface of carriers in order to facilitate the adsorption and elution of template molecules2. In this way, the imprinting efficiency and reusability are significantly improved. Consequently, surface imprinting technology has received the most extensive attention in this field.
Theoretically, the binding sites of template proteins to the imprinting layer are all located on the surface of the carrier. However, in the actual preparation process, a certain amount of template proteins may still be embedded inside or bonded with the MIPs, making it difficult to elute. During long-term use, these proteins would lead to bacterial growth9 so that the performance of the imprinting material would be adversely affected, including covering the binding sites and contaminating the isolates with metabolic waste produced by bacteria. Therefore, the materials used to synthesize MIPs need to have antibacterial properties to some extent, yet few studies on this aspect have been reported so far.
[bookmark: _Hlk109726830][bookmark: _Hlk109728256]Graphene oxide (GO) is a monolayer or few-layer oxide of graphene. The large number of oxygen-containing functional groups distributed on its surface enables good dispersion of GO in aqueous solutions10. Meanwhile, GO has a strong affinity for most proteins due to its off-domain π-bond structure, which can adsorb proteins spontaneously11. Therefore, GO is an ideal carrier for surface protein imprinted materials. There have been several researchers who applied GO to prepare surface protein imprinting materials12-15. In the past, our group constructed Fe3O4@rGO wrinkled microspheres from reduced graphene oxide (rGO) and Fe3O4 nanoparticles. The microspheres were used as carriers to prepare BSA surface imprinted materials. The saturation adsorption amount of the materials was 317.58 mg/g, and the IF value reached 4.2416. In addition, GO has excellent antibacterial effects by many means such as disrupting cell membranes, inducing oxidative stress and reacting with bacterial cytoplasm17-19. It lays a solid foundation for the preparation of antibacterial GO imprinted materials.
MXene is a two-dimensional (2D) lamellar nanomaterial got by etching the MAX phase. Monolayer 2D Mxene nanosheets can be obtained by ultrasonic exfoliation20. MXene also has excellent antibacterial properties21. Its antibacterial performance is better when placed in certain special environments22. Rasool et al.23 added 50 μL of Gram-negative Escherichia coli and Gram-positive Bacillus subtilis dispersion at a bacterial concentration of 107 CFU/mL into MXene dispersion at a concentration of 200 μg/mL. After 4 h of exposure, the inactivation percentage of both bacteria exceeded 98%.
Monolayer or few-layer 2D materials are sensitive to solution systems and are prone to accumulating or adsorbing with charged substances24. It is not conducive to subsequent applications. Also, the functionality of the material such as antibacterial performance can be reduced25. Meanwhile, the larger the size and surface curvature of 2D nanomaterials, the more vulnerable the structure and the less the thermodynamic stability of proteins adsorbed by them is26-28. The above problems can be effectively solved by assembling 2D nanosheets into three-dimensional (3D) porous wrinkled microspheres. The microspheres have high external surface areas and high stability employing natural stacking of the sheets. In the previous study, we have made a series of composite microspheres by ultrasonic atomization technology and used them in protein purification and electromagnetic wave adsorption16,29,30. It is a simple and efficient method and suitable for a wide range of materials.
Combining the advantages of these materials in terms of structural composition, imprinting performance and antibacterial ability, a novel surface protein imprinted material with dual antibacterial function is designed in this work. Stronger-antibacterial GO-PEI is synthesized by the grafting reaction between GO and polyethyleneimine (PEI). Then, via ultrasonic atomization technology, GO-PEI is compounded with monolayer Mxene to obtain GO-PEI/Mxene wrinkled microspheres as the carrier. Using dopamine (DA) and bovine serum albumin (BSA) as functional monomer and template protein, dual antibacterial GO-PEI/Mxene surface BSA-imprinted microspheres (GO-PEI/MXene@MIPs) are prepared. The surface morphology, material composition, thermal stability, specific surface area and antibacterial properties of GO-PEI/MXene@MIPs are systematically characterized. The specific recognition and separation ability of this material for BSA are comprehensively evaluated. This material exhibits excellent properties in protein specific separation and antibacterial with significant advantages for use.
2 Experimental sections
2.1 Reagents
Graphene oxide (GO) was purchased from Ailan (Shanghai) Engineering Technology Co., Ltd. Polyethylenimine (PEI), lithium fluoride (LiF), sodium tripolyphosphate (Na5P3O10) and cytochrome C (Cyt C) were bought from Shanghai Macklin Biochemical Co., Ltd. Titanium aluminum carbide (Ti3AlC2) was supplied by Forsman Scientific (Beijing) Co., Ltd. 3-Hydroxytyramine hydrochloride, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimidehydrochloride (EDCI), N-hydroxysuccinimide (NHS), bovine serum albumin (BSA), phosphate buffered saline (PBS, 1X，pH 7.2-7.4) and tris(hydroxymethyl)aminomethane (Tris) were gained from Adamas Reagent, Ltd. Human Serum Albumin (HSA) and ovalbumin (OVA) were supplied by Thermo Fisher Scientific Co., Ltd. Hydrochloric acid (HCl), lysozyme (Lys) and Tween-20 were bought from Sinopharm Chemical Reagent Co., Ltd. Luria-Bertani agar (LBA) and Mueller-Hinton broth (MHB) were gained from Beijing Land Bridge Technology Co., Ltd. Paraffin liquid, glacial acetic acid (HAc), n-Hexane and anhydrous ethanol were purchased from Guangdong Guanghua Technology Co., Ltd. All of the reagents above were analytically pure. The ultrapure water was used throughout the experiment.
