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Surface Modification of Polyacrylonitrile-Based Membranes by Chemical Reactions To Generate Phospholipid Moieties Xiao-Jun Huang,† Zhi-Kang Xu,*,† Ling-Shu Wan,† Zhen-Gang Wang,† and Jian-Li Wang‡ Institute of Polymer Science, Zhejiang University, Hangzhou 310027, People’s Republic of China, and College of Chemical Engineering and Materials, Zhejiang University of Technology, Hangzhou 310014, People’s Republic of China Received October 19, 2004. In Final Form: January 26, 2005 A novel approach for the surface modification of poly(acrylonitrile-co-2-hydroxyethyl methacrylate) (PANCHEMA) membranes by introducing phospholipid moieties is presented, which involved the reaction of the hydroxyl groups on the membrane surface with 2-chloro-2-oxo-1,3,2-dioxaphospholane (COP) followed by the ring-opening reaction of COP with trimethylamine. The chemical changes of phospholipid-modified acrylonitrile-based copolymers (PMANCP) membranes were characterized by Fourier transfer infrared spectroscopy and X-ray photoelectron spectroscopy. The surface properties of PMANCP membranes were evaluated by pure water contact angle, protein adsorption, and platelet adhesion measurements. Pure water contact angles measured by the sessile drop method on PMANCP membranes were obviously lower than those measured on the PANCHEMA membranes and decreased with the increase of the content of phospholipid moieties on the membrane surface. It was found that the bovine serum albumin adsorption and platelet adhesion were suppressed significantly with the introduction of phospholipid moieties on the membranes surface. These results demonstrated that the described process was an efficient way to improve the surface biocompatibility for the acrylonitrile-based copolymer membrane.



Introduction Polyacrylonitrile (PAN) and acrylonitrile-based copolymers with good mechanical properties have great potential as membrane materials in the fields of dialysis,1,2 biohybrid liver support systems,3 ultrafiltration,4-6 enzyme immobilization,7-9 and pervaporation.10-13 However, the relatively poor biocompatibility for this type of membrane limits their further applications in biomedical devices such as hemodialyzer. It has been known that increasing the hydrophilicity of the membrane surface can reduce protein adsorption and platelet adhesion to some extent.14 To obtain a hydrophilic membrane surface with antifouling and biocompatibility properties, several methods have * Corresponding author. Fax: ++ 86 571 8795 1773. E-mail: [email protected]. † Zhejiang University. ‡ Zhejiang University of Technology. (1) Lin, W.-C.; Liu, T.;-Y.; Yang, M.-C. Biomaterials 2004, 25, 1947. (2) (a) Xu, Z.-K.; Kou, R.-Q.; Liu, Z.-M.; Nie, F.-Q.; Xu, Y.-Y. Macromolecules 2003, 36, 2441. (b) Xu, Z.-K.; Yang, Q.; Kou, R.-Q.; Wu, J.; Wang, J.-Q. J. Membr. Sci. 2004, 243, 195. (3) Krasteva, N.; Harms, U.; Albrecht, W.; Seifert, B.; Hopp, M.; Altankov, G.; Groth, T. Biomaterials 2002, 23, 2467. (4) Shinde, M. H.; Kulkarni, S. S.; Musale, D. A.; Joshi, S. G. J. Membr. Sci. 1999, 162, 9. (5) Nouzaki, K.; Nagata, M.; Araib, J.; Idemotob, Y.; Kourab, N.; Yanagishita, H.; Negishi, H.; Kitamoto, D.; Ikegami, T.; Haraya K. Desalination 2002, 144, 53. (6) Jung, B. J. Membr. Sci. 2004, 229, 129. (7) Godjevargova, T.; Konsulov, V.; Dimov, A.; Vasileva, N. J. Membr. Sci. 2000, 172, 279. (8) Lin, C.-C.; Yang M.-C. Biotechnol. Prog. 2003, 19, 361. (9) Etheve, J.; Dejardin, P.; Boissiere, M. Colloids Surf., B 2003, 28, 285. (10) Bhat, A. A.; Pangarkar, V. G.J. Membr. Sci. 2000, 167, 187. (11) Park, C. H.; Nam, S. Y.; Lee, Y. M.; Kujawski, W. J. Membr. Sci. 2000, 164, 121. (12) Mandal, S.; Pangarkar, V. G. J. Membr. Sci. 2002, 209, 53. (13) Frahn, J.; Malsch, G.; Matuschewski, H.; Schedler, U.; Schwarz, H.-H. J. Membr. Sci. 2004, 234, 55. (14) Merrill, E. W. Ann. N.Y. Acad. Sci. 1977, 283, 6.



