

  coatings-13-00050




coatings-13-00050







Coatings 2023, 13(1), 50; doi:10.3390/coatings13010050




Article



C3A Cells-Inoculated Affinity Membrane for Bilirubin Removal



Yuqing Shen 1,†[image: Orcid], Huijuan Liu 2,†, Huiling Luo 2, Xinxin Liu 2, Yanan Sun 2, Dongtao Ge 2,* and Wei Shi 2,*





1



Department of Transfusion, Woman and Children’s Hospital, School of Medicine, Xiamen University, Xiamen 361003, China






2



The Higher Educational Key Laboratory for Biomedical Engineering of Fujian Province/Research Center of Biomedical Engineering of Xiamen, Department of Biomaterials, College of Materials, Xiamen University, Xiamen 361005, China









*



Correspondence: gedt@xmu.edu.cn (D.G.); shiwei@xmu.edu.cn (W.S.)






†



These authors contributed equally to this work.









Academic Editor: Anton Ficai



Received: 19 November 2022 / Revised: 22 December 2022 / Accepted: 22 December 2022 / Published: 27 December 2022



Abstract

:

Affinity membranes have the potential to enhance the specific adsorption of toxins, however, they suffer from insufficient hemocompatibility and low therapeutic efficiency during blood detoxification therapy. Herein, we combine an affinity membrane with a bioreactor to develop a blood purification membrane with affinity adsorption detoxification and cell detoxification functions. To fabricate the membrane, a polyethersulfone (iPES) membrane with a macroporous support layer was prepared by a phase inversion technique and modified with polydopamine (PDA). The iPES/PDA composite membrane exhibited excellent biocompatibility and blood compatibility, as well as controllable permeability. Lysine (Lys) and hepatocytes (C3A cells), which were selected as the affinity ligand for bilirubin adsorption and detoxification cells, respectively, were immobilized on the iPES/PDA composite membrane via the active group and adhesiveness of PDA coating on the membrane. The fabricated C3A cells-inoculated iPES/PDA/Lys membrane not only achieved high cell activity and function of the inoculated cells but also significantly improved the toxin clearance efficiency.
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1. Introduction


Affinity membranes are an ideal separation technology for the purification and recovery of biomolecules since they integrate the dual advantages of separation by microfiltration and affinity adsorption [1]. Since affinity adsorption often happens in mild conditions such as the environment in the human body, it is expected to be fit for the selective removal of toxins in patients with autoimmune diseases. In addition to excellent specific adsorption, the advantages that affinity membranes offer compared to conventional hemoperfusion are the short diffusion paths and low-pressure drops [2]. For these reasons, affinity membranes should potentially improve therapeutic efficiency and reliability in blood detoxification [2,3,4]. However, the binding rate of toxin and the hemocompatibility of the affinity membrane are insufficient for blood detoxification therapy.



Biological artificial liver (BAL) is a system wherein liver cells are cultivated in an in vitro bioreactor. When the patient’s blood flows through the reactor, it exchanges substances with the liver cells in the reactor, which perform detoxification, synthesis, and biotransformation [5,6,7]. Compared with traditional nonbiological artificial livers, BALs not only have a liver-specific detoxification function, but can also participate in the metabolism of three substances (sugar, protein, and fat) and secrete substances that promote the growth of liver cells, which can effectively replace the detoxification function and synthesis function of the liver. Although the existing bioartificial liver reactor system to some extent realizes the detoxification and biosynthesis functions of the liver, it is difficult to detoxify a large number of metabolites and toxic substances accumulated in the body of patients with liver failure by cultured liver cells, which may also have adverse effects on the survival and biological functions of the cells [8,9,10,11,12]. Therefore, the development of an efficient bioreactor that can effectively detoxify and maintain cell activity would significantly improve the efficiency of blood detoxification.