2.2 Synthesis of graphene oxide-graft-polyethyleneimine (GO-PEI)
The grafting reaction between GO and PEI was catalyzed by EDCI and NHS. 50 mg of GO was added to 70 mL ultrapure water under ultrasonic dispersion. When GO was fully dispersed, 191 mg of EDCI (1.0 mmol) and 115 mg of NHS (1.0 mmol) were added. After 1 h stir, 1800 mg of PEI (1.0 mmol) was added and the reaction was carried out overnight at 30 ℃. After the reaction, the unreacted raw materials were removed by repeated washing with ultrapure water. The washed samples were dispersed in ultrapure water to obtain GO-PEI dispersion.
2.3 Preparation of monolayer MXene by etching Ti3AlC2
The monolayer MXene was obtained by etching the MAX phase (Ti3AlC2) using HCl and LiF as the etchant. 10 mL ultrapure water, 30 mL concentrated hydrochloric acid (12-13 mol/L) and 2 g of LiF were added successively in a PTFE beaker. After LiF was fully dissolved, 2 g of Ti3AlC2 was added slowly. The reaction was carried out at 35 ℃ for 24 h. After the reaction, the product was repeatedly washed with ultrapure water and centrifuged at 3000 r/min until the pH of the centrifuged upper layer was neutral and the black liquid was viscous. The upper liquid was collected to obtain monolayer MXene dispersion.
2.4 Construction of GO-PEI/MXene wrinkled microspheres
GO-PEI/MXene wrinkled microspheres were prepared by ultrasonic atomization technology with the assistance of an ultrasonic atomizer (Beijing Siansonic Ultrasonic Appliance Co., Ltd.). The solid content of both GO-PEI dispersion and monolayer MXene dispersion was adjusted to 1 mg/mL, whereafter took 50 mL of each and mixed well. Subsequently, the mixture was transferred to a syringe. Setting the injection speed of the syringe pump to 0.4 mL/min and the power of the ultrasonic atomizer to 2.5 W. The tiny droplets obtained by atomization were sprayed into the high-temperature liquid paraffin (150 ℃) to evaporate water and construct wrinkled microspheres. After spraying, the microspheres were separated with liquid paraffin by centrifugation and washed repeatedly with hexane, anhydrous ethanol and ultrapure water successively. Finally, the products were dried under vacuum to obtain GO-PEI/MXene wrinkled microspheres.
2.5 Preparation of surface imprinted GO-PEI/MXene microspheres
Weighed 100 mg of GO-PEI/MXene wrinkled microspheres in a beaker, then added 60 mL Tris-HCl buffer solution (pH = 8.5) and 50 mg of BSA in it. The mixture was dispersed ultrasonically for 20 min to make them mixed homogeneously. Subsequently, 100 mg of dopamine hydrochloride was dissolved in 20 mL of Tris-HCl buffer solution and slowly added into the beaker. The stirring speed was set to 500 r/min for 20 h at 30 ℃. After the reaction, the products were separated by centrifugation and washed with ultrapure water to remove unreacted monomers. Then, repeatedly washed the products with 6 % HAc solution (v/v) to remove the template protein until there was no significant UV absorption peak at 278 nm, then washed them with ultrapure water to neutral. The washed products were dried under vacuum to obtain surface imprinted GO-PEI/MXene microspheres (GO-PEI/MXene@MIPs). In the control group, non-imprinted microspheres (GO-PEI/MXene@NIPs) were prepared by the same procedure but without the addition of template proteins.
2.6 Antibacterial performance test
[bookmark: _Hlk107665312]Escherichia coli (abbreviated as EC, for Gram-negative bacteria), Staphylococcus aureus (abbreviated as SA, for Gram-positive bacteria) and Methicillin-resistant Staphylococcus aureus (abbreviated as MRSA, for drug-resistant bacteria) were selected to test the antibacterial performance of GO-PEI/MXene wrinkled microspheres, GO-PEI/MXene@MIPs without elution of BSA (BSA-GO-PEI/MXene@MIPs), GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs. The four samples were prepared in PBS buffer as dispersions with a solid content of 1 mg/mL. To enhance bacterial viability, the cryopreserved strains were activated in MH medium by the periodic transplantation method. After the activation was completed, the concentration of the bacterial solution was diluted to 105 CFU/mL. 10 μL of bacterial solution and 1 mL of sample dispersion were added into 24-well plates. Mixing them thoroughly and incubating them in a biological incubator for 2 h. As a comparison, a negative control group without the addition of samples to be tested was set up. Afterwards, 10 μL of culture solution was taken from the well plates and spread on LB plates. When the medium solidified, the plates were incubated in a bioincubator set at 37 ℃ for 24 h. Finally, the number of colonies on each culture dish is calculated.
2.7 Adsorption experiment
The adsorption capacity of GO-PEI/MXene@MIPs on BSA was evaluated by adsorption kinetic experiments and adsorption isotherm experiments.
In the adsorption kinetic experiment, 1 mg of GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs were weighed into a 50 mL centrifuge tube and added 20 mL BSA solution (0.1 mg/mL). Dispersing the microspheres uniformly and placing them on a thermostatic shaker. Measuring the adsorption amount at different times（10-120 min）at 25 ℃. After stopping adsorption, separating the reaction solution by centrifugation and collecting the supernatant. The concentration of BSA in the supernatant was measured by UV-Vis spectrophotometer at 278 nm. The adsorption capacity of BSA by GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs was calculated by the following equation:


