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Abstract

:

N,N-diethyl-N-(2-methancryloylethy)-N-methylammonium bis(trifluoromethylsulfonyl) imide polymer (DEMM-TFSI) brush coated specimens (substrate: glasses) and a liquid ion type of polymer brush coating were investigated for their antifouling effect on biofilms. Biofilms were produced by two kinds of bacteria, E. coli and S. epidermidis. They were formed on specimens immersed into wells (of 12-well plates) that were filled with culture liquids and bacteria. The biofilm formation was observed. Also, brush coated specimens and glass substrates were investigated in the same way. DEMM polymer brush coated specimens formed more biofilm than PMMA (polymethyl methacrylate) polymer brush coated specimens and glass substrates. A greater amount of polarized components of biofilms was also observed for DEMM polymer brush coated specimens. The polar characteristics could be attributed to the attraction capability of bacteria and biofilms on DEMM polymer brush coated specimens. When considering the ease of removing biofilms by washing it with water, the ionic liquid type polymer brush (coated specimens) could be used for antifouling applications. If an initial antifouling application is needed, then the polar characteristics could be adjusted (design of the components and concentrations of ionic liquids, etc.) to solve the problem.
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1. Introduction


For antifouling properties of materials, the surface plays an important role [1,2,3,4,5,6,7,8,9,10]. This is because fouling phenomena occur at materials’ surfaces as a result of interactions between various materials and environments. The phenomena should be controlled from both the environmental surroundings and materials’ surfaces. The causes of fouling can be grouped into two main categories of animate and inanimate causes [11]. As for the latter, one can mention many types of contamination from organic to inorganic matter. Usually, they are just called contaminants. The former is usually called biofouling [12,13]. Biofouling is a process where organisms generally attach to materials’ surfaces and cause their function and/or characteristics to change and deteriorate in many cases. It can be further classified into microfouling (where microbes such as bacteria and microalgae attach to materials’ surfaces) and macrofouling like the attachments of barnacles, oysters, and other bigger organisms in marine environments. For the biofouling in marine environments, microfouling is usually followed by macrofouling. Therefore, the microfouling should be controlled to suppress macrofouling [14,15].



In the case of microfouling, microbial attachments are generally followed by biofilm formations [16,17,18,19]. Biofilms are matters formed by bacterial activities. Since microfouling is a process involving bacteria and other micro-organisms, biofilms play an important role. This formation process is well known, and it is one of biofouling. Biofilms are formed on materials’ surfaces by multiple steps. Firstly, bacteria attach to materials’ surfaces to get nutrition (carbon compounds) which generally exists on materials’ surfaces as conditioning film. The repeated process of attachment and detachment occurs. If the attachment phenomenon exceeds the detachment process, then the number of bacteria on materials’ surfaces begins to increase. When this number reaches a threshold value, a signal transduction phenomenon called quorum sensing occurs. At this time, the attached bacteria simultaneously excrete polysaccharides. As a result, materials’ surfaces would be covered with sticky water films. These sticky water films are called biofilms and are actually the product of microfouling. Then, the biofilm with high water content, becomes a very complex matrix that contains microorganisms (extracellular polymeric substances, EPS). In most cases, they are proteins, nucleic acids, ions (organic, inorganic) and molecules, accumulated from the aqueous environment. Since the biofilm formation makes materials’ surfaces sticky, various organic and inorganic contaminants could be attached and kept on materials’ surfaces. To keep the materials’ surfaces free from contaminants, biofilm formation should be controlled.



From the environmental side, chemical agents such as biocides, etc. might be effective countermeasures to control fouling. On the other hand, fouling could be controlled by using materials with appropriate coatings. The coating is important because it can make a new performance (anti-fouling in this case) expressed, while the inherent properties of the material would be kept.



We have investigated the biofilm formation behaviors for many kinds of materials using some unique evaluation methods and applied coating processes to antifouling effects [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58]. In this experiment, we focused on a polymer brush coating for the anti-fouling effect. There are already many polymer brush coatings which have been investigated and proposed so far [59,60,61]. All of them have future possibilities from various viewpoints. The polymer brush we selected for this experiment was one made from an ionic liquid. By applying living radical polymerization to graft polymerization with the ionic liquid, some of the authors succeeded in producing concentrated polymer brushes [62,63,64]. The polymer brush has lots of attractive properties such as good adherence and water repellency. Particularly, this type of polymer brush has a very low friction coefficient, which may be useful to the automobile industry. Several of the authors have tried to apply it to the decoration of solid-state polymer electrolyte.



