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Abstract

:

This work is focused on the synthesis of leucyl-glycine-functionalized γ-Fe2O3 magnetic nanoparticles coated by polydioxanone (γ-Fe2O3-CA-Leu-Gly-PDX) as a polyethersulphone (PES) membrane for biotechnological applications. The physicochemical characteristics were investigated by FT-IR, SEM, XRD, a vibrating sample magnetometer (VSM), and ICP-OES. The present investigation also centered on the several biological activities of γ-Fe2O3-CA-Leu-Gly-PDX. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and metal chelating activity was studied for evaluation of its antioxidant activity potential. It exhibited 100% DPPH radical scavenging and 93.33% metal chelating activity. With applicability to antimicrobial photodynamic therapy, DNA cleavage and antimicrobial activity, the cell viability of γ-Fe2O3-CA-Leu-Gly-PDX was investigated in detail. The γ-Fe2O3-CA-Leu-Gly-PDX demonstrated the significant biofilm inhibition activity as being 81.54% and 86.34% for P. aeruginosa and S. aureus, respectively. Moreover, a novel polyethersulphone nanocomposite membrane incorporated with γ-Fe2O3-CA-Leu-Gly-PDX was prepared. The performance of the γ-Fe2O3-CA-Leu-Gly-PDX-blended polyethersulphone (PES) membrane was investigated by measuring the antifouling and E. coli rejection. The nanocomposite membranes demonstrated remarkable antifouling properties in contrast with the pristine PES when BSA (bovine serum albumin) and E. coli were filtrated. A complete rejection was obtained by the composite membrane. After an application of the membrane study, the modified polyethersulphone (PES) membrane blended with γ-Fe2O3-CA-Leu-Gly-PDX removed 100% of the E. coli.
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1. Introduction


Environmental contaminations due to anthropogenic activities threaten water resources as well as causing air, soil, food, etc., contamination. Pollutants can be originated from organics such as persistent organic pollutants, dyes, etc., as well as from inorganics such as toxic metal ions and their complexes and living systems such as bacteria, viruses, etc. [1]. Various methods have been recommended for their usability to reduce environmental pollution such as chemical, physical and biotechnological methods; however, environmentally friendly technologies are urgently required to reduce pollution and provide a livable environment [2,3,4].



Recently, membranes originating from polymers have been used for filtration in a variety of targets including for suspended and dissolved particles [5,6]. With an applicability to various water/wastewater treatment processes, their high separation efficiency and low cost could be evaluated as having advantages over other methods [7,8,9]. Although there are many polymeric materials for membrane filtration, polyethersulphone (PES), with its hydrophobic surface, is the most widely used due to its extraordinary resistance to strong chemicals, commercial availability, easy processing and thermal features [10,11].



In recent years, surface modifications through covalent chemistry have attained a special focus that importantly also contributes the polymeric membranes’ characteristics [12,13,14,15]. From this point of view, polyethersulphone (PES) with its advantages, for example, of its resistance to heat-aging and stability under a high temperature could be accepted as the starting polymeric material for further functionalization [16]. On the other hand, there are some disadvantages such as its permeability to water flux and antifouling that should be solved. To overcome this problem many nanomaterials such as Cu2ZnSnS4 nanoparticles [17], Zirconium phosphate (PES/α-ZrP) flat-sheet [18], nitrogen-doped porous graphene [19], hydrogen peroxide-treated g-C3N4 [20], nanocrystalline cellulose-incorporated biopolymer [21], and NaY zeolite [22] have been strongly investigated to improve the performance of PES membranes. The results have showed that the surface modifications of PES membrane critically increase their biotechnological applications.



Peptides are known as versatile compounds that are found naturally. Some peptides, including Leu-Gly, can form a peptide nanotube as a self-assembly [23]. Leu-Gly, was selected as the dipeptide for the first layer coating of γ-Fe2O3 [24]. Cationic Leu-Gly-rich peptides are known as being hemolytic and have strong activity versus microorganisms [25]. It was also reported that Leu-Gly is a main member of the collagen-model triplehelical peptides [26].



In this research paper, a γ-Fe2O3 magnetic nanoparticle was selected as the core material for further functionalization with citric acid, Leucine-Glycine dipeptide and polydioxanone (γ-Fe2O3-CA-Leu-Gly-PDX). It was functionally designed and synthesized. It should be noted that the recommended material could be guided by a magnetic field due to its superparamagnetic nature. The physicochemical details were investigated by infrared spectroscopy, scanning electron microscopy, and X-ray diffraction spectroscopy. The main idea was to coat the superparamagnetic γ-Fe2O3 nanoparticles using a Leu-Gly dipeptide that our metabolism recognizes. The outermost layer of the functionalized nanoparticle prepared was covered with polydioxanone, while surface techniques were employed for the characterization. The antifouling properties and separation ability of the developed γ-Fe2O3-CA-Leu-Gly-PDX nanoparticles-blended PES membrane were investigated by using a model solution of E. coli.