where C0 and Ce are the concentrations of BSA solution before and after adsorption, respectively, V represents the volume of BSA solution, and m represents the mass of GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs.
In the adsorption isotherm experiment, preparing BSA solutions with different initial concentrations (0.02-0.12 mg/mL). The concentration of BSA in the supernatant was measured after adsorption of 1 mg of GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs in 20 mL of BSA solution for 90 min. The Langmuir and Freundlich models were used to further evaluate the thermodynamic adsorption behavior of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs.




where Qe and Ce represent the adsorption amount and concentration in solution on BSA at adsorption equilibrium, Qmax is the maximum theoretical adsorption capacity of the imprinted material, KF and KL refer to the Freundlich and Langmuir constants, and n is the Freundlich linear exponent.
2.8 Imprinting selectivity
Cyt C (12.4 kDa, pI 10.2), HSA (66 kDa, pI 4.64), Lyz (14.4 kDa, pI 10.8) and OVA (43 kDa, pI 4.7) were selected as competing proteins to investigate the imprinting selectivity of GO-PEI/MXene@MIPs on BSA. 1 mg GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs were dispersed uniformly in 20 mL of a single protein solution (c = 0.1 mg/mL), and shaken for 90 min on a thermostatic shaker (r = 150 rad/min, T = 25 °C). After the reaction was completed, the reaction solution was separated by centrifugation and the concentrations of BSA, Cyt C, HSA, Lyz and OVA in the supernatant were measured by a UV-Vis spectrophotometer at 278 nm, 409 nm, 277 nm, 281 nm and 280 nm, respectively.

The imprinting factor (IF) and selectivity factor (β) were used to measure the imprinting selectivity of GO-PEI/MXene@MIPs for BSA. The formulas were as follows：