In this paper, we combined an affinity membrane and a bioreactor, and fabricated a blood purification membrane with affinity adsorption detoxification and cell detoxification functions, for the first time. To facilitate the immobilization of affinity ligands and the inoculation of hepatocytes, we prepared polyethersulfone (iPES) asymmetric membranes with macroporous support layers and modified them with polydopamine (PDA). PDA can be formed by self-polymerization of dopamine aqueous solution under alkaline conditions (Figure 1a) [13]. PDA has a good adhesion property and can adhere to the surfaces of many inorganic and organic materials to form an extremely thin film. It has shown a good application prospect in the fields of biomaterial coating [14,15,16], drug release [17,18,19,20], and biosensors [21,22,23]. Existing studies have confirmed that a matrix modified with PDA can adhere to cells well and maintain cell activity and function [13,14,15]. In addition, PDA also contains a large number of active groups, which can react with biological molecules through a Michael addition reaction or Schiff base reaction (Figure 1b) [13,14,15,16]. This is conducive to the immobilization of affinity ligands. Herein, bilirubin was chosen as a representative of protein-bound toxins. A hepatocytes-inoculated affinity membrane was fabricated by immobilizing lysine (Lys) and inoculating C3A cells on the PDA-coated iPES membrane via the active groups and adhesiveness of PDA, where Lys was the affinity ligand for bilirubin and C3A cells were the detoxification cells. The hemocompatibility of the membranes and the adsorption capacity of bilirubin were investigated. It is found that the C3A cell-inoculated affinity membranes excellently retained cell activity, successfully achieved functionalization of the inoculated cells, and significantly improved toxin clearance efficiency. Our results not only reveal C3A cells-inoculated affinity membranes as a promising candidate for bilirubin removal but also provide a potential mode for blood purification.




2. Materials and Methods


2.1. Materials


Polyethersulfone (iPES, Ultrason E6020P, BASF) and lysine (Lys) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dopamine hydrochloride (DA·HCl) was purchased from Yuancheng Technology Development Co., Ltd. (Wuhan, China). Polyvinyl pyrrolidone (PVP-K30) and polyethylene glycol (PEG-1000) were acquired from Xiamen Green Glass Instrument Co., Ltd. (Xiamen, China). N-N dimethylacetamide was purchased from J&K Scientific Ltd. (Beijing, China). Tris(hydroxymethyl)aminomethane, bovine serum albumin (BSA, fraction V, 95%), and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were acquired from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO, USA). Partial thromboplastin reagent and Test-Thromborel reagent were purchased from Shanghai Sun Biotechnical Limited Company (Shanghai, China). All the aqueous solutions were prepared with deionized water (DI water).




2.2. Membrane Preparation and Modification


The iPES ultrafiltration membranes applied in this study were prepared by a phase inversion technique according to our earlier method [24]. Briefly, 2.7 g iPES, 0.15 g PEG-1000, and 1.65 g PVP were dissolved in 11 mL N, N-dimethylacetamide. The polymer solution was stirred at 60 °C for 24 h, followed by stewing for 24 h to remove air bubbles. Then, the solution was cast onto a clean glass plate with 100 μm thickness using a casting knife [25]. Afterward, the glass plate was immediately immersed in a coagulation bath (deionized water) at 20 °C, where an exchange of solvent and non-solvent occurred, and left for 1 day. Finally, the membranes (iPES) were extensively washed with deionized water and dried in a vacuum.



Before modifying, the iPES membranes were cut into squares with a side length of 2.5 cm. Then, the membranes were immersed in the solution of 2 mg/mL DA·HCl at pH 8.5 (Tris buffer). The solution was shaken vigorously and conducted at 25 °C. After 24 h of polymerization, the polydopamine (PDA) functionalized iPES membrane (iPES/PDA) was washed with 0.5 M NaCl solution and double-distilled water.



The further modification was based on the catechin group of PDA. The iPES/PDA membranes were taken into the potassium carbonate and sodium bicarbonate buffer solution containing 9 mg/mL Lys at 40 °C for 5 h by shaking vigorously. After the reaction, the Lys-immobilized membranes (iPES/PDA/Lys) were washed in 0.5 M NaCl and water extensively. The amount of the Lys coupled onto the iPES/PDA/Lys membrane was determined by detecting the absorbance of the Lys solution before and after the reaction at 268 nm using a UV-VIS spectrophotometer (UV1750).