2. Results and Discussions


2.1. Surface Characterization


FT-IR was used to investigate the variation of the chemical structure of the surface (Figure 1A). The broad band at approximately 3400–3500 cm−1 showed the presence of surface hydroxyls of γ-Fe2O3, as shown in Figure 1A. The peaks at 632 and 585 cm−1 were characteristic peaks for Fe-O vibrations of γ-Fe2O3. The peak at nearly 1600 cm−1 was attributed to a C=O vibration from the carboxyl group of citric acid as shown in Figure 1A [27]. There were no significant differences observed after coating with the Leu-Gly (Figure 1A(a,b)). This could be from a lack of sensitivity of the FT-IR due to a low amount of Leu-Gly. From Figure 1A(a,c,) the carbonyl of PDX (C=O stretching vibration) was observed at approximately 1735 cm−1 as well as CH2 bending at 1386 cm−1, and CO stretching at 1233 and 1109 cm−1 [28].



The structure of the magnetic nanoparticles was confirmed by considering the results from the XRD (Figure 1B). A series of characteristic peaks at 2θ = 30.5°, 35.8°, 43.8°, 54.2°, 57.7°, and 63.2°, which corresponded to (220), (311), (400), (422), (511), and (440) Bragg reflection, respectively, in Figure 1A, agreed with the standard maghemite (γ-Fe2O3) XRD patterns (Maghemite-Q, Card No. 25-1402). By comparing the XRD spectra with the literature, there was a clear verification of the crystal structure of the synthesized core of the magnetic nanoparticles as being γ-Fe2O3 [29,30,31,32].



The magnetic properties of the γ-Fe2O3-CA-Leu-Gly-PDX was investigated by VSM. The magnetization curve is presented in Figure 1C. A 85.6 emu/g saturation for the magnetization was measured and this confirmed the superparamagnetic characteristics. It should be highlighted that all of the components of the γ-Fe2O3-CA-Leu-Gly-PDX had no toxicity present and could be applied to the body directly for diagnostics and therapy via a controlled drug delivery. The Fe concentrations in the pristine γ-Fe2O3-CA-Leu-Gly-PDX were measured by ICP-OES. This was determined as 11,108 mg/kg of Fe.



SEM was employed to investigate the microstructure and morphology of the γ-Fe2O3-CA-Leu-Gly-PDX (Figure 1D), which showed a uniform size distribution.




2.2. Antimicrobial Properties of γ-Fe2O3-CA-Leu-Gly-PDX Nanoparticles


2.2.1. DPPH Radical Scavenging Activity of γ-Fe2O3-CA-Leu-Gly-PDX


The antioxidant activities were investigated by using the DPPH method. The most important reasons for using this method are its high accuracy, and it is an inexpensive, simple and fast method. The results of the leucyl-glycine (Leu-Gly) functionalized-γ-Fe2O3 magnetic nanoparticles following a biocompatible coating via polydioxanone [γ-Fe2O3-CA-Leu-Gly-PDX] DPPH scavenging activity is shown in Figure 2. The radical scavenging activity of the γ-Fe2O3-CA-Leu-Gly-PDX was found as 68.46, 81.02, 90.76, and 96.66% at concentrations of 12.5, 25, 50, and 100 mg/L, respectively. The highest activity at 100% was obtained for the 200 mg/L concentration. The γ-Fe2O3-CA-Leu-Gly-PDX showed significant radical scavenging activity when compared with the standard antioxidants. It was pointed out that a new type of iron oxide nanoparticles were green synthesized and characterized [33]. The antioxidant activity of the iron oxide nanoparticles by the DPPH scavenging process were investigated and the radical scavenging activity was found approximately at 20% at a concentration of 100 mg/L [34]. Additionally, avidin-coated and uncoated Fe@Au nanoparticles were investigated using the DPPH process for their antioxidant activities [35]. The avidin-coated NPs showed a higher DPPH scavenging activity than avidin uncoated Fe@Au nanoparticles. It was also found that the radical scavenging antioxidant activity was increased when the concentration increased. Shah et al. prepared three types of gallic acid-modified iron oxide nanoparticles (IONPs@GA) [36]. They investigated the DPPH scavenging activity of all the IONPs@GA samples and unfunctionalized IONP. The radical scavenging activity was found to be between 59–78%, and 50% for the unfunctionalized IONP, respectively, at 10−4 M. Our results indicated that γ-Fe2O3-CA-Leu-Gly-PDX can be used as an antioxidant agent for reducing the risk of cancer after further studies.




