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Abstract
Active groups were induced to the surface of polysulfone (PSU) films by using air plasma and then post-grafted with methacrylic acid (MAA) followed by reaction with amine groups to enhance the hydrophilicity of the film and its stability. The modified films were characterized by surface tension and contact angle to evaluate the hydrophilic properties and atomic force microscopy (AFM) to analyse morphological structures. Creation of functional groups was determined by ATR-FTIR while grafting yield was estimated by weighing of films both before and after grafting. Results showed that the hydrophilic properties of PSU film greatly enhanced. This enhancement was obtained after plasma treatment but it was not stable over time, however after amination, it has been improved and remained stable over 40 days. The results of creating active groups such as amide group led to the availability of covalently attached with cyclodextrins (CDs) as potential candidates to capture drug molecules such as Ketoprofen, Meloxicam and Ibuprofen.
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1. Introduction
Polysulfone (PSU) is a kind of aromatic thermoplastic polymer[1] and it is a popular membrane material because it possesses excellent mechanical property, thermostability, chemical inertness[2], process ability[1] and also excellent film-forming properties[3].These characteristics have led to use it widely in biomedical ﬁelds, such as blood puriﬁcation[4]. However, it is found  that it might be a limit in use due to the hydrophobicity of the surface[5] and insufficient blood compatibility[4]. Various research groups endeavoured to overcome the problem of this limitation by using several physicochemical techniques, like UV radiations, electron beams, gamma rays and plasmas. Plasma is one of the mostly high potential techniques for modification of material surfaces [6]. Plasma-surface modification supplied most of polymer substrates with specific functional groups regardless their structure and chemical reactivity[5]. Low-pressure plasmas are a highly mature technology developed to achieve an effective and economically viable batch functionalization of fibrous product. An important advantage of this technology is that it is a well-controlled and reproducible technique [7]. In addition, it consumes far less gas, a factor that is particularly important for expensive gases [8]. However, the hydrophilic properties of polymeric materials which improved by the plasma treatment, is not permanently sustain [9-11].Thus, reactive groups attached by plasma treatments may in time become partially or wholly unavailable for interfacial bonding[10]. In order to solve this problem, plasma induced graft polymerization (PIGP) is used by grafting hydrophilic monomers, such as acrylic acid (AA)[6, 12, 13] because it is very convenient monomer for plasma processes. It is volatile, soluble in water and polymerizes easily. Additionally, the molar ratio of carboxyl group in the whole molecule is high, which should enlarge wettability of a substrate[13].The results of previous works with PIGP on PSU by AA in solution phase[6, 12, 13]showed that there is a layer of material with pure poly (acrylic acid) with high proportion but it can  be removed  easily from the surface of material leaving small amount of AA grafted  on the surface which makes the surface of material is still hydrophobic. In these cases, it is necessary to find method to reduce removing of poly acrylic acid from the surface which improves its hydrophilic properties and its permanence. Furthermore, the created reactive groups allow sequent attachment with functionalised molecules such as CDs. CDs are a family of cyclic oligosaccharides  and they used widely in wide range of applications regarding their structures, that have the ability to form inclusion complex with variety of long chain aliphatic or aromatic molecules such as drugs, pesticides, hormones, detergents, fragrances and vitamins [14-16]. Pharmaceutical applications are the most remarkable applications of CDs [14] due to various purposes, including improving the bioavailability of drugs [17]. So, the goal of our research is to enhance the hydrophilicity of PSU film and its stability by PIGP with (MAA) followed by amination with diamino-dipropylamine (DADPA). Consequently, it can benefit from creation of active groups on the surface of resulted material to potentially applied in drug delivery system such as analgesic drugs e.g. Ketoprofen, Meloxicam and Ibuprofen. Modified films were characterized by surface tension and contact angle, atomic force microscopy (AFM) and the creation of functional groups was determined by (ATR-FTIR).

2. Materials and Methods
2.1. Materials
Polysulphone PSU (Mn ̴16,000), Dimethylformamide (DMF),  1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC), N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulphonic acid (MES), Methacrylic acid (MAA), sulphuric acid (H2SO4), sodium hydroxide (NaOH), diamino-dipropylamine (DADPA) and ammonium cerium(IV) nitrate were all purchased from Sigma–Aldrich company and used as received.

2.2. Preparation of PSU film
Flat sheet of PSU film was prepared by the dissolution of PSU (25 wt. %) in DMF (50 ml) at room temperature to give a final concentration of 0.25 g.ml−1. The reaction mixture was stirred for 24h. to obtain a homogeneous solution. Free standing film was obtained by the evaporation of DMF from the cast solution by slow drying in atmosphere through overnight.

2.3. Plasma induced graft polymerization
PSU films were treated with modified previously reported method [18] by low pressure  plasma using air for different durations (15, 30 and 45 min) to study the effect of plasma treatment time on the graft yield of MAA. In brief, the plasma treatment system (low pressure plasma) was provided by Diener electronic (Model: PICO) Co., (Ebhausen) with the following experimental conditions: a plasma power of 60W and flow rate of 15 sccm. The PSU films were treated by air plasma subsequently; the films were placed in a clean plastic bag to minimize potential contamination. After plasma treatment, the film immersed into 20 vol. % MAA aqueous solution with 0.4M H2SO4 and 0.073M ammonium cerium(IV) nitrate. After purging with nitrogen, the solution was heated under 80◦C for 40 min. 
The PMAA grafted PSU films were thoroughly rinsed in 10mM NaOH solution for 6h and finally rinsed in DI water for 24h.The PSU-PMAA films were immersed into MES buffer solution (0.1M, pH 5.0) containing 10mg/ml EDAC and 10mg/ml NHS at room temperature for 1h. This reaction activated the carboxyl groups on the PMAA grafted PSU films surface. After the activation, the films were immersed in 30 vol.% DADPA solution and reacted under 4◦C for 2h. The PSU–PMAA–DADPA films were rinsed with DI water thoroughly to remove free DADPA molecules. Schematic diagram of the surface modification procedures of the PSU fibres are shown in Figure 1.
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Figure 1. Schematic representation of the surface modification procedures, where NH2–DADPA–NH2 equals to NH2CH2CH2CH2NHCH2CH2CH2NH2.