been investigated, in which the copolymerization of AN with hydrophilic monomers and the grafting of hydrophilic monomers on the membrane surface show some promise. However, it was found in our previous work15 that incorporating common hydrophilic comonomers, such as 2-hydroxyethyl methacrylate (HEMA), into polyacrylonitrile by copolymerization could not improve the hydrophilicity and biocompatibility of PAN efficiently. Similar results were also described by Ulbricht et al. with grafting hydrophilic monomers such as acrylic acid, methacrylic acid, and various acrylates or methacrylates having poly(ethylene glycol) (PEG) chains onto a PAN membrane surface.16,17 Even though the material surface is hydrophilic, the interaction of protein with the material surface is entropically driven and the adsorption may also be irreversible because the accumulated number of direct contacts between protein fragments and the surface may be too large to allow desorption.18 In recent years, polymers containing phospholipid moieties have received considerable interest for chemical, biological, and medical applications.19-32 The fundamental concept was inspired by the mimicry of a biomembrane (15) Huang, X.-J.; Xu, Z.-K.; Wang, J.-W.; Wan, L.-S., Yang, Q. Polym. Prepr. 2004, 45, 487. (16) Ulbricht, M.; Richau, K.; Kamusewitz, H. Colloids Surf., A 1998, 138, 353. (17) Hicke, H. G.; Lehmanna, I.; Malsch, G.; Ulbricht, M.; Becker, M. J. Membr. Sci. 2002, 198, 187. (18) (a) Klee, D.; Ho¨cker, H. Adv. Polym. Sci. 2000, 149, 1. (b) Mathieu, H. J.; Chevolot, Y.; Ruiz-Taylor, L.; Le´onard, D. Adv. Polym. Sci. 2003, 162, 1. (19) (a) Marra, K. G.; Winger, T. M.; Hanson, S. R.; Chaikof, E. L. Macromolecules 1997, 30, 6483. (b) Marra, K. G.; Kidani, D. D. A.; Chaikof, E. L. Langmuir 1997, 13, 5697. (20) Nakaya, T.; Li, Y. J. Prog. Polym. Sci. 1999, 24, 143. (21) Ishihara, K. Sci. Technol. Adv. Mater. 2000, 1, 131. (22) Lewis, A. L. Colloids Surf., B 2000, 18, 261. (23) Nakabayashi, N.; Williams, D. F. Biomaterials 2003, 24, 2431. (24) Iwasaki, Y.; Tojo, Y.; Kurosaki, T.; Nakabayashi, N. J. Biomed. Mater. Res., Part A 2003, 65A, 164.



10.1021/la047419d CCC: $30.25 © 2005 American Chemical Society Published on Web 03/02/2005