2.2.2. Ferrous Ion Chelating Activity of γ-Fe2O3-CA-Leu-Gly-PDX


Most of the reactive oxygen species (ROS) are produced as by-products throughout the electron transport system and other physiological and biochemical reactions. For the transition metal ion, however, it is well known that Fe2+ has the ability to sustain free radical generation through redox reactions. Since excessive iron and other free metal ions play a role in the induction and generation of free radicals in living organisms, we investigated the γ-Fe2O3-CA-Leu-Gly-PDX in a ferrous chelating activity test. The γ-Fe2O3-CA-Leu-Gly-PDX demonstrated a concentration-dependent metal chelating activity (Figure 3). When the concentration of the γ-Fe2O3-CA-Leu-Gly-PDX increased from 12.5 mg/L to 25 mg/L, the metal chelating activity increased from 37.03% to 52.41%, respectively. The metal chelating activity was also 71.18 and 83.88% at concentrations of 50 and 100 mg/L, respectively. The maximum metal chelating activity of the γ-Fe2O3-CA-Leu-Gly-PDX was found to be 93.33% at 200 mg/L. Madhu et al. reported that they synthesized and characterized a green iron oxide nanoparticle by using a Solanum tuberosum extract [37]. They also investigated the metal chelating activity of iron oxide NPs and found that new synthesized iron oxide NPs exhibited good metal activity. According to our findings, γ-Fe2O3-CA-Leu-Gly-PDX can be used as a metal chelating agent.




2.2.3. Antimicrobial Activity


The antimicrobial activity of the γ-Fe2O3-CA-Leu-Gly-PDX was investigated by using a micro-dilution process (Table 1). The MIC value was determined as 256 mg/L for P. aeruginosa, L. pneumophila and C. tropicalis, 128 mg/L for E. hirae, S. aureus, and C. parapisilosis and 64 mg/L E. fecalis. According to these results, Gram-positive bacteria was more sensitive than Gram-negative bacteria and the most sensitive microorganism was E. fecalis. There are several investigations on the antimicrobial activity of IONPs in the literature. Rufus et al. green synthesized α-Fe2O3 NPs from the extract of Psidium guajava leaves [38]. They indicated that α-Fe2O3 NPs exhibited antimicrobial activity against both Gram-positive and Gram-negative bacteria. Naseem and Farrukh reported that they studied the antibacterial activity of iron NPs and revealed that synthesized-iron NPs showed a moderate antimicrobial effect against Escherichia coli, Proteus mirabilis, Salmonella enterica, and Staphylococcus aureus [39]. Rafi et al. synthesized and characterized iron nanoparticles on polysaccharides templates (agarose, dextran and gelatin) and they also investigated the antimicrobial activity of iron NPs on polysaccharides templates [40]. It was also reported that an antimicrobial study demonstrated an inhibition against Aeromonas hydrophila and Escherichia coli. It was also found that silver and iron oxide nanoparticles with a biosurfactant coating were demonstrated to be more effective against Gram-positive bacteria than Gram-negative bacteria for antimicrobial activity [41]. This difference may be owing to the thickness and differences in cell wall compositions. Metal ions released from polydioxanone-coated iron NPs may have caused the generation of reactive oxygen species, resulting in an antimicrobial effect [42]. A similar phenomenon was reported by Turakhia et al. who revealed that the mechanism by which the iron oxide NPs demonstrated antimicrobial activity may have been owing to the oxidative stress process created by reactive oxygen species (ROS), which can disrupt cellular macromolecules [43]. Shi et al. reported that they prepared chitosan-coated iron oxide nanoparticles, and they also studied the antimicrobial effect of chitosan-coated iron oxide nanoparticles. Their results revealed that the chitosan-coated iron oxide nanoparticles displayed antibacterial activity [44]. Inbaraj et al. investigated poly(gamma-glutamic acid)-coated magnetite nanoparticles that they synthesized and characterized and tested the poly(gamma-glutamic acid)-coated magnetite nanoparticles for antimicrobial activity. Their results showed that it was demonstrated to have an antimicrobial effect [45]. In addition to these MNPs, several derivatives, such as those that were Co-doped, Ag-coated, Au-coated, and cationic polymer-modified, were also investigated for their antimicrobial and antibiofilm formation. They were shown to penetrate into microbial cells and biofilm aggregate, which can inhibit bacteria and antibiotic-resistant bacteria [46,47,48,49,50].




2.2.4. DNA Cleavage Ability


DNA fragmentation is an essential property of apoptosis, a form of programmed cellular death. The DNA is reduced to smaller pieces of oligonucleosomal size and visualized as a ladder pattern in an agarose gel electrophoresis; therefore, agents that cause DNA fragmentation are of great importance in cancer and antimicrobial studies. Agarose gel electrophoresis is the easiest, fastest and most effective chromatographic method used in the determination of DNA molecules. The DNA cleavage activity of the γ-Fe2O3-CA-Leu-Gly-PDX was performed at different concentrations by using an agarose gel electrophoresis process. The result of the DNA cleavage activity assay is represented in Figure 4. As shown in Figure 4, the new synthesized γ-Fe2O3-CA-Leu-Gly-PDX displayed single strand DNA cleavage activity at 50, 100 and 200 mg/L concentrations. Rehana et al. synthesized and characterized iron oxide nano particles and showed that L-arginine-coated nanoparticles exhibited DNA cleavage activity which was observed as a DNA fragmentation by agarose gel electrophoresis [51]. Palchoudhury et al. reported that they synthesized and characterized Pt-attached iron oxide nanoparticles [52]. The DNA interaction and cleavage of small Pt NP-attached iron oxide NPs were also investigated and it was determined that the Pt-attached iron oxide NPs demonstrated DNA cleavage activity. Additionally, metallic nanoparticles can also increase oxidative stress via a ROS formation followed by more DNA oxidation [53,54]. According to the results, the antimicrobial activity mechanism of γ-Fe2O3-CA-Leu-Gly-PDX can be reasoned by its DNA cleavage activity.