2.3. Characterization of Membranes


The surface morphologies of the uncoated and coated iPES membranes were observed by a Field-emission scanning electron microscope (FE-SEM) (Field Emission, SU70, Hitachi, Tokyo, Japan). The chemical bonds or functional groups of iPES, PDA, Lys, iPES/PDA, and the iPES/PDA/Lys membranes were analyzed by ATR-FTIR (Nicolet IN10, Thermo Fisher Scientific, Waltham, MA, USA). The static contact angle between the membrane surfaces and water or whole blood was measured by a contact-angle goniometer (DSA100, Dataphysics Instruments GmbH, Filderstadt, Germany). Briefly, 3 μL of ultrapure water or whole blood was dropped on the surface of the membranes at room temperature, and the contact angle was measured after 5 s.




2.4. Permeability of Membranes


The flux of pure water was measured by a dead-end ultrafiltration cell. Before testing, the membrane with an effective diameter of 25 mm was pre-compacted at 0.1 MPa for 1 h, and the flux of pure water was measured at room temperature and pressure (0.1 MPa). The flux (J) was calculated by the following equation:


  J  (  mL /   cm  2  h  )  =  V  St    



(1)




where V is the volume of water through the membrane in a given time t and S is the effective membrane area.



A 1 mg/mL BSA solution was pumped into the dead-end ultrafiltration cell containing a pre-compacted membrane by a peristaltic pump at room temperature and pressure (0.1 MPa). The BSA rejection ratio (R) was calculated by Equation (2):


  R =  (  1 −    C p     C f     )  × 100 %  



(2)




where Cf and Cp are the concentrations of the feed and permeate solution of BSA, respectively. The concentration of BSA was measured by a UV-VIS spectrophotometer at 280 nm.




2.5. Blood Coagulation Time Tests


To evaluate the antithrombogenicity of the membranes, the activated partial thromboplastin time (APTT) and the thrombin time (TT) were measured using a coagulation analyzer (GF-2000, Shandong Gaomi Caihong Analytical Instrument Co., Ltd., Weifang, China). Human whole blood gathered from a healthy person was attenuated with 3.8% sodium citrate solution (9:1 dilution). The platelet-poor plasma (PPP) was obtained by centrifuging at 4000 rpm for 15 min at 4 °C. The membranes (1 × 1 cm2 each) were incubated in 500 μL PBS at 37 °C for 1 h, then the PBS was taken away and 500 μL PPP was added. After incubating at 37 °C for 1 h, 100 μL PPP was added into the test cup, then mixed with 100 μL APTT agent (incubated at 37 °C before use) and put into a rolling ball mill. After incubating at 37 °C for 5 min, 100 μL of 0.025 M CaCl2 solution was added, followed by measuring the APTT with a coagulation analyzer. The test method of TT was similar to that of APTT [26].




2.6. Hemolysis


The membranes were previously incubated in 5 mL of normal saline at 37 °C for 30 min. A 100 μL sample of the anticoagulant whole blood was added, then mixed gently and incubated for 60 min. Similarly, 100 μL of anticoagulant whole blood was incubated in 5 mL of 0.1% Na2CO3 for 1 h at 37 °C, and the solutions were set as positive and negative controls, respectively. After centrifuging for 5 min at 3000 rpm, the absorbance (A) of the supernatant of all the samples was measured at 540 nm. The percent hemolysis was calculated as follows [27]:


  P e r c e n t   h e m o l y s i s =    A  t e s t   −  A  n e g a t i v e   c o n t r o l      A  p o s i t i v e   c o n t r o l   −  A  n e g a t i v e   c o n t r o l     × 100  



(3)








2.7. Cell Viability


2.7.1. MTT


C3A human immortalized liver cells (ATCC, Manassas, VA, USA) were cultured in RPM1640 medium replenished with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA) at 37 ± 1 °C in 5% CO2. The culture medium was replaced every day.



The membranes were pre-wetted by immersion in 48-well plates with the culture medium for 3 h in a 37 °C incubator and irradiated in an ultraclean workbench for 12 h. The toxicity of the membranes to C3A cells was determined by MTT assay. A cell suspension was made at a density of 2.0 × 104 cells/mL. A 1 mL sample of this cell suspension was added to each culture and cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C in 5% CO2. Cells cultured without membranes served as controls. After culturing for 24 or 48 h, the supernatant of each unit was removed and the cells were rinsed three times with PBS. A 100 μL sample of MTT solution (5 mg/mL in PBS) and 500 μL fresh DMEM/FBS were then added and incubated for 4 h. The formed precipitates were dissolved in 100 μL dimethyl sulfoxide. After 30 min, the absorbance intensity was then read at 570 nm using a microplate reader Pro-200 (Tecan, Männedorf, Switzerland). The relative cell viability (mean% ± SD, n = 3) was expressed as Abssample/Abscontrol × 100%.