While such advanced functions and characteristics have been investigated, antifouling properties have not been closely studied yet. However, we are gradually learning that some researchers have proposed polymer brush coatings. A number of researchers believe that most of the fouling on materials’ surfaces is a direct or indirect result of biofilms. Biofilms are formed by bacterial activities as previously described. However, they are different from bacteria. Since they are actually sticky water films on materials’ surfaces, they may incorporate organic and inorganic components as they grow. This might result in serious fouling. Some researchers think that polymer brush coatings could be used to repel biofilms and related contaminants [65]. However, this strongly depends on the type of brush coating used and the results of the investigations performed. Therefore, we decided to use biofilms to test the ionic liquid brush coating that we developed. Such an additional characteristic (to make a material’s surface free from contaminants due to anti-fouling effects) will improve the overall performance and broaden the field of applications.




2. Materials and Methods


In this experiment, we issued a polymer brush coating made from ionic liquid. N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis(trifluoromethanesulfonyl) imide (DEME-TFSI). Some substituents were added to it and N,N-diethyl-N-(2-methancryloylethy)-N-methylammonium bis(trifluoromethylsulfonyl) imide (DEMM-TFSI) was grafted on glass specimens (10 mm × 15 mm) through surface-initiated living radical polymerization to get a densely grafting polymer brush coating [66,67]. Since the polymer coating was ionic, it was basically composed of a cationic part (DEMM) and an anionic one (TFSI). However, for this paper, it was called DEMM coating. On the other hand, a PMMA was coated as a reference [68]. In this paper, it was referred to as PMMA coating. It was made on the same size glass specimens through polymerization of methyl methacrylate by Activators Regenerated by Electron Transfer Atom Transfer Radical Polymerization (ARGET ATRP) process [69,70]. Glass has always been used for the general and start-up investigations by our research groups, since they are basically inactive and can avoid reactions between the substrates and solutions.



Our polymer coatings had to be swollen so that the surface would be brush-like. The polymer coating glasses were swollen using the following processes. DEMM coating specimens were immersed in acetonitrile solution for about 12 h. Then the specimens were immersed in 50% water-50% acetonitrile mixed solution for an hour. Finally, the specimens were immersed in water for 1 h. As for the PMMA polymer coated specimens, they were immersed in tetrahydrofuran (THF) solution for about 12 h. Then they were immersed in 50% water–50% THF solution for one hour and finally, they were immersed in water for one hour. Through these steps, surface coated polymers became brush-like coating on glass specimens. And since both polymer coatings were hydrophobic, such step-by-step substitution processes were needed. The number of specimens per each measurement was three (N = 3). We designed the polymer brush coating according to our previous studies [62,63,64,66,67,68]. The glass plate with the concentrated ionic liquid type polymer brush (the brush length: 500 nm in dry state and the graft density: 0.15 polymer chains/nm2) was used in this test. The graft chain length, the graft density and the brush layer thickness were determined by the gel permeation chromatography [64], thermal decomposition analysis [64] and spectroscopic ellipsometry [66], respectively.



Two kinds of bacteria were used for biofilm formation and evaluation. One of them was Escherichia coli (E. coli, K-12, G6), a Gram-negative bacteria and the other was Staphylococcus epidermidis (S. epidermidis, ATCC 35984). Both are typical non-pathogenic bacteria as Gram-negative and Gram-positive bacteria, respectively. Therefore, they were the most suitable for the general investigation of biofilm formation. E. coli was cultured in LB (1% tryptone–0.5% yeast extract–1% NaCl) liquid broth in advance for 18 h (±2 h). On the other hand, S. epidermidis was cultured in Heart Infusion (HI) liquid broth (1% heart extract–1% peptone–0.5% NaCl) for 18 h (±2 h) in advance. Both were cultured at 37 °C in a shaking incubator.