2942



Langmuir, Vol. 21, No. 7, 2005



which is mainly constructed of neutral phospholipids and phosphorylcholines. Phosphorylcholine (PC) materials have been shown to reduce protein adsorption significantly as their hydrated surfaces are able to interact with proteins without inducing conformational changes in their threedimensional structures, unlike many other hydrogel-type materials.33 To endow synthetic polymers with biomimetic properties, various vinyl-containing phospholipids and their polymer analogues were synthesized. Nakaya and Li summarized the phospholipid analogous polymers (PAPs) developed before 1999.20 Most recently, copolymers based on 2-methacryloyloxy-ethyl phosphorylcholine (MPC) were extensively studied.21-24,28-31 Potential applications of these PAPs to modify the surface of separation membranes (such as cellulose acetate, poly(vinylidene dichloride), polysulfone, polyurethane, polyethylene, poly(vinyl chloride)) by blending or coating were also explored.29-32 The objective of our work is to introduce phospholipid moieties or phospholipid PAPs on the membrane surface by chemical reaction, as confirmed in our previous paper,32 so that the biocompatibility of polypropylene microporous membranes can be improved. Furthermore, it was also found that the activity and stability of immobilized enzyme on these modified membranes could by enhanced.34 In this work, to improve the surface biocompatibility, a novel method was used to anchor phospholipid moieties onto the membrane surface of a polyacrylonitrile-based copolymer. After the generation of phospholipid moieties, the chemical composition of the membrane surface was analyzed by Fourier transfer infrared spectroscopy and X-ray photoelectron spectroscopy. The surface properties of the resultant membrane are described on the basis of hydrophilicity, protein adsorption, and platelet adhesion measurements Experimental Section Materials. Polyacrylonitrile (PAN) and poly(acrylonitrile-co2-hydroxyethyl methacrylate)s (PANCHEAMs) with different 2-hydroxyethyl methacrylate content were synthesized by water phase precipitation copolymerization in our laboratory. The HEMA content in the compolymers calculated from 1H NMR spectra varied 6.4%, 9.3%, 11.3%, and 17.8%. Dimethyl sulfoxide (DMSO) was purified by vacuum distillation before use. Trimethylamine (TMA, Aldrich, USA) was commercially obtained and used without further purification. Acetonitrile, tetrahydrofuran (THF), triethylamine (TEA), phosphorus trichloride, and ethylene glycol were purchased from Shanghai Chemical Co. and distilled before use. Dichloromethane and benzene were dried by distillation from metal natrium. Bovine serum albumin (BSA, (25) Iwasaki, Y.; Sawada, S.-I.; Ishihara, K.; Khang, G.; Lee, H. B. Biomaterials 2002, 23, 3897. (26) Murphy, E. F.; Lu, J. R.; Brewer, J.; Russell, J.; Penfold, J. Langmuir 1999, 15, 1313. (27) Ogawa, R.; Iwasaki, Y.; Ishihara, K. J. Biomed. Mater. Res. 2002, 62, 214. (28) Goreish, H. H.; Lewis, A. L.; Rose, S.; Lloyd, A. W. J. Biomed. Mater. Res., Part A 2004, 68A, 1. (29) Iwasaki, Y.; Uchiyama, S.; Kurita, K.; Morimoto, N.; Nakabayashi, N. Biomaterials 2002, 23, 3421. (30) (a) Ye, S. H.; Watanabe, J.; Iwasaki, Y.; Ishihara, K. J. Membr. Sci. 2002, 210, 411. (b) Uchiyama, T.; Watanabe, J.; Ishihara, K. J. Membr. Sci. 2002, 208, 39. (c) Uchiyama, T.; Watanabe, J.; Ishihara, K. J. Membr. Sci. 2002, 210, 423. (d) Hasegawa, T.; Iwasaki, Y.; and Ishihara, K. Biomaterials 2001, 22, 243. (31) (a) Akhtar, S.; Hawes, C.; Dudley, L.; Reed, I.; Stratfort, P. J. Membr. Sci. 1995, 107, 209. (b) Lewis, A. L.; Hughes, P. D.; Kirkwood, L. C.; Leppard, S. W.; Redman, R. P.; Tolhurst, L. A.; Stratford, P. W. Biomaterials 2000, 21, 1847. (32) Xu, Z. K.; Dai, Q. W.; Wu, J.; Huang, X. J.; Yang, Q. Langmuir 2004, 20, 1481. (33) Ishihara, K.; Nomura, H.; Mihara, T.; Kurita, K.; Iwasaki, Y.; Nakabayashi, N. J. Biomed. Mater. Res. 1998, 39, 323. (34) Deng, H.-T.; Xu, Z.-K.; Huang, X.-J.; Wu, J.; Seta, P. Langmuir 2004, 20, 10168.