where QMIP and QNIP are the adsorption amounts of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs to the corresponding proteins, respectively. IFtem and IFrefer represent the IF value of GO-PEI/MXene@MIPs to template proteins and competing proteins, respectively.
Then, a mixture of the above five proteins (CBSA = CCyt C = CHSA = CLyz = COVA = 0.1 mg/mL) was prepared and 1 mg of GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs was uniformly dispersed in the solution. The adsorption capacity was tested under the same conditions. When the adsorption is finished, use 6% HAc solution (v/v) to wash the used GO-PEI/MXene@MIPs for 2.5 h. The mixed protein solution, the supernatant collected after adsorption and the primary eluent of GO-PEI/MXene@MIPs were analyzed by SDS-PAGE.
2.9 Real sample analysis 
Using fetal bovine serum (FBS) to evaluate the performance of GO-PEI/MXene@MIPs in the real environment. 1 mg of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were uniformly dispersed in 20 mL of 30-time-diluted FBS solution and shaken at 25 ℃ for 90 min. After adsorption, the GO-PEI/MXene@MIPs were washed with 6% HAc solution (v/v). The mixed protein solution, the supernatant collected after adsorption and the primary eluent of GO-PEI/MXene@MIPs were analyzed by SDS-PAGE.
2.10 Reusability
1 mg of GO-PEI/MXene@MIPs or GO-PEI/MXene@NIPs were put in a 50 mL centrifuge tube, adding 20 mL BSA solution (c = 0.1 mg/mL), mixing evenly and then shaking at 25 ℃ for 90 min. After the adsorption, the supernatant was collected by centrifugation. GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were washed repeatedly with 6% HAc solution (v/v) until no obvious BSA absorption peak was detected in the supernatant. The GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were washed with ultrapure water to neutrality, dried under vacuum, then performed the second adsorption. The adsorption-desorption process was repeated eight times in total.
2.11 Characterization
The morphology of the microspheres was observed by Verios G4 scanning electron microscope (SEM) and Talos F200X transmission electron microscope (TEM) from FEI Corporation, USA. Fourier transform infrared spectroscopy (FT-IR) was measured by TENSOR27 infrared spectrometer manufactured by Bruker, Germany. The samples to be tested were mixed well with KBr after vacuum drying and pressed into dense discs and tested in transmission mode in the wavelength range of 4000 cm-1 to 400 cm-1. The thermal stability of the materials was tested by a TGA2 thermogravimetric analyzer manufactured by Mettler Toledo, USA, at a heating rate of 10 °C/min from 35 °C to 700 °C under an O2 atmosphere. The specific surface area of the materials was tested by a fully automatic ASAP 2460 specific surface area and porosity analyzer manufactured by Micromeritics, Inc., USA. The absorbance of the protein solution was tested by UV-4802 UV-visible spectrophotometer (UV-vis) manufactured by Unicosh, USA. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on an SE260 miniature vertical electrophoresis device from General Electric, USA. The polyacrylamide gel with 5% concentrated gel and 12% separation gel was self-made.
3 Results and discussion
[bookmark: _Hlk100775181]3.1 Design of GO-PEI/MXene@MIPs microspheres
In order to impart the antibacterial property of surface protein imprinted materials and enhance their service life in the real environment, dual antibacterial functional BSA surface imprinted GO-PEI/MXene wrinkled microspheres (GO-PEI/MXene@MIPs) were constructed. The preparation process was shown in Fig.1. PEI was grafted on GO to enhance its antibacterial ability. GO-PEI and exfoliated monolayer Mxene were used as antibacterial component one and component two. Using ultrasonic atomization technology, the GO-PEI/MXene wrinkled microspheres carriers were prepared by effectively compounding the two 2D materials. Via the self-polymerization process of DA, the template protein BSA was imprinted on the carriers’ surface to construct GO-PEI/MXene@MIPs. Surface imprinting exposed the binding sites that generated by protein elution on the surface of carriers. This feature enhanced the resistance of the material to bacterial contamination and inhibited the growth of bacteria on the surface of the imprinting material, thus extending the service life of the imprinting material to a greater extent. Meanwhile, the outer surface imprinting facilitated the mass transfer of biomolecules. The wrinkled surface of the carriers provided more space and increased the number of binding sites.
[image: ]
Fig.1 The schematic diagram for the synthesis of surface BSA imprinted GO-PEI/MXene wrinkled microsphere (GO-PEI/MXene@MIPs).
[bookmark: _Hlk100775246]3.2 Characterization of GO-PEI/MXene@MIPs 
3.2.1 Morphology analysis GO、GO-PEI and monolayer MXene 
The surface morphology and element composition of GO, GO-PEI and monolayer MXene were analyzed, and the SEM and TEM images were shown in Fig.2. Both GO-PEI and monolayer MXene were in the form of flat flakes and dispersed well. The diameter of monolayer MXene was much smaller than that of GO. It was beneficial to make the structure more regular, enrich surface folds and increase the surface area of microspheres. The comparison between Fig. 2C and Fig.2F showed that the content of N elements on GO-PEI is significantly higher than that of GO, proving that the grafting reaction of GO-PEI synthesis was successfully completed and hardly affected the surface morphology. The TEM image of the monolayer MXene had different degrees of lightness at different locations on the surface. This was due to the accumulation of tiny fragments generated in etching. The phenomenon that F elements appeared mainly in the lighter areas confirmed the inference. Meanwhile, the mass fraction of the Al element in the sample was only about 0.6%. Compared with the theoretical composition of Ti3AlC2, the number significantly reduced, proving that the Al layer in the raw material was etched away and the sample was monolayer MXene. In addition, the effect of the grafting reaction of GO-PEI synthesis was also characterized by FT-IR (Fig.S1).  The double peaks of GO-PEI at 3351 cm-1 and 3285 cm-1 were generated by symmetric and asymmetric stretching vibrations of N-H, indicating that PEI was grafted onto the surface of GO.
[image: ]
[bookmark: _Hlk112144158]Fig.2 SEM and TEM images, EDS analysis of GO (A-C), GO-PEI (D-F), monolayer MXene (G-I).
[bookmark: _Hlk100775529]3.2.2 Morphology analysis of GO-PEI/MXene@MIPs
The morphology of GO-PEI/MXene wrinkled microspheres, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were analyzed by SEM and TEM (Fig.3). All three types of microspheres exhibited rough surface morphology with a diameter of several micrometers. The GO-PEI/MXene wrinkled microspheres had relatively sharp edges formed by intercalation and folding of lamellar 2D materials. The latter two had significantly blunted edges and tiny particles on the surface. Consequently, the self-polymerization reaction of DA was successfully conducted and the imprinting layer was formed on the surface of the microspheres. The surface morphology of the imprinted material was the same as that of the non-imprinted material by and large. The thickness of the polydopamine (PDA) layer encapsulated on the surface of the microspheres was about 10 nm (Fig.5G), which was equivalent to the three-dimensional size of BSA (4*4*14 nm). It demonstrated that the recognition sites for the target protein were concentrated on the carrier surface so that the imprinting and elution processes could carry out efficiently. From Fig.5F and Fig.5H-L, there was dense internal structure in GO-PEI/MXene@MIPs. The distribution of each element in it was relatively uniform. It reflected that GO-PEI and monolayer MXene were uniformly mixed before performing ultrasonic atomization. As a result, the homogeneity of the wrinkled microspheres could be ensured.
[image: ]
[bookmark: _Hlk107663088]Fig.3 SEM images of GO-PEI/MXene microspheres (A, B), GO-PEI/MXene@MIPs (C) and GO-PEI/MXene@NIPs (D); TEM images of GO-PEI/MXene wrinkled microspheres (E) and GO-PEI/MXene@MIPs (F, G); EDS analysis of GO-PEI/MXene@MIPs: Full spectrum (H), C element (I), N element (J), O element (K), Ti element (L). TEM image of GO-PEI/MXene@NIPs (M).
[bookmark: _Hlk107586030]3.2.3 Material composition of GO-PEI/MXene@MIPs
The material composition of GO-PEI/MXene wrinkled microspheres, GO-PEI/MXene@MIPs without the elution of BSA (BSA-GO-PEI/MXene@MIPs), GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were characterized by FT-IR. The results were displayed in Fig.4A. All substances reflected absorption peaks of aromatic rings, amine groups and oxygen-containing groups such as hydroxyl and carboxyl groups, reflecting the presence of several raw materials in the products. Meanwhile, BSA-GO-PEI/MXene@MIPs showed a characteristic peak of -SH at 2572 nm. Therefore, BSA was successfully captured by the imprinting layer. After repeated elution with HAc, the absorption peak at 2572 nm in GO-PEI/MXene@MIPs disappeared, indicating that the BSA on the imprinting sites was successfully eluted.
The composition and thermal stability of the materials were investigated by TGA. As shown in Fig.4B, since PEI and GO had different decomposition temperatures, the weight loss rate of GO-PEI accelerated significantly twice near 150 ℃ and 550 ℃. Its mass fraction dropped to zero at 600 ℃, illustrating that it completely decomposed and there were no heat-resistant impurities. In comparison, monolayer MXene showed stable weight loss and stopped losing weight near 550 ℃. The final weight loss ratio was 31.78%. It was lower than theoretical value. The reason was the Ti element in MXene finally combined with oxygen and became combustion residue in the form of TiO2. This inference can be confirmed by the phenomenon that the combustion residue of monolayer MXene was white. GO-PEI/MXene, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs all reached maximum weight loss at around 600 °C. Because Ti in monolayer MXene had been oxidized in the high-temperature liquid paraffin, the final weight loss of GO-PEI/MXene wrinkled microspheres was 70.36%. The number was higher than the theoretical value when the two materials were mixed in equal proportions. GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs had the same weight loss trend and the final weight loss rates were 95.95% and 94.78%. The obtained results were significantly higher than the value of GO-PEI/Mxene. So, DA was successfully encapsuled on the surface of carriers and the two materials had a similar composition.