2.2.5. Microbial Cell Viability


Magnetite nanoparticles (Fe3O4) have superb properties that make them promising agents for antimicrobial usages. The reinforcing impacts of magnetic NPs bind to the microbial cell walls, causing the cell membrane to deteriorate.The microbial cell viability of γ-Fe2O3-CA-Leu-Gly-PDX was investigated against E. coli and the results of the microbial cell viability test are demonstrated in Figure 5. The new synthesized γ-Fe2O3-CA-Leu-Gly-PDX showed significant antibacterial activity. After being treated with various concentrations of γ-Fe2O3-CA-Leu-Gly-PDX, the E. coli growth was inhibited as 86.17, 98.25, and 100% at 125, 250 and 500 mg/L, respectively. Naha et al. reported that microbial cell viability was significantly reduced by using 1.5, 5, and 10 kDa dextran-coated iron oxide nanoparticles and it was also indicated that 25 and 40 kDa-coated iron oxide nanoparticles exhibited lower microbial cell viability than 1.5, 5 and 10 kDa dextran-coated iron oxide nanoparticles [55]. Shi et al. reported that chitosan-coated iron oxide nanoparticles showed a biofilm inhibition by S. aureus and it was also determined that the amount of microbial cell viability was significantly decreased [44]. Metal oxide nanoparticles are of particular attention as antimicrobial agents as they can be prepared with multiple edges, a high surface-to-volume ratio, have unusual crystal morphologies with multiple corners and other potentially reactive areas. Due to the high surface-to-volume ratio of nanoparticles, they can interact with microbial membranes and damage their membrane structures directly or indirectly and cause the microorganisms to be inactivated [56]. In addition to these, iron NPs can cause the disruption of membrane transport processes, the deterioration of protein folding and conformation, and protein aggregation. These effects may also cause antimicrobial activity.




2.2.6. Antimicrobial Photodynamic Therapy by γ-Fe2O3-CA-Leu-Gly-PDX


Antimicrobial photodynamic therapy (aPDT) uses a suitable excitation light source with photosensitizers (PSs) and oxygen. Reactive oxygen species (ROS), especially singlet oxygens, are released after a light treatment and non-specific attacks occur from cytotoxic ROS against microorganisms. This strong oxidation and the high reactive agents cause the rapid lipid oxidation of bacteria. As a result, the membrane structure breaks down and, eventually, microbial death occurs [57]. The antimicrobial photodynamic therapy (aPDT) by γ-Fe2O3-CA-Leu-Gly-PDX was investigated by using LED irradiation against E. coli for 120 min. The results of the aPDT are shown in Figure 6. Iron oxide nanoparticles can be used like photosynthesis. As seen in Figure 6, the γ-Fe2O3-CA-Leu-Gly-PDX inhibited the microbial growth by 98% and 99.99% at 25 and 50 mg/L, respectively, in the dark, while a 100% cell inhibition was observed in the γ-Fe2O3-CA-Leu-Gly-PDX 25 and 50 mg/L with the LED irradiation. Ma et al. pointed out that Fe3O4-TNS nanosheets demonstrated higher photocatalytic antimicrobial activity against Gram-positive S. aureus and Gram-negative E. coli than pure TNS and Fe3O4 [58]. It was also reported that the antimicrobial activity was decreased by 87.2% and 93.7% against the E. coli and S. aureus after 2 h of solar light irradiation at a concentration of 100 µg/mL Fe3O4-TNS, respectively. Pan et al. synthesized and characterized reduced graphene oxide (rGO)-iron oxide nanoparticles (rGO-IONP) and they investigated the antimicrobial photodynamic therapy of rGO-IONP+H2O2 treated with near infrared (NIR) laser irradiation. They observed significant antimicrobial activity when compared with a control group [59].