2.4. Characterizations
For the hydrophilic properties, we used contact angle and surface energies measuring instrument (kruss Tensiometer k100), the measurement was carried out at different storage times. Chemical and morphological structure changes were analysed through the attenuated total reflectance Fourier Transform Infrared (ATR-FTIR) spectrum (400– 4000 cm−1, For the surface roughness determination, we used Atomic Force Microscopy (AFM, Veeco Dimension 3100). To determine the grafting efficiency of MAA on the surface, the mass of film sample was weighed both before and after grafting

3. Results and Discussion
3.1. Contact angles and surface free energies
As shown in Figure 2 (a,b), The surface free energy increased mainly due to the increase of polar component with the increase of plasma treatment time. The surface free energy increased within 15 min. of plasma treatment time and then saturated after 30 min. This indicates that the concentration of polar group reached the saturation point within 30min. of plasma treatment time for the PSU-PMAA-DADPA films. As shown for the plasma-treated PSU films, the surface free energy decreased after 30 min., this may result from the surface rebuilding. It is commonly known that hydrophilic properties obtained by plasma modification is not stable with the increase of storage time that can be seen in Figure 3; this may be attributed to the following reasons: mobility of surface functionalities or sorption of hydrophobic moieties appearing in laboratory air. This assumption was found to be in good agreement with the fact that [19],some polar functionalities move toward bulk polymer [15]. While it is obvious in Figure 3 that the hydrophilic properties are stable over time even after 40 days and expressed by stability of contact angle of PSU-PMAA-DADPA film. 
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Figure 2. Surface free energies and polar of (a) air plasma treated PSU films and (b) PSU-PMAA-DADPA films with the increase of plasma treated time























Figure 3. Contact angles (CA) of untreated PSU film, plasma-treated PSU films and PSU-PMAA-DADPA films after 19 and 40 days

3.2. Graft yield (GY)
Figure 4 shows the grafting quantity of MAA on the surface of PSU film. The mass of film sample was weighed both before and after grafting. And the amount of MAA grafted on the PSU film surface can be calculated as follows:





Where G.Y. is the grafting yield. Wa weight of grafted film, Wb weight of original film.


























Figure 4. Graft yield (GY) of MAA on plasma- treated PSU film with different plasma-treatment time 


3.3. AFM
AFM images in Figure 5 (a,b,c) show the roughness of the top skin surface of untreated film, plasma-treated PSU (45 min.) and PSU-PMAA-DADPA (45 min). The surface average (Sa) and root mean square (Sq) roughness’s increased from 6.66 to 16.5 nm and 8.78 to 20.8 nm, respectively, after plasma treatment for 45 min. As for PSU-PMAA-DADPA film, there is a smooth surface comparing with plasma-treated film. The reduction in the roughness for PSU-PMAA-DADPA (Sa) can be interpreted as consequence of the reduction of surface pores due to the decrease in distance between the particles on the surface after grafting and amination of PSU film, which indicated that the modification onto the surface of PSU film took place successfully.
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Figure 5. The alteration of topography and roughness of untreated (a), air plasma-treated (b) and PSU-PMAA-DADPA films


3.4. ATR-FTIR
ATR-FTIR spectra of the original and surface modified PSU films shown in Figure 6 confirmed the surface modification process. For the PSU–PMAA film, the peak at 1695 cm−1 was due to the carbonyl adsorption in the –COOH groups. In the spectrum of the PSU–PMAA–DADPA film, the broad adsorption between 3100 and 3500 cm−1 was due to the –NH2 groups of DADPA and the peak at 1650 cm−1 was attributed to amide bonds formed between the –COOH groups of MAA and the –NH2 groups in DADPA.
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Figure 6. ATR-FTIR spectra of (a) untreated PSU film, (b) plasma treated PSU film, (C) PSU-PMAA and (d) PSU-PMAA-DADPA film 

4. Conclusions
This research aimed to improve the hydrophilic properties of PSU film and maintain the stability of the gained properties over time. This has been successfully obtained by using air plasma and then post-grafted with methacrylic acid (MAA) followed by reaction with amine groups. The resulted material characterised by active sites which can consequently react with functionalised molecules such as CDs and potentially applied in drug delivery system such as analgesic drugs e.g. Ketoprofen, Meloxicam and Ibuprofen. In terms of contact angles and surface energies results, we obtained improvement in hydrophilic properties of PSU film treated by low-pressure air plasma followed by grafting with hydrophilic monomer (MAA) and then amination with DADPA (PSU-PMAA-DADPA film). This study confirmed that grafting yield increased by increasing time of plasma treatment. As result of this plasma-induced graft polymerization and the amination after that follows, the improvement of hydrophilic properties of the surface of PSU film can be permanent, as evidenced by the constancy of modified PSU film over time, even after 40 days. Thus, our research endowed the modified films with various active groups with surface properties that render them desirable candidates for drug delivery.
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