Fig.4 FT-IR spectra of GO-PEI/MXene microspheres, BSA-GO-PEI/MXene@MIPs, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs (A). TGA curves of GO-PEI, monolayer MXene, GO-PEI/MXene microspheres, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs (B).
3.2.4 Analysis of specific surface area and pore size
Fig.5 depicted the nitrogen adsorption-desorption curves and pore size curves of GO-PEI/MXene, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs. The specific surface area data were listed in Table 1. The adsorption-desorption curves of all three materials belonged to type Ⅱ and had H3 hysteresis return lines. Consequently, the complex wrinkled morphology on the surface of microspheres was formed by the mutual folding of lamellar 2D materials. Meanwhile, on the surface of microspheres, it carried out monolayer adsorption predominantly. The adsorption and polymerization of DA on carriers’ surface were facilitated. The specific surface area of GO-PEI/Mxene wrinkled microspheres was close to 18 m2/g, indicating that its surface was abundant with wrinkles. It was conducive to forming a large imprinted layer and obtaining high adsorption capacity. In comparison, since some tiny folds were covered by the PDA layer, the specific surface area of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs were slightly reduced. However, their specific surface area was still sufficient for desired imprinting performance. With the specific presence of specific recognition sites, the surface area of GO-PEI/MXene@MIPs was slightly enhanced. This was consistent with the experimental results.