2.2.7. Biofilm Inhibition Activity


Biofilm is a polymeric structure that allows microorganisms to attach to each other or to a surface. This polymeric structure acts as a shield against microorganisms to immune cells and antibiotics. As a result, microorganisms that are highly resistant to antibiotics-application emerge. In addition, they can adhere strongly to medical implant surfaces, causing the contamination of various microbial infectious diseases. For these reasons, interest in agents that prevent biofilm formation is increasing day by day [44]. Here, we investigated the influence of γ-Fe2O3-CA-Leu-Gly-PDX on the biofilm formation of S. aureus and P. aeruginosa at different concentrations after 72 h of incubation. The results of the biofilm inhibition are depicted in Figure 7. A significant inhibition in the biofilm formation was observed in the presence of the γ-Fe2O3-CA-Leu-Gly-PDX for both test microorganisms. It was also determined that the biofilm inhibition activity of γ-Fe2O3-CA-Leu-Gly-PDX was concentration-dependent. When the concentration increased from 125 mg/L to 250 mg/L, the biofilm inhibition was increased from 53.28% to 69.71% for S. aureus and from 51.96% to 65.37% for P. aeruginosa. The highest biofilm inhibition was found to be 86.34% and 81.54% for S. aureus and P. aeruginosa at concentrations of 500 mg/L, respectively. Erci and Cakir-Koc reported on the biofilm inhibition activity of synthesized FeONPs, studied using S. aureus as a test microorganism after a 24 h incubation [34]. According to their results, the highest biofilm inhibition activity was shown at 100 mg/L, at nearly 45%. Thukkaram et al. examined the influence of iron oxide NPs on the formation of biofilm on various bio-material surfaces and pluronic-coated surfaces and it was reported that an effective biofilm inhibition was obtained at a high concentration of iron oxide NPs against S. aureus, E. coli and P. aeruginosa [60]. Sathyanarayanan et al. investigated the impact of gold and iron oxide NPs on S. aureus and P. aeruginosa biofilms [56] and it was found that the biofilm production was decreased with high concentrations of gold and iron-oxide NPs when compared with a control. Naha et al. investigated the biofilm inhibition using dextran-coated iron oxide nanoparticles and they found that a maximal anti-biofilm activity was obtained with 10 kDa of dextran-coated iron oxide NPs. They also demonstrated that an antibiofilm inhibition occurred via the mechanisms of an EPS-matrix breakdown [55]. It was found that tobramycin-conjugated and alginate-coated iron oxide NPs were demonstrated to inhibit the production of a biofilm by P. aeruginosa [61]. Khalid et al. reported on an easy process for the synthesis of rhamnolipid (RL)-coated silver (Ag) and iron oxide (Fe3O4) NPs and they also investigated the biofilm inhibition against biofilms produced by S. aureus and P. aeruginosa [41]. The silver (Ag) and iron oxide (Fe3O4) NPs exhibited significant biofilm inhibition activity not only during the biofilm generation but also on preformed biofilms. These ions disrupted the effective electrostatic interaction between bacterial cells in the biofilm, and as a result, these ions penetrated the cell and caused a biofilm inhibition by reducing or blocking the adhesion of the cells to each other [41].





2.3. Pristine and NPs-Blended Membrane Performance


The mean pore radius and porosity of the pristine and NPs-blended membranes are presented in Table 2. The pore size of the prepared membranes was approximately in the range of UF membranes. The pore radius and porosity of the NPs-blended membrane were higher than the pristine membrane. In addition, the amount of iron released during the filtration process was determined by an AAS analysis, and it was determined that the nanoparticle diffusion from the membrane was negligible 2 h after the experiment.



The performance of the pristine and γ-Fe2O3-CA-Leu-Gly-PDX-blended membranes were investigated in a dead-end filtration system for bovine serum albumin (BSA) and E. coli fluxes and rejection. The obtained results are shown in Figure 8. As can be seen from Figure 8A, the pristine and NPs-blended composite membranes showed a similar water flux. The water fluxes were calculated as 49.9 ± 3.2 and 49.3 ± 2.8 L/m2/h for the pristine and NPs-blended membranes, respectively. This means that blended NPs do not block the membrane pores; however, a decrease in the flux was observed for the pristine membrane when the BSA was filtrated for 90 min. The BSA fluxes were calculated as 10.7 ± 2.2 and 18.1 ± 3.3 L/m2/h for the pristine and NPs-blended membranes, respectively. After physical cleaning of the membrane surface, the water fluxes were calculated as 32.6 ± 3.6 and 47.1 ± 3.8 L/m2/h for the pristine and NPs-blended membranes, respectively. The results depict that the γ-Fe2O3-CA-Leu-Gly-PDX protected the modified membrane surface against protein fouling.



The pristine and modified membranes were also tested for E. coli filtration (Figure 8B). The fluxes were 27.5 ± 2.5 and 40.3 ± 3.5 L/m2/h for the pristine and NPs-blended membranes, respectively. After physical cleaning of the membrane surface, the water fluxes were calculated as 31.8 ± 2.7 and 46.7 ± 3.4 L/m2/h for the pristine and NPs-blended membranes, respectively. The E. coli removal results (Figure 8C–E) showed that the pristine and modified membranes removed 99.9% and 100%, respectively.



Table 3 shows the performance comparison of the γ-Fe2O3-CA-Leu-Gly-PDX-blended PES membrane with the other reported modified-PES membranes. From the table, the competitive performance of the PES/γ-Fe2O3-CA-Leu-Gly-PDX composite membrane in terms of an improved BSA and E. coli rejection is evident.