Huang et al. pI ) 4.8, Mw ) 66 kDa) was purchased from Sino-American Biotechnology Co., Ltd., and used as received. Fresh human platelet rich plasma (PRP) was bought from the Blood Center of Hangzhou, China. Other reagents were AR grade and purified following normal procedures before use. 2-Chloro-2-oxo-1,3,2dioxaphospholane, bp 99-101 °C/1 mmHg (lit. bp 79 °C/0.4 mmHg), was synthesized according to the method of Lucas et al.35 and Edmundson.36 Anal. Calcd for C2H4O3PCl: C, 16.86; H, 2.83; P, 21.74; Cl, 24.88. Found: C, 17.05; H, 2.94; P, 21.88; Cl, 25.20. Fabrication of PANCHEMA Copolymer Membranes. The synthesized PAN and PANCHEMAs were fabricated into dense membranes. These polymers were dried for at least 3 h at 60 °C in a vacuum oven and then dissolved in DMSO at about 60 °C for 24 h with vigorous stirring to form an 18 wt % homogeneous solution. After air bubbles were removed completely, the solutions were cast onto clean glass plates using a casting knife with a 150 µm gate opening. To fabricate porous membranes, the glass plates with the nascent membranes were placed in the air (22 ( 0.5 °C, 65-70% relative humidity) for 5 min and then immersed in 22 ( 0.5 °C ultrafiltrated water for 24 h. After this, the membranes were peeled off and preserved in 5 vol % glycerin aqueous solution for 24 h. On the other hand, the glass plates with the nascent membranes were dried for 24 h at 60 °C under vacuum to obtain dense membranes. These porous and dense membranes were dried for another 24 h at 80 °C under vacuum to ensure dryness before the further surface modification. The initial characteristics of the PAN and PANCHEMA membranes such as thickness, porosity, and water permeability are available in Supporting Information. Introducing Phospholipid Moieties onto the PANCHEMA Membranes. For a typical reaction, a dry PANCHEMA membrane, 50 mL of THF, and designated amounts of triethylamine (TEA) were placed into a thoroughly dried 200 mL singlenecked pressure-resistant flask. After the solution was cooled to a range of -5 to 0 °C, calculated amounts of 2-chloro-2-oxo-1,3,2dioxa-phospholane dissolved in 50 mL of dry THF were rapidly injected into the flask. Then, the flask was sealed to keep water out. Subsequently, the reaction mixture was maintained at the range of -5 to -0 °C for the reaction of 2-chloro-2-oxo-1,3,2dioxa-phospholane with the hydroxyl groups on the PANCHEMA membrane surface. During the reaction, the flask was shaken with a shaking peed of 120 rpm. After the reaction was completed, the solution in the reaction mixture was rapidly poured out of the flask under dry argon atmosphere, and then 5 mL of anhydrous trimethylamine dissolved in 100 mL cooled and dry acetonitrile was rapidly injected into the flask. The pressureresistant flask was sealed and placed in an oil bath at a temperature of 60 °C for the ring-opening reaction of 2-chloro2-oxo-1,3,2-dioxa-phospholane. After the flask was shaken at a shaking peed of 120 rpm for 24 h, the resultant membrane was taken out of the reaction flask and placed in a beaker with 50 mL of deionized water. To remove the absorbed chemical residues on the membrane surface, the beaker with the modified membrane was shaken at a shaking speed of 120 rpm for 24 h and the deionized water in the beaker was replaced at least five times. The membrane was then dried at 40 °C in a vacuum oven. The reaction degree (RD) is defined as