 


 


 
Fig.5 Nitrogen adsorption-desorption isotherms and pore size distribution of GO-PEI/MXene microspheres (A, B), GO-PEI/MXene@MIPs (C, D) and GO-PEI/MXene@NIPs (E, F).
Table 1 BET surface area of GO-PEI/MXene microspheres, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs.
	Samples
	BET Surface Area (m2/g)

	GO-PEI/MXene microspheres
	17.86

	GO-PEI/MXene@MIPs
	13.00

	GO-PEI/MXene@NIPs
	10.69


3.3 Antibacterial performance of GO-PEI/MXene@MIPs
Escherichia coli (EC), Staphylococcus aureus (SA) and Methicillin-resistant Staphylococcus aureus (MRSA), which were common and representative in real environments, were selected to evaluate the antibacterial performance of related materials. The test results were exhibited in Fig. 6 and the data were displayed in Table 2. All the materials in the test showed excellent antibacterial ability compared to the negative control group (Fig.6A-C). The sharp edges of GO and monolayer MXene could mechanically disrupt the cell membrane of bacteria. Therefore, GO-PEI/MXene wrinkled microspheres had the most excellent antibacterial effect among the tested materials. They killed almost all EC and SA in the culture system within 2 h and also had an excellent antibacterial effect against MRSA. For GO-PEI/MXene@MIPs, encapsulation of the imprinted layer wrapped part of the edges of GO and MXene so that the antibacterial performance was somewhat reduced. But they still showed good antibacterial performance relying on the joint action of the carrier materials and PDA. GO-PEI/MXene@NIPs had a similar structure to the former, but the carrier materials were more encapsulated due to the absence of specific imprinted sites on its surface. As a result, their antibacterial ability was further reduced. BSA-GO-PEI/MXene@MIPs exhibited similar degree of encapsulation as the former. The presence of BSA provided nutrients for bacteria. So, it displayed the worst antibacterial performance among these materials. In short, the imprinted material had an excellent antibacterial ability for the tested bacteria. It was conducive to prolonging its service life in the actual environment.
[image: ]
[bookmark: _Hlk107666988]Fig.6 Antibacterial test results on EC, SA and MRSA (from left to right): Negative control (A-C), GO-PEI/MXene microspheres (D-F), BSA-GO-PEI/MXene@MIPs (G-I), GO-PEI/MXene@MIPs (J-L) and GO-PEI/MXene@NIPs (M-O).
[bookmark: _Hlk107665635]Table 2 Data of antibacterial test of GO-PEI/MXene microspheres, BSA- GO-PEI/MXene@MIPs, GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs (Units: Colony forming units)
	Samples
	EC
	SA
	MRSA

	Negative Control
	2279
	2536
	2216

	GO-PEI/MXene microspheres
	12
	21
	324

	BSA-GO-PEI/MXene@MIPs
	728
	840
	711

	GO-PEI/MXene@MIPs
	204
	212
	229

	GO-PEI/MXene@NIPs
	362
	446
	493


[bookmark: _Hlk106800313]3.4 Applications of GO-PEI/MXene@MIPs
3.4.1 Adsorption ability
The imprinting performance of GO-PEI/MXene@MIPs was estimated by the adsorption kinetic and adsorption isotherm test. Fig.7A represented the adsorption kinetic curves of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs. The concentration of BSA solution was 0.1 mg/mL. At the beginning of the reaction, relying on electrostatic interaction, hydrogen bonding and other forces, BSA combined with the recognition sites on GO-PEI/MXene@MIPs rapidly. It reached 89.90% of the saturation adsorption amount within 30 min. Subsequently, due to the occupation of most of the recognition sites and a significant decrease in the concentration of protein in the solution, the growth rate of the adsorption amount began to slow down remarkably. After 90 min, the adsorption amount almost stopped enhancing. The saturation adsorption amount was 312.63 mg/g. The trends of the adsorption kinetic curve of GO-PEI/MXene@NIPs on BSA were similar to the former. However, the saturation adsorption capacity (99.40 mg/g) was significantly lower than that of GO-PEI/MXene@MIPs owing to the absence of specific recognition sites for BSA on its surface. The IF value was calculated to be 3.16, indicating that GO-PEI/MXene@MIPs could achieve efficient and specific adsorption and separation for template proteins.
After that, adsorption isothermal experiment was performed in BSA solution in the concentration range of 0.02-0.12 mg/mL (Fig.7B). When the concentration of BSA solution was less than 0.1 mg/mL, the adsorption amount of GO-PEI/MXene@MIPs on BSA increased significantly with the growth of the solution concentration, while the adsorption amount remained stable when the concentration was higher than 0.1 mg/mL. The experimental data of GO-PEI/MXene@NIPs showed the same trends, but the saturation adsorption amount was much lower than the former. To further investigate these data, we fitted them with Langmuir and Freundlich adsorption isotherm models. The linear curves were shown in Fig.7C and D. The related calculation results were listed in Table 3. The R2 of both GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs in the Langmuir isotherm model were larger than that in the Freundlich isotherm model. So, the adsorption process was monomolecular layer adsorption. Furthermore, based on the calculation of the Langmuir model, the saturation adsorption of GO-PEI/MXene@MIPs on BSA was 538.36 mg/g. It could be inferred the relevant data in the experiments were credible, while the material had high potential after further investigation of the relevant influencing factors.