3. Materials and Methods


3.1. Reagents and Standarts


FeCl3·6H2O, FeCl2·4H2O, citric acid, PDX (polydioxanone), Leu-Gly (leucyl-glycine), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), N-Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), bovine serum albumin (BSA (MW: 66,000 g/mol)), and dimethyl sulfoxide (DMSO) were supplied from Sigma-Aldrich (Darmstad, Germany), while a PES with a 58,000 g/mol molecular weight was supplied from BASF. Ultrapure water and analytical reagent-grade chemicals were used in the experiments.




3.2. Instrumentation


The Fe concentrations in the nanoparticles were measured by a method in our recent study [64]. The infrared spectra of the nanoparticles were recorded on a FT-IR (Perkin Elmer, Waltham, MA, USA). The magnetic properties of the materials were investigated by using a Model P525 Vibrating Sample Magnetometer (VSM) measurement system (Quantum Design, San Diego, CA, USA) at 27 °C. A LEO-Evo 40 XVP SEM was used to monitor the surface macrostructure (200 kV, 0.5 nm probe size).




3.3. Synthesis Procedure


The γ-Fe2O3-CA-Leu-Gly was further coated with PDX, a biodegradable poly(ester-ether). Many surgical sutures, as well as unperforated plates, straight pins, and medical clips are made of PDX [65]. In addition, PDX can be used as the biomaterial for biotechnological applications [66]. According to our literature survey, this study is the first to use PDX as a coating material. The γ-Fe2O3 magnetic nanoparticles were synthesized by a well-known chemical precipitation method. NH4OH was used as the basic reagent. FeCl3·6H2O and FeCl2·4H2O (with a mole ratio of 2:1) were dissolved in water and ultrasonicated for 10 min. A 10 mL amount of 5% NH4OH was added with a 0.1 mL/min flow rate at 70 °C [64,67]. An amount of 100 mg of citric acid (CA) was added to the mixture and stirred at 80 °C for 30 min [68]. This was dried in a vacuum oven after washing to neutral by water. The carboxylated magnetic nanoparticle (γ-Fe2O3-CA) was then added with 0.08 g of NHS and 100 µL of EDC dissolved in PBS [69]. After an addition of Leu-Gly in PBS, it was mixed at 10 °C overnight. The functionalized magnetic nanoparticles were separated by a NdFeB magnet. This was added with a 0.1% solution of PDX in water: HFIP (1:1 v/v) and refluxed at 10 °C overnight. The final product was separated by the NdFeB magnet and dried in a vacuum oven.




3.4. Characterization of γ-Fe2O3-CA-Leu-Gly-PDX


Approximately 0.01 g of magnetic nanoparticle was weighted and digested with HCl: HNO3:H2O2 (3:1:0.5 v/v/v). After drying on a heater, the residues were dissolved in 1.0 mol/L HNO3. The concentrations of Fe were measured by ICP-OES. The FT-IR spectra were comparatively evaluated to investigate the surface functionality. XRD was used to determine the chemical structure of the composite PES membrane. VSM was employed to determine the magnetic saturation value at 25 °C. The surface macrostructure was investigated by a SEM.




3.5. Biological Activity of γ-Fe2O3-CA-Leu-Gly-PDX Nanoparticles


3.5.1. DPPH Activity


The radical scavenging activity of the γ-Fe2O3-CA-Leu-Gly-PDX by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was investigated with some modifications [70]. A 250 µL amount of γ-Fe2O3-CA-Leu-Gly-PDX at 12.5–200 mg/L concentrations was incubated with 1000 µL of DPPH solution in methanol for 30 min in dark conditions. Afterwards, the radical scavenging ability was measured by a spectrophotometer at 517 nm. Trolox and ascorbic acid were used as the standard antioxidants.




3.5.2. Ferrous Ion Chelating Activity


The metal chelating ability of the γ-Fe2O3-CA-Leu-Gly-PDX was tested by the Dinis method [71]. The test γ-Fe2O3-CA-Leu-Gly-PDX at different concentrations was added with FeCI2 and ferrozine. The metal chelating activity was measured after 10 min of waiting in dark conditions at 562 nm.




3.5.3. Antimicrobial Activity


The antimicrobial activity of the γ-Fe2O3-CA-Leu-Gly-PDX was examined using a broth microdilution assay. Candida tropicalis (ATCC 750), Pseudomonas aeruginosa (ATCC 27853), Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 25923), Enterococcus hirae (ATCC 10541), Candida parapisilosis (ATCC 22019) and Legionella pneumophila subsp. pneumophila (ATCC 33152) were used as the microbial strains.



They were firstly grown before the dilution step to obtain a fresh culture. Two-fold serial dilutions of the γ-Fe2O3-CA-Leu-Gly-PDX were performed, and the test microorganisms were inoculated to the microplate-wells before incubation in an oven (for 24 h, at 37 °C). When the incubation was finished, the minimum inhibition concentration (MIC) values were determined.