RD (%) ) (w1 - w0)/w0 × 100 where w0 and w1 are the weights of the virgin PANCHEMA and PMANCP membranes, respectively. Characterization. Fourier transform infrared spectroscopy (FT-IR, Vector 22, Brucker) and X-ray photoelectron spectroscopy (XPS, PHI 5000C ESCA system, PHI Co., USA) were used to confirm the chemical structure of PAN, PANCHEMA, and PMANCP membranes. For X-ray photon spectroscopy (XPS) analysis, the X-ray source was run at a power of 250 W (14.0 kV, 93.9 eV). The pressure in the analysis chamber was maintained at 10-6 Pa or lower during measurements. To compensate for surface charging effect, all survey and core-level spectra were (35) Lucas, H, I.; Mitchell. F. W.; Scully, C. N. J. Am. Chem. Soc. 1950, 72, 5491. (36) Edmundson, R. S. Chem. Ind. 1962, 1882.
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Figure 1. Schematic representation for introducing phospholipid moieties onto the PANCHEMA membrane surface. referenced to the C1s hydrocarbon peak at 284.6 eV. The morphologies of the prepared membranes were inspected by scanning electron microscopy (SEM) using a Sirion FEG-SEM (FEI, USA). For this purpose, samples of the membrane were washed with a water-ethanol-hexane sequence, dried at room temperature, frozen in liquid nitrogen, and fractured to obtain tidy cross sections. After the parts were sputtered with gold, they were transferred into the microscope and pictures were taken of the cross section and the surface. Water Contact Angle Measurements. The hydrophilicity of the dense membrane surface was characterized on the basis of water contact angle. Static contact angle (SCA) as a function of time was measured at room temperature on a contact angle goniometer (OCA20, Dataphysics, Germany) equipped with video capture. In a typical sessile drop method, a total of 5 µL of deionized water was dropped onto a dry dense membrane sample with a microsyringe in an atmosphere of air. The contact angle images were recorded as long as 180 s, and the water contact angle dependent on time was determined from the image with imaging software. Advancing contact angle (ACA) and receding contact angle (RCA) were also measured following the static contact angle measurement by adding/ withdrawing deionized water to/from the water drop on the membrane surface. At least 10 contact angles were averaged to get a reliable value. Adhesion of Blood Platelet on the Membrane Surface. A platelet adhesion experiment was carried out using the following procedure. First, the PAN, PANCHEMA, and PMANCP dense membranes were treated with deionized water for 30 min at 50 °C and dried in a vacuum at room temperature. Fresh platelet-rich plasma (PRP), which was obtained from 20 mL of fresh human blood by centrifugation at 1000 rpm for 10 min, was used in all experiments. All samples of the dense membranes (1 × 1 cm2) were cut and placed on pieces of flat glass plates, and a sample of 20 µL of fresh PRP was slowly dropped on the center of the tested membranes and incubated at 22 ( 0.5 °C for 30 min. The membrane was gently rinsed several times with a phosphatebuffer saline (PBS) solution, after which the adhered platelets on the dense membrane were fixed with 2.5 wt % glutaraldehyde in PBS for 30 min. Finally, the sample was washed with PBS and dehydrated with a series of ethanol/water mixtures of increasing ethanol concentration (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 vol % of ethanol) for 30 min in each mixture, respectivly.37 The membrane was air-dried, coated with gold, and imaged by scanning electron microscopy (SEM, Cambrige S-260, U.K.). BSA Adsorption on the Membrane Surface. BSA was used as a model protein to evaluate the protein-resistant characteristics of PAN, PANCHEMA, and PMANCP porous membranes. The studied membranes with about 90 cm2 of external surface area were immersed in ethanol for 10 min followed in PBS solution for 30 min to prewet the membrane surface. Then each sample was put into a tube containing 10 mL of BSA solution with various concentrations whose pH was adjusted to 7.4 with phosphatebuffer solution. The mixture was incubated at 30 °C for 24 h to (37) Wetzels, G. M. R.; Koole, L. H. Biomaterials 1999, 20, 1879.



reach an adsorption-desorption equilibrium. The amount of adsorbed BSA was determined by measuring spectrophotometrically the difference between the concentrations of BSA in the solution before and after contact with the membranes. The spectroscopic analytical method utilized in this work for protein dosage was based on the reaction of albumin with Coomassie brilliant blue (Fluka) dyestuff to record the absorbance of the albumin-Coomassie brilliant blue complex according to Bradford’s method.38 A calibration curve between the spectrophotometrical absorbance and the BSA concentration was established to reduce the effect of protein adsorption on the surface of the experimental device for the adsorption measurement. The reported data were the mean value of triplicate samples for each polymer membrane.