2.7.2. C3A Cells Inoculation


The membranes were incubated in a 1 mL cell suspension of C3A cells (2.0 × 104 cells/mL) at 37 °C for 48 h. After rinsing the membrane with PBS to remove non-adherent cells, the membranes were immersed in 2.5% glutaraldehyde solution in PBS for 30 min, dehydrated with a series of ethanol/water (wt%) mixtures (50%, 60%, 70%, 80%, 90%, and 100%) and dried at room temperature. C3A cells inoculated on the membranes were observed by SEM.





2.8. Bilirubin Adsorption Experiments


The Lys-attached affinity membranes (iPES/PDA/Lys) were tested for the adsorption of bilirubin in bilirubin–BSA solution, which was used to simulate a patient’s plasma of hyperbilirubinemia. Since the bilirubin is easily oxidized by exposure to direct sunlight or any other source of ultraviolet light, including fluorescent lighting, the adsorption experiments were executed in a dark room. The amounts of bilirubin adsorbed were determined as follows:


  Eq =    (   C i  −  C t   )  V  S   



(4)




where Eq is the amount of bilirubin adsorbed onto a unit area of the membrane (mg/cm2); Ci is the initial concentration of the bilirubin (mg/mL); Ct is the concentration of the bilirubin after adsorption (mg/mL); V is the volume of the bilirubin solution (mL); and S is the area of the membrane (cm2). The membranes (15 cm2) were immersed in 10 mL bilirubin–BSA solution at 37 °C. At the specified time, the concentration of bilirubin in the solution was measured by spectrophotometry at the wavelength of 460 nm.




2.9. Determination of Albumin and Urea


The secretion of albumin from the C3A cells was tested by an enzyme-linked immunosorbent assay (ELISA, Thermo Fisher Scientific, Waltham, MA, USA). The secretion of urea from the C3A cells was measured by Urea Assay Kit (Abnova, Taipei, Taiwan). Data are expressed as the means ± SD of four independent measurements.




2.10. Bilirubin Clearance


The two-compartment cell was separated by the C3A cell-inoculated affinity membrane. One compartment facing the permselective layer of the membrane contained the plasma of patients with jaundice, and the other facing the macroporous support layer of the membrane was the culture medium. At the specified time, the concentration of bilirubin in the plasma was measured by a Beckman Coulter Synchron® clinical system DXC800 (Beckman-Coulter, Brea, CA, USA). The iPES and iPES/PDA/Lys membranes without inoculation of C3A cells were set as the control group. The clearance rate of bilirubin was calculated as follows:


  Q =    C i  −  C t     C t     



(5)




where Q is the clearance rate of bilirubin; Ci is the initial concentration of bilirubin; and Ct (μmol/L) is the concentration of bilirubin after adsorption.