3.5.4. DNA Cleavage Ability


Plasmid pBR322 DNA was used to investigate the DNA cleavage ability of the γ-Fe2O3-CA-Leu-Gly-PDX. Plasmid DNA at 0.1 mg/L was added with different concentrations of γ-Fe2O3-CA-Leu-Gly-PDX (for 90 min, at 37 °C) before agarose gel electrophoresis to measure the activity of the γ-Fe2O3-CA-Leu-Gly-PDX. A transilluminator was used for visualization of the DNA molecules.




3.5.5. Bacterial Viability Test


E. coli (ATCC 10536) was used to investigate the microbial cell viability. A nutrient broth was used for the inoculation of the E. coli culture by incubating at 37 °C (for 24 h, at 150 rpm). Then, it was centrifuged (at 5000 rpm, for 5 min). The culture media residuals were removed by washing with a 0.85% sterile saline solution and suspended in a NaCl solution (10 mL). Then, different concentrations of γ-Fe2O3-CA-Leu-Gly-PDX were added and incubated (at 37 °C, for 90 min).



They were then diluted in various rates, inoculated in solid media and left to incubate at 37 °C for 24 h. A control group without γ-Fe2O3-CA-Leu-Gly-PDX was employed with the same procedure.




3.5.6. Antimicrobial Photodynamic Therapy by γ-Fe2O3-CA-Leu-Gly-PD


E. coli was incubated with γ-Fe2O3-CA-Leu-Gly-PD at concentrations of 25 and 50 mg/L in the dark (15 min, 37 °C) and then an LED light irradiation was applied for 10 min. After exposure to the LED light, they were then diluted at different rates. After dilution, they were inoculated in solid NB media and further incubated (for 24 h, at 37 °C). The control group without γ-Fe2O3-CA-Leu-Gly-PDX was employed with same procedure. Then, the colonies were counted and the antimicrobial photodynamic therapy by the γ-Fe2O3-CA-Leu-Gly-PD was calculated.




3.5.7. Biofilm Inhibition Activity


The possible effect of synthesized γ-Fe2O3-CA-Leu-Gly-PD on the biofilm inhibition of P. aeruginosa and S. aureus was investigated. Test microorganisms were incubated with 125, 250 and 500 mg/L concentrations of γ-Fe2O3-CA-Leu-Gly-PD at 37 °C for 72 h. Then, the plates were emptied, washed and dried (at 80 °C, for 20 min). After 30 min, there was an addition of crystal violet (CV). The plates were washed twice to remove excessive CV, then adsorbed CV on the plates was recovered by adding ethanol and waiting for 15 min. The concentration of CV in the recovered solution was measured by using a spectrophotometer (595 nm). The control group without γ-Fe2O3-CA-Leu-Gly-PDX was employed with the same procedure. The biofilm inhibition was used for the calculations.





3.6. Membrane Experiments


3.6.1. Preparation of γ-Fe2O3-CA-Leu-Gly-PDX-Blended PES Membrane


A phase inversion method was used to prepare the pristine and γ-Fe2O3-CA-Leu-Gly-PDX NPs-blended PES membranes. DMSO was used to solve the polymer [72]. Briefly, 1.0 wt% of nanoparticles (NPs) and 85 wt% of DMSO were mixed and ultra-sonicated to provide a complete dispersion of NPs into the DMSO. After the addition of PES (14%), this was shaken at room temperature overnight. The membrane was cast with a 200 μm thickness at a speed of 100 mm/s.



The mean pore size (nm) was determined from the flux and porosity results via the Elford–Ferry equation [73]. A gravimetric analysis was performed to determine the porosity of the prepared membranes [74].




3.6.2. Protein Rejection Experiments of the Membranes


Performance characteristics of the membranes were tested by using a dead-end filtration system (with a 300 mL cell capacity, and 14.6 cm2 as the effective area). A 5-bar operation pressure (30 min) was applied to the membrane for compaction. Then, the pressure was reduced to a 3-bar level and a pure water flux was measured (for 15 min). A 50 mg/L amount of the BSA solution was used as the model organic foulant and used to fill the cells. The permeation of BSA was measured at the 3-bar level (for 60 min). Afterwards, the fouled membranes were washed with deionized water. Lastly, the pure water flux after rinsing was measured for 15 min at a steady pressure of the 3-bar level.



The Lowry method was used to determine the protein concentration of the feed and the permeate at 660 nm using a spectrophotometer (GBC-Cintra-20) [75].




3.6.3. Application of γ-Fe2O3-CA-Leu-Gly-PDX-Blended PES Membrane for E. coli Removal


The E. coli (ATCC 25922) was cultured in a 100 mL glass bottle including 25 mL of NB (at 120 rpm and 37 °C, for 24 h). Then, the culture was diluted with a 0.9% sterile NaCl solution and was filtrated through the membranes, where the permeate was collected after 120 min of filtration. After dilution, the inlet and permeate E. coli solution was incubated at 37 °C for 24 h on the NB solid media. Finally, the growth inhibition (%) was calculated considering the colony count.