Results and Discussion Introducing Phospholipid Moieties onto the PANCHEMA Membranes. Surface modification of common polymer membranes is an attractive approach to improve the surface properties in a defined selective way while preserving its microporous structure. In our work, as schematically described in Figure 1, phospholipid moieties were anchored on the poly(acrylonitrile-co-2hydroxyethyl methacrylate) membrane surface by chemical covalent bonds, which include the reaction of the hydroxyl groups on the poly(acrylonitrile-co-2-hydroxyethyl methacrylate) (PANCHEMA) membrane surface with 2-chloro-2-oxo-1,3,2-dioxaphospholane (COP) followed by the ring-opening reaction of COP with trimethylamine. It was reported by Ishihara et al.39 that 2-methacryloyloxy-ethyl phosphorylcholine (MPC) can be synthesized by the reaction of COP with HEMA at -20 to -30 °C in dried THF. In our situation, because HEMA was added to the PANCHEMA dense membrane to react with COP, the reaction temperature was allowed to be -5 to 0 °C. THF was chosen as the reaction medium because in the polar solvent the hydroxyl group of the HEMA unit can relative easily migrate to the top surface of the dense membrane, which, in turn, benefits the reaction of the hydroxyl group with COP. To ensure high conversion of the HEMA unit into phospholipid moieties, the dense membrane must be completely dried at 60 °C in a vacuum before the reaction and the mole amount of COP and TMA in feed should be twice that of the HEMA mole fraction in the PANCHEMA dense membrane. The effect of the HEMA content in the PANCHEMA copolymers on the reaction degree is shown in Table 1. It was found that the reaction degree increased with the increase of HEMA content in the copolymer, and most of the HEMA units on (38) Bradford, M. M. Anal. Biochem. 1976, 72, 248. (39) Ishihara, K.; Ueda, T.; Nakabayashi, N. Polym. J. 1990, 22, 355.
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Table 1. Typical Results for the Synthesis of PAN, PANCHEMA, and Phospholipid-Modified Membranes sample no. 1



2



HEMA in the monomer feed (mol %) 0 5 HEMA in PANCHEMA (mol %) 0 6.4 phospholipid moieties at membrane 0 6.09 surface (mol %) conversion ratio (%) 95.2 reaction degree (%) 4.15



3



4



5



8 10 15 9.3 11.3 17.8 9.19 17.1 98.8 96.1 6.12 8.85 10.24



the PANCHEMA dense membrane could be converted into phospholipid moieties. The original and modified membranes were characterized by FT-IR and XPS, respectively. Figure 2 shows the



Figure 3. Survey XPS spectra of the (a) PANCHEMA and (b) PMANCP membrane surface.



Figure 2. IR spectra of (a) PANCHEMA (HEMA ) 9.3 mol %) and (b) PMANCP (phospholipid ) 9.19 mol %) membranes.



FT-IR spectra of the studied membranes. It can be seen that, compared with the FT-IR spectrum of PANCHEMA membrane, there were a series of new adsorption peaks at 1475, 1244, and 967 cm-1 in the spectrum of the PMANCP membranes, which were ascribed to the stretching vibrations of the -CH3, -O-P-O-, and -N+(CH3)3 groups in the phospholipid moieties, respectively. To further verify the chemical structures of the PANCHEMA and PMANCP membranes, XPS spectra were taken for the dense membranes. In the case of the PANCHEMA membrane (Figure 3a), two strong peaks at 285 and 525 eV were observed, which were attributed to C1s and O1s, respectively. Another peak at 401 eV attributed to N1s in the nitrile group was also obvious. For the PMANCP membrane (Figure 3 (b), (c), (d)), on the other hand, a new peak was observed at 137 eV, which was designated to P2p in the phospholipid moiety. Furthermore, to fully distinguish the different types of functional groups on the membrane surface, the highresolution spectra of PANCHEAM and phospholipid moieties modified membranes corresponding to C1s, O1s, P2p, and N1s are shown in Figure 4 and Figure 5, respectively. It can be obviously seen that only one component was obvious in the P2p peak at 136.9 eV (Figure 4c). On the other hand, there were two components in the N1s core level spectrum of the phospholipid moiety modified membranes (Figure 5b-d). The first one at 402 eV was attributed to the nitrogen atom in the nitrile group. The second one (405 eV) was the nitrogen atom in the -N+(CH3)3 of phospholipid moiety. Therefore, the phospholipid moiety on the membrane surface could be calculated from the areas of these two peaks. If we assume that the HEMA content at the PANCHEMA membrane surface is equal to that in the copolymer bulk, the conversion ratio of the



Figure 4. Core-level XPS spectra of C1s (a), O1s (b), and P2p (c) for PANCHEMA (HEMA ) 9.3 mol %) and PMANCP (phospholipid ) 9.19 mol %) membrane surface.