3. Results and Discussion


3.1. Characterization


It is well known that iPES ultrafiltration membranes prepared by the phase inversion method have the typical asymmetric structure containing a dense layer and a support layer. The surface morphologies of the PES membranes are shown in Figure 1, revealing the smooth surface of the dense layer (Figure 2a) and exposed large holes (~20 μm) of the support layer (Figure 2b). To improve the biocompatibility of the membrane and strengthen the inoculation of cells on the membrane, PDA was used to modify the PES membrane. Dopamine can polymerize to form thin adherent PDA coatings on any surface, including organic and inorganic surfaces [28]. The quinone groups on PDA can react with thiol compounds and nitrogen derivatives [28], which help to immobilize biological molecules and cells. After 24 h modified by PDA, we can see the lamellar structure of PDA on the dense layer of the iPES membrane, and some particles also appeared in the pores (Figure 2c,d). These results indicate that the PDA was ornamented on the surface as well as on the pore walls, forming a PDA coating on both the dense and support layers of the iPES. This process mainly depended on the adhesion of the PDA. Figure 3 shows the ATR-FTIR spectra of the iPES substrate, PDA, Lys, iPES/PDA, and iPES/PDA/Lys composite membranes. The PDA peak at 1610 cm−1 was attributed to the aromatic rings stretching vibrations and N–H bending vibrations, and a broad peak at approximately 3360 cm−1 was assigned to the catechol hydroxyl group and N–H groups. Compared with the spectra of PDA, the iPES/PDA membranes showed the same broad peak between 3500 and 3200 cm−1, which was attributed to the stretching vibrations of the N–H/O–H, and the peak at 1610 cm−1 which was attributed to the aromatic rings stretching vibrations and N–H bending vibrations [29]. The peaks at 1650 cm−1, 2800–3000 cm−1, and 3100–3500 cm−1 of free Lys, which were attributed to the carboxyl vibration peak, C–H stretching vibration peak, and N–H stretching vibration peak, appeared in the spectrum of the iPES/PDA/Lys, indicating that Lys was loaded on the iPES/PDA membranes successfully. Moreover, the peak of iPES/PDA/Lys at 1520 cm−1, which was attributed to the –C=N– generated by the Schiff base reaction (Figure 1b) between Lys and PDA, indicated that Lys was covalently immobilized onto the iPES/PDA membranes.




3.2. Membrane Performance


Coating PDA on the iPES membrane changes the permeability of the membrane. Before measuring the water flux of the membrane, we observed the color change of the composite membrane after the polymerization of polydopamine. With the increase in polymerization time of PDA, the color of the iPES/PDA composite membrane gradually deepened (Figure 4a), indicating that the amount of PDA coated on the iPES membrane increased. Figure 4b shows the effect of the polymerization time of PDA on water flux and protein retention ratio. The flux for the original iPES membrane was about 75.2 mL/(cm2·h). After coating by PDA, the water flux decreased sharply in the first 12 h. When the coating time of PDA is between 12 h to 24 h, the water flux did not greatly change, approaching 3.3 mL/(cm2·h) at 24 h. Figure 4b also shows the time-dependent BSA rejection ratio. The BSA rejection ratio of the original iPES membrane (PDA coating time: 0 h) was about 78%. The rejection ratio increased rapidly with the increase in coating time of PDA in the first 12 h, and gradually plateaued (90%) when the coating time reaches 12 h (Table S1). These can be attributed to the decrease in membrane permeability due to the increase in the thickness of the PDA coating [29]. To assess the hydrophilic–hydrophobic properties of the membrane surfaces, water contact angles were measured at different coating times. Figure 4c shows the water contact angle decreased with the increase in the PDA coating time (from 89.3° to 58.2°), indicating that the polydopamine coating is beneficial to improve the hydrophilicity of the iPES membrane, which is attributed to an increase in the number of catechin hydroxyl groups in PDA. Based on the water flux, protein retention ratio, and hydrophilicity of the membrane, we chose the membrane coated with PDA for 12 h to carry out the subsequent bilirubin clearance and blood compatibility evaluation.




3.3. Hemocompatibility Studies


3.3.1. Blood Contact Angle


Since the BAL system is in direct contact with blood, we first evaluated the blood wettability of the membrane. Table 1 shows that the blood wettability was enhanced after PDA and Lys modification of the iPES membranes, as shown by the decrease in blood contact angle from 89° to 38°, which benefits the reduction of the non-specific adsorption of biomolecules and enhance the hemocompatibility of the membrane.




3.3.2. Blood Coagulation


The antithrombogenicity of the membranes was evaluated by blood coagulation time tests. The blood coagulation cascade included the intrinsic, extrinsic pathway, and common pathways [30]. The intrinsic and common pathways can be evaluated by APTT. The extrinsic and common pathways can be evaluated by TT. The APTT and TT of the membranes are shown in Figure 5. The result of APTT demonstrated that the iPES membrane has an endogenous anticoagulant effect to some extent. After modification by PDA and Lys, the effect of endogenous anticoagulant was enhanced obviously, especially after grafting of Lys. For the modified membranes (iPES/PDA/Lys), lots of catechol hydroxyl groups on the PDA and the anionic groups -COOH in the Lys, which were abundant on the surface of the membranes, were available for binding coagulation factors, and they could interfere with the blood clotting process. Similar to heparin, the polydispersed anionic might bind and catalyze the interaction of plasma proteins involved in the intrinsic clotting cascade, which helps to prolong clotting time [31]. However, it can be seen from the TT results that the iPES/PDA and iPES/PDA/Lys membranes do not show enhanced exogenous anticoagulation, which indicates that the modified membranes cannot interfere with the exogenous pathway.