4. Conclusions


Hereby, we present the synthesis and characterization of a γ-Fe2O3-CA-Leu-Gly-PDX-modified PES membrane for biotechnological applications. The DPPH activity, radical scavenging activity, and metal chelating activity were investigated as well as the antimicrobial, DNA cleavage, microbial cell viability, and antimicrobial photodynamic therapy properties. The nanocomposite membranes demonstrated remarkable antifouling properties in contrast with the pristine PES when BSA and E. coli were filtrated. The modified polyethersulphone (PES) membrane blended with the γ-Fe2O3-CA-Leu-Gly-PDX removed 100% of the E. Coli. By considering the results achieved from this study, we can recommend the use of a γ-Fe2O3-CA-Leu-Gly-PDX-modified PES membrane for routine biotechnological applications. Additionally, it should be highlighted that the magnetic and biocompatible functionalization of PES will importantly contribute to the current science.
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Figure 1. (A) FT-IR spectral comparison of (a) γ-Fe2O3-CA, (b) γ-Fe2O3-CA-Leu-Gly-CDP, and (c) γ-Fe2O3-CA-Leu-Gly-PDX, (B) XRD pattern of γ-Fe2O3-CA-Leu-Gly-PDX, (C) VSM magnetization curve of γ-Fe2O3-CA-Leu-Gly-PDX, and (D) SEM image of γ-Fe2O3-CA-Leu-Gly-PDX at different resolutions of (a) 200 nm, (b) 1 μm, and (c) 2 μm. 
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Figure 2. DPPH scavenging activity of γ-Fe2O3-CA-Leu-Gly-PDX. 
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Figure 3. Metal chelating activity of γ-Fe2O3-CA-Leu-Gly-PDX. 
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Figure 4. DNA cleavage activity of synthesized γ-Fe2O3-CA-Leu-Gly-PDX. Lane 1, pBR 322 DNA; Lane 2, pBR 322 DNA + 50 mg/L of γ-Fe2O3-CA-Leu-Gly-PDX; Lane 3, pBR 322 DNA + 100 mg/L of γ-Fe2O3-CA-Leu-Gly-PDX; Lane 4, pBR 322 DNA + 200 mg/L of γ-Fe2O3-CA-Leu-Gly-PDX. 
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Figure 5. Microbial cell viability. 
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Figure 6. Antimicrobial photodynamic therapy of γ-Fe2O3-CA-Leu-Gly-PDX. 
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Figure 7. Biofilm inhibition of γ-Fe2O3-CA-Leu-Gly-PDX. 
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Figure 8. Application of polyethersulphone (PES) membrane blended with γ-Fe2O3-CA-Leu-Gly-PDX for (A) BSA flux versus time, (B) E. coli flux versus time, (C) inlet E. coli culture (control), (D) permeate of PES membrane and (E) permeate of modified PES membrane. 
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Table 1. The minimum inhibition concentration (MIC) of test microorganisms.
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	Microorganisms
	γ-Fe2O3-CA-Leu-Gly-PDX *





	E. coli
	512



	P. aeruginosa
	256



	L. pneumophila subsp. pneumophila
	256



	E. hirae
	128



	E. fecalis
	64



	S. aureus
	128



	C. parapisilosis
	128



	C. tropicalis
	256







* mg/L.
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Table 2. Effect of NPs amount on the mean pore size and porosity properties.
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	Membrane Sample
	Mean Pore Radius (nm)
	Porosity (%)
	Released Iron in Permeate (µg/L)





	Pristine membrane
	22.2 ± 0.5
	58.13 ± 2.85
	-



	NPs-blended membrane
	20.9 ± 0.4
	61.12 ± 3.22
	88 ± 9
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Table 3. Performance comparison of PES membranes blended with different NPs.
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	Material
	Model Solution
	NPs Amount
	Main Results for Modified Membrane
	Reference





	γ-Fe2O3-CA-Leu-Gly-PDX
	BSA

E. coli
	1.0 wt%
	
	
Pure water permeability: 49.3 L/m2 h bar



	
BSA removal: 100%



	
E. coli removal: 100%



	
Porosity: 61.12%



	
Mean pore radius: 20.9 nm





	This study



	Fe3O4 decorated halloysite nanoclay (Fe-HNC)
	Humic acid (HA)
	0.1 wt%
	
	
Pure water permeability: 294.4 L/m2 h bar



	
HA removal: 90.1%



	
High fouling recovery: 70.4 %



	
Porosity: 77.5%



	
Mean pore radius: 57.9 nm





	[11]



	Polydopamine coated ZnFe2O4
	HA
	4 wt%
	
	
Pure water permeability: 687 L/m2 h bar



	
HA removal: 82%



	
Porosity: 80%



	
Mean pore radius: 69 nm





	[62]



	PHEMA-grafted SiO2
	BSA
	10 wt%
	
	
Pure water permeability: 190 L/m2 h bar



	
BSA removal: 75.5%





	[63]
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