 


 
Fig.7 Adsorption kinetic curves (A) and adsorption isotherm curves (B) of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs on BSA (Error bars represent ± standard deviations, n = 3). Langmuir (C) and Freundlich (D) isotherms fitting for adsorption of BSA by GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs.
Table 3 Langmuir, Freundlich isotherm constants, and correlation coefficients for the adsorption of BSA onto GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs.
	Samples
	Langmuir
	
	Freundlich

	
	qm 
(mg·g-1)
	KL 
(L·mg-1)
	R2
	
	KF (mg1-n·Ln·g-1)
	1/n
	R2

	GO-PEI/MXene@MIPs
	538.36
	14.93
	0.9957
	
	1409.37
	0.6206
	0.9754

	GO-PEI/MXene@NIPs
	159.41
	14.89
	0.9927
	
	396.47
	0.6045
	0.9861


3.4.2 Imprinting selectivity
To explore the specific recognition of BSA by GO-PEI/MXene@MIPs, Cyt C, Lyz, OVA and HSA were selected as reference proteins to conduct imprinting selectivity experiments. The basis for selection was molecular weights and isoelectric points. The relevant data were displayed in Fig.8, and the IF values were labeled above the bar. The selectivity factors (β) were shown in Table 4. Because of the specific binding sites for BSA on GO-PEI/MXene@MIPs, it had the highest adsorption and IF value. Among the reference proteins, HSA had the closest molecular weight and isoelectric point to BSA and therefore owned a higher adsorption amount. In comparison, the other three reference proteins had relatively low adsorption amounts due to the large difference in spatial structure from BSA. Owing to the size effect of the imprinting cavity, proteins with small molecular weight were more likely to be non-specifically adsorbed on them, so the adsorption amount of Lyz and Cyt C by the imprinted material was slightly higher than that of OVA. In short, combining the experimental data, GO-PEI/MXene@MIPs had significantly higher adsorption and IF value for BSA. It showed excellent ability of the prepared imprinted materials to specifically recognize the template proteins once more.


Fig.8 Selective adsorption of BSA, Cyt C, Lyz, OVA, and HSA on GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs. Error bars represent ± standard deviations, n = 3.
Table 4 The selectivity coefficient (β) of OVA, Cyt C, Lyz and HSA on GO-PEI/MXene@MIPs
	Protein
	OVA
	Cyt C
	Lyz
	HSA

	β
	2.16
	1.17
	2.74
	2.70


Subsequently, we performed experiments to isolate BSA from a mixed protein solution (CBSA=CHSA=CCyt C=CLyz=COVA=0.1 mg/mL). The original mixed protein solution, the solution after adsorption by GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs, and the primary eluent of GO-PEI/MXene@MIPs that completed the adsorption reaction were analyzed by UV-Vis spectroscopy and SDS-PAGE (Fig.9). The absorbance at 278 nm of the protein mixture solution adsorbed by both GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs decreased after the adsorption reaction, and the decrease of the former was significantly larger. It proved that GO-PEI/MXene@MIPs had a higher adsorption amount for BSA relying on specific recognition. The primary eluent of GO-PEI/MXene@MIPs had an obvious absorption peak at 278 nm, while there was almost no absorption peak at other positions, indicating that GO-PEI/MXene@MIPs had adsorption specificity and the eluted GO-PEI/MXene@MIPs can be reused. Similar conclusions can be drawn from the SDS-PAGE analysis results. Compared with the original solution, the bands at 66 kDa in both the third and fourth lanes became fainter and more pronounced in the former, while the color of the other bands was almost unchanged. The fifth lane only had a band at 66 kDa, demonstrating that the eluent only contained BSA.
The above experimental results confirmed that due to the differences in molecular weight, isoelectric point, spatial structure and characteristic groups, GO-PEI/MXene@MIPs had good specific recognition, adsorption and separation performance for the template protein compared with the reference proteins.