3.3.3. Hemolysis


Hemolysis is the breakage of red blood cells with the release of hemoglobin to the surrounding fluid. Table 2 listed the hemolysis ratio of the iPES, iPES/PDA, and iPES/PDA/Lys membranes. It can be seen that the iPES/PDA and iPES/PDA/Lys membranes were more hemocompatible than the iPES membranes, and belong to the categories of highly hemocompatible biomaterials (<5% hemolysis) [27]. This further proves that the iPES/PDA/Lys membranes have excellent blood compatibility.





3.4. Adsorption of Bilirubin


The adsorption rate curves of bilirubin are shown in Figure 6a. The results show that relatively fast adsorption rates were observed at the beginning of the adsorption process, and then the adsorption equilibrium was achieved gradually at the third hour (Table S2). This figure also shows the difference in adsorption capacity between the iPES, iPES/PDA, and iPES/PDA/Lys membranes. The iPES membrane has the lowest non-specific bilirubin adsorption (4.0 μg/cm2), and this adsorption may be due to the weak hydrophobic interaction between bilirubin and the iPES membrane. After coating PDA on the iPES membrane, the adsorption capacity of the composite membrane increased to 9.8 μg/cm2. This increased adsorption can be attributed to the excellent adhesion performance of PDA. To enhance specific bilirubin adsorption, Lys was chosen as the affinity ligand, and immobilized onto the iPES/PDA membrane. The fabricated iPES/PDA/Lys affinity membrane achieved the highest adsorption capacity of bilirubin (15.53 μg/cm2). The effect of bilirubin initial concentration on adsorption capacity is shown in Figure 6b and Table S3. The adsorption capacity of the membranes initially increased with the increase in the initial concentration of bilirubin and reached equilibrium when the bilirubin concentration was greater than 200 mg/mL, indicating that the adsorption sites on the membrane have been occupied by bilirubin.




3.5. In Vitro Cytotoxicity


Before inoculating C3A cells on the membrane, we first investigated the cytotoxicity of the membrane to the cells. As shown in Figure 7, the pristine iPES membrane had a slightly increased toxicity to the cells compared with the control, but the iPES/PDA and iPES/PDA/Lys membranes retained better viability during the whole culture time. They not only have no cytotoxicity but can also promote cell growth, which indicated that modification with PDA and Lys has a positive effect on the cytocompatibility of the membranes [26,32]. Figure 8 shows the growth morphology of C3A cells on the membrane surface. The adhesion and growth state of the C3A cells in the blank group (glass) surface is relatively good. However, due to the hydrophobicity of the iPES membrane surface, the C3A cells on the iPES membrane surface are relatively sparse. Compared with the iPES membrane, the iPES/PDA membrane is more favorable for the adhesion and growth of C3A cells. It is worth noting that the adhesion and growth state of C3A cells on the iPES/PDA/Lys affinity membrane surface is the best, which is due to the strong adhesion of PDA and the hydrophilic properties of Lys. It is gratifying that C3A cells firmly attached to the membrane pores in the support layer surface, which not only avoids the shedding of cells but also provides a three-dimensional environment for the growth of C3A cells. Therefore, iPES/PDA/Lys membranes inoculated with C3A cells are conducive to maintaining cell activity and their function.




3.6. Cell Functionality and Bilirubin Clearance


Albumin secretion and urea synthesis are liver-specific functions. To evaluate the functional activity of the C3A cells inoculated on the membranes, the concentrations of albumin and urea were measured in the supernatant on the 2nd, 4th, 6th, and 8th days. The content of secreted albumin and synthesized urea in all C3A cell-inoculated membranes increased with incubation time (Figure 9). Significantly more albumin and urea were secreted and synthesized by the C3A cells grown on the iPES/PDA/Lys membranes than those grown on the iPES and iPES/PDA membranes, and the produced albumin and urea of the C3A cell-inoculated iPES/PDA/Lys membranes on the 8th day were 4.2 μg/L and 43 μg/L, which were about 3.5- and 2.0-fold of C3A cell-inoculated iPES membranes, respectively.