HEMA unit into phospholipid moieties on the membrane surface could be calculated by



CR (%) ) (CPhospholipid/CHEMA) × 100 where CPhospholipid and CHEMA are the content of phospholipid moieties on the modified dense membrane and HEMA
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Figure 5. Core-level XPS spectra of N1s (d) for PANCHEMA and PMANCP membrane surfaces. The HEMA mole fraction in the copolymer membrane is (a) 9.3%. The mole fractions of phospholipid moiety on the copolymer membrane surfaces are (b) 6.09%, (c) 9.19%, and (d) 17.1%.



unit in the copolymer, respectively. It can be seen from Table 1 that the reaction degree (RD) increased with the increase of the HEMA content in the copolymer, and the content of the phospholipid moiety on the membrane surface was as much as that of HEMA units in the bulk and the conversion ratio was almost 100%. This high conversion ratio might be ascribed to that of the hydroxy group in the top layer fingered out of the membrane surface in the high polar solvent during the reaction. All these results demonstrated clearly that the phospholipid moieties could be introduced onto the acrylonitrile-based copolymer membrane by the facile method described in this work. As can be seen from the Supporting Information, compared with the characteristics of the PAN and PANCHEMA membranes, because the reaction temperatures of the modification processes were far low from the Tg of PAN (105-115 °C), it seems that no obvious morphological changes were observed on the PMANCP membrane surfaces and in the bulk. However, the water permeability of the PMANCP membrane was obviously increased. This was reasonable because PMANCP had a better hydrophilicity than that of PAN and PANCHEMA. Surface Properties of the Copolymer Membranes. Water contact angle was used to characterize the relative hydrophilicity or hydrophobicity of the membrane surface. Static contact angles as a function of contact time on the PAN, PANCHEMA, and PMANCP membranes are shown in Figure 6. It can be seen that the water contact angles on PAN and PANCHEMA membranes decreased slightly with the prolongation of the contact time and then almost level off, whereas those on PMANCP membrane decreased sharply. Furthermore, the water on a PMANCP membrane surface extended out in a few minutes. This was due to the interaction of water with the polar group of zwitterions moieties on the membrane surface. Advancing and receding water contact angles are presented in Figure 7, as was reported by Ulbricht et al.16 that grafting hydrophilic polymers on the PAFN-based membrane surface only had a slight effect on the contact angle, similar results were
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Figure 6. Water contact angle as a function of contact time on the PAN, PANCHEMA, and PMANCP membranes. The HEMA mole fractions in the copolymer membrane are (a) 0%, (b) 6.4%, (c) 9.3%, and (d) 17.8%. The mole fractions of phospholipid moiety on the copolymer membrane surfaces are (e) 6.09%, (f) 9.19%, and (g) 17.1%.



Figure 7. Static (black columns), advancing (shaded columns), and receding (white columns) contact angles on the PAN, PANCHEMA, and PMANCP membranes. The HEMA mole fractions in the copolymer membranes are (a) 0%, (b) 6.4%, (c) 9.3%, and (d) 17.8%. The mole fractions of phospholipid moiety on the copolymer membrane surface are (e) 6.09%, (f) 9.19%, and (g) 17.1%.



obtained from the measurements. However, the hydrophilicity was effectively improved by introducing the phoshpolipid moieties onto the PAN-based membrane; it can be seen from Figure 7 that the dynamic contact angles on the phospholipid-modified membranes were obviously lower than those on the PANCHEMA membranes. Protein adsorption is one of the most important phenomena in determination of the biocompatibility of materials.40 Figure 8 shows the results of BSA adsorption on the PAN, PANCHEMA, and PMANCP membranes, respectively. It was found that the amount of BSA adsorbed on the PAN and PANCHEMA membranes increased almost linearly with the increase of the BSA concentration. However, different from those on the PAN and PANCHEMA, the adsorbed amount of BSA on the PMANCP membranes increased slightly and kept at a certain low (40) Baszkin, A.; Lyman, D. J. J. Biomed. Mater. Res. 1980, 14, 393.
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Figure 8. BSA adsorption on the PAN, PANCHEMA, and PMANCP membranes. The HEMA mole fractions in the copolymer membranes are (a) 0%, (b) 6.4%, (c) 9.3%, and (d) 17.8%. The mole fractions of phospholipid moiety on the copolymer membrane surfaces are (e) 6.09%, (f) 9.19%, and (g) 17.1%.