 [image: ]
Fig.9 UV spectrum (A) and SDS-PAGE analysis (B) of BSA specific adsorption by GO-PEI/MXene@MIPs from mixed protein solution. Lane 1: marker; lane 2: mixed protein solution; lane 3: remaining mixed protein solution after adsorbing by GO-PEI/MXene@MIPs; lane 4: remaining mixed protein solution after adsorbing by GO-PEI/MXene@NIPs; lane 5: primary eluent from GO-PEI/MXene@MIPs. The dosage of protein solution was 10 μL.
3.4.3 Real sample separation
Using fetal bovine serum (FBS) as real samples, the performance of GO-PEI/MXene@MIPs in real environment was investigated. 30-time-diluted FBS solution, the solution after adsorption by GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs, and the primary eluent of GO-PEI/MXene@MIPs were characterized. The absorbance at 278 nm of the FBS solution after GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs adsorption decreased. Meanwhile, the decrease was more obvious in the former (Fig.10A). The results from the SDS-PAGE analysis represented that after the adsorption of GO-PEI/MXene@MIPs, the color of the protein bands corresponding to BSA became lighter. The color of other bands remained unchanged. The primary eluent only contained the band corresponding to BSA (Fig.10B). All these results demonstrated that GO-PEI/MXene@MIPs can effectively specifically adsorb BSA in real sample FBS.

  [image: ]
Fig.10 UV spectrum (A) and SDS-PAGE analysis (B) of adsorbing BSA by GO-PEI/MXene@MIPs from FBS. Lane 1: marker; lane 2: FBS solution; lane 3: remaining FBS solution after adsorption by GO-PEI/MXene@MIPs; lane 4: remaining FBS solution after adsorption by GO-PEI/MXene@NIPs; lane 5: primary eluent from GO-PEI/MXene@MIPs. The dosage of protein solution was 10 μL.
3.4.4 Reusability
The reusability of this imprinted material was evaluated by repeating eight adsorption-desorption processes using GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs in BSA solution (0.1 mg/mL). After eight-time repetitions, the adsorption amount of GO-PEI/MXene@MIPs on BSA decreased from 309.74 mg/g to 266.19 mg/g. The loss range was 14.1% (Fig.11A). The result was caused by a variety of factors such as the recognition sites were damaged during use or covered by impurities in the reaction system, and proteins on binding sites formed strong interactions with the imprinted layer that prevent them from being eluted. In contrast, GO-PEI/MXene@NIPs mainly performed non-specific adsorption of BSA, so their adsorption amount did not change much. It decreased from 98.46 mg/g to 93.27 mg/g with a range of 5.3%. GO-PEI/MXene@MIPs maintained most of the adsorption capacity after repeated use, demonstrating excellent reusability. Moreover, the imprinted material had a long service life in the real environment due to its excellent antibacterial properties. As can be seen from the SEM image (Fig.11B), the morphology of GO-PEI/MXene@MIPs remained unchanged after repeated uses.

 [image: ]
Fig.11 Reusability of GO-PEI/MXene@MIPs and GO-PEI/MXene@NIPs (A). Error bars represent ± standard deviations, n = 3. SEM images of GO-PEI/MXene@MIPs after 8 times reuse (B).
4 Conclusion
In order to endow surface protein imprinted materials with antibacterial properties and enhance their imprinting effect and service life in real environments, GO-PEI/MXene wrinkled microspheres were constructed in this study. GO and monolayer MXene, which were 2D materials with excellent antibacterial ability, were employed as raw materials. Using the microspheres as carriers, we developed GO-PEI/MXene@MIPs with excellent antibacterial function. Wrinkled morphology gave the carrier a larger surface area and good dispersibility. Together with the affinity of GO for proteins, the adsorption ability of this imprinted material to BSA was enhanced obviously. GO-PEI, monolayer MXene and PDA all had an excellent antibacterial ability, and the antibacterial properties can be enhanced under various conditions. Therefore, the imprinted materials had stronger and broader-spectrum antibacterial properties in real environments. GO-PEI/MXene@MIPs had fast adsorption ability and high adsorption capacity, reaching 312.63 mg/g at 90 min with an IF value of 3.16. Also, it exhibited the excellent ability of specific recognition in selective adsorption and real sample analysis experiments. Excellent antibacterial effect facilitated good reusability and extended the service life of the material. Therefore, this study provides a promising solution for efficient identification, adsorption and separation of specific proteins in practical applications.
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