To confirm the combined clearance effects of affinity adsorption and cell detoxification, the removal of bilirubin from the plasma of patients with jaundice was performed. The bilirubin clearance rate of the iPES and iPES/PDA/Lys membranes with and without inoculation of C3A cells are listed in Table 3. The iPES/PDA/Lys membrane inoculated with C3A cells exhibited the highest clearance rate of bilirubin (41.7%). This can be attributed to the following two aspects: on the one hand, the iPES/PDA/Lys membrane contains an adhesive coating of PDA and the affinity ligand Lys, which can absorb more bilirubin molecules; and, on the other hand, the iPES/PDA/Lys membrane can be inoculated with more C3A cells, which can absorb more bilirubin and achieve a biological detoxification function.





4. Conclusions


In summary, the C3A cell-inoculated iPES/PDA/Lys membranes that have the dual functions of affinity adsorption and cell detoxification were fabricated and used for bilirubin removal. The water flux, retention ratio, and hydrophilicity of the iPES/PDA membranes can be regulated by changing the polymerization time of PDA. The iPES/PDA membranes showed good biocompatibility, blood compatibility, and adhesion performance, which were conducive to the immobilization of affinity ligands and cell inoculation. These characteristics ensured the activity and function of the inoculated cells, as well as efficient bilirubin clearance.
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Figure 1. (a) Polymerization of dopamine; (b) Chemical modification of polydopamine via a Schiff base reaction or Michael addition reaction. 
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Figure 2. SEM images of the surface of the iPES membrane ((a), Dense layer; (b), Support layer), and iPES/PDA composite membrane ((c), Dense layer; (d), Support layer). 
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Figure 3. ATR-FTIR spectra of iPES, PDA, Lys, iPES/PDA, and the iPES/PDA/Lys composite membranes. 
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Figure 4. (a) Digital photo of iPES membranes with different coating times of PDA; (b) Effect of PDA coating time on the water flux and BSA rejection ratio of iPES/PDA composite membrane; (c) Effect of PDA coating time on the water contact angle of iPES/PDA composite membrane. 
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Figure 5. APTT and TT assays for the iPES, iPES/PDA and iPES/PDA/Lys membranes. The results are expressed as means ± SD (n = 3). 
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Figure 6. (a) Adsorption rates of bilirubin on the membranes. Initial bilirubin concentration: 200 mg/L. (b) The effect of bilirubin initial concentration on the adsorption capacities. Adsorption time: 3 h. The results are expressed as means ± SD (n = 3). 
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Figure 7. Cell viability of C3A after incubation with the membranes for 24 h and 48 h. Values are expressed as means ± SD (n = 4). 
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Figure 8. SEM images of C3A cell adhesion on glass (a), iPES ((c), Dense layer; (d), Support layer), iPES/PDA (e), Dense layer; (f), Support layer), and iPES/PDA/Lys ((g), Dense layer; (h), Support layer). (b) Schematic diagram of C3A cells adhesion on the surface of the membrane. 
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Figure 9. Albumin secretion (a) and urea formation (b) of C3A cells inoculated on the membranes. Control groups were treated without membranes. The values are expressed as means ± SD (n = 3). 
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Table 1. The blood contact angle of the membranes.
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	Membrane
	Contact Angle (°)





	iPES
	89 ± 7



	iPES/PDA
	58 ± 3



	iPES/PDA/Lys
	38 ± 5
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Table 2. Hemolysis rate of the membranes.
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	Sample
	Optical Density
	Hemolysis%





	Positive control
	0.151
	100



	Negative control
	0.005
	0



	iPES
	0.015
	6.9



	iPES/PDA
	0.011
	4.1



	iPES/PDA/Lys
	0.009
	2.8
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Table 3. Bilirubin removal rate of the membranes from plasma of patients with jaundice.
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	Sample
	With Inoculation of Cells

Removal Rate
	Without Inoculation of Cells

Removal Rate





	iPES
	14.2%
	6.9%



	iPES/PDA/Lys
	41.7%
	23.4%
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