level with the increase of the BAS concentration. During the BSA adsorption measurement, samples were immersed in aqueous medium. As was confirmed by Ishihara et al.33 that, in the aqueous environment, the relative high level of free water fraction on the phospholipid-modified membrane surface can effectively suppress protein adsorption and platelet adhesion. The extent of platelet adhesion and the morphology of the adhered platelets are considered to be an early indicator of thrombogenicity of blood contacting biomaterials.Figure 8 shows the SEM pictures of the PAN, PANCHEMA, and PMANCP membranes exposed to PRP for 30 min. It was found that platelet adherence on the membranes was strongly dependent on the chemical structure of the membrane surface. Numerous adherent platelets were aggregated and deformed on the PAN and PANCHEMA membranes (parts a-d of Figure 9), respectively. On the other hand, platelet adhesion was effectively suppressed on PMANCP membrane surfaces. It can be seen from Figure 9e-g that platelet adhesion was hardly observed on PMANCP membrane surfaces, even with a relatively low phospholipid moiety content on the surface, and in Figure 9f there are scarcely any platelets adhering on the membrane surface. These results indicate that the biocompatibility of PAN-based membrane can be improved obviously by introducing phospholipid moieties onto the surface. It has been suggested that the behavior of platelet adhesion on polymeric material depends strongly on surface properties such as the hydrophilic/hydrophobic balance, the morphology, the topography, and the surface charge. For the phospholipid modified membranes, the surfaces with the zwitterionic moieties were hydrophilic and electrically neutral in an aqueous environment, which can effectively inhibit the adsorption of protein and the adhesion of platelets.41-44 (41) Lu, J. R.; Murphy, E. F.; Su, T. J.; Lewis, L. A.; Stratford, P. W.; Satija, S. K. Langmuir 2001, 17, 3382. (42) Murphy, E. F.; Lu, J. R.; Lewis, A. L.; Brewer, J.; Russell, J.; Stratford, P. Macromolecules 2000, 33, 4545. (43) Holmlin, R. E.; Chen, X. X.; Chapman, R. G.; Takayama, S.; Whitesides, G. M. Langmuir 2001, 17, 2841. (44) Ostuni, E.; Chapman, R. G.; Holmlin, R. E.; Takayama, S.; Whitesides, G. M. Langmuir 2001, 17, 5605.



Figure 9. Adhesion of platelets on the PAN, PANCHEMA, and PMANCP membrane surfaces. The HEMA mole fractions in the copolymer membranes are (a) 0%, (b) 6.4%, (c) 9.3%, and (d) 17.8%. The mole fractions of phospholipid moiety on the copolymer membrane surfaces are (e) 6.09%, (f) 9.19%, and (g) 17.1%.



Conclusions Phospholipid moieties could be introduced onto the PANCHEMA membrane surface by the reaction of hydroxyl groups with COP followed by a ring-opening reaction with trimethylamine. Therefore, the density of phospholipid moiety on the membrane surface could be controlled by varying the content of HEMA in the copolymer. The water contact angle, the BSA adsorption, and the platelet adhesion on the phospholipid moieties modified membrane surface were obviously lower than those on the original PANCHEMA membrane surface. All these results indicated that both the hydrophilicity and biocompatibility of the acrylonitrile-based copolymer membranes could be improved efficiently by the reported process. Further work related to immobilization enzyme on the phospholipid-modified membranes is being carried out in our laboratory. Acknowledgment. Financial support from the National Natural Science Foundation of China (Grant No. 50273032) and the National Basic Research Program of
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