A biofilm study is generally composed of two steps. One of them is to artificially produce biofilms. On a laboratory scale, the environment to produce biofilms is called a “laboratory biofilm reactor”. In this experiment, we chose a simple screening process using the 12-well plates. It is generally called the microtiter plate method. This method might provide bacteria with too much nutrition and may be a sort of deflection from the real environment. However, it could give us information for a simple, and rapid data screening process. Each specimen was placed in the well of a sterilized 12-Well plate. Each well was filled with liquid broths containing bacteria. In the case of E. coli, the plates were kept at 25 °C, so that the biofilm formation would be accelerated. On the other hand, the plates for S. epidermidis were kept at 37 °C. After one day (24 h) passed, the specimens were removed from the wells. Then, they were evaluated by using Raman spectroscopy combined with optical microscopy (NRS-3100, JASCO, Halifax, NS, Canada). Raman spectroscopy is a useful method to detect exopolymeric substances (EPS), which are excreted from bacteria and exist as one of the biofilm components. We decided to use the Raman method for this study because ionic interactions could take place using the staining technique with crystal violet solution.




3. Results


3.1. Optical Microscopic Images


All of the specimens were observed by a technique that used optical microscopy combined with the Raman spectroscopic analyzer. In Figure 1, optical microscopic images before and after the swelling process were shown for DEMM polymer brush specimens. All of them were observed in the perpendicular direction to specimens’ surfaces. Before swelling (Figure 1a), the surface was pretty smooth. However, the roughness increased after swelling and the top of fiber-like brushes could be observed in Figure 1b. In the same way, PMMA specimens showed the top of brushes after swelling (Figure 2b), while they did not show any brushes before swelling (Figure 2a). These photos clearly show that polymer brush specimens were made on glass surfaces.



These specimens were immersed in liquid cultures with bacteria. Figure 3 shows the surfaces of glass substrates as references after biofilm formation by E. coli and S. epidermidis, respectively. It was not easy for biofilms to form on glass specimens. However, biofilms were observed in some parts of the substrates. The scattered individual bacteria could be observed. However, some aggregates composed of bacteria were also observed. The latter should be biofilms. The light points (in the photos) are reflections of laser beams on the specimens. In both cases of bacteria (Figure 3a for the case of E. coli and Figure 3b for the case of S. epidermidis), the photos show biofilm formations on glass specimens.



Figure 4 shows the optical microscopic images for surfaces of DEMM polymer brush specimens after biofilm formations by E. coli and S. epidermidis, respectively. Being compared with the results shown in Figure 1 and Figure 2, surfaces of DEMM polymer brush specimens appear to be filled with contaminants. The results clearly show that biofilms were formed on the entire surfaces of the specimens.



Figure 5 shows the optical microscopic images for the surfaces of PMMA polymer brush specimens after biofilm formations (by these same bacteria). Figure 5a, corresponds to the result of E. coli, while Figure 5b refers to that of S. epidermidis. In both cases, biofilms can be observed in the same way. However, they seem to exist locally. There were still some places where no biofilms were observed. Even brushes could be observed in the backgrounds. The brushes in Figure 5b appear swollen through the biofilm formation process. These results show that it is more difficult for the biofilms to form on PMMA polymer brush specimens than on those of DEMM.




3.2. Raman Scpetroscopy


All of the specimens were subjected to Raman spectroscopy and the results were analyzed to confirm the presence of biofilm by “finger print method” (Identification by comparing the data with those in the previous papers [71,72,73,74,75,76,77,78,79,80,81]). For each case, the same measurements were repeated three times for three specimens and the three results for each case were overlapped in the Raman shift charts basically, except for some problematic exceptional cases. Even though the measurement points on each specimen were chosen randomly, bacteria assembled and EPS was confirmed by the optical microscopy for all of those measurement points.



Before biofilm formation, the DEMM coating and PMMA coating did not show any characteristic Raman peaks. In both cases, Raman displayed small peaks of glass substrate that were observed at 1080 and 560 cm−1. On the contrary, many characteristic peaks appeared for the specimens after the biofilm formation processes. Figure 6 shows the results for glass substrates. Figure 6a corresponds to the results of E. coli. In this case, unfortunately, the third specimen gave no robust data due to a signal failure. The first specimen showed a slightly different result from the second. From the two results, we could judge that biofilms were formed on glass substrates, since most of them could be attributed to polymers derived from biofilms or bacteria. The peak around 570 and 800 cm−1 could be attributed to polysaccharides or lipids [71,72]. The peak around 1100 cm−1 could be assigned also to that of polysaccharides or lipids [71,73]. Also, the peak around 2800 cm−1 could be assigned to polysaccharides [74] and lipids [75]. Figure 6b shows the results of S. epidermidis for glass specimens. The peak relating to nucleic acids around 2400 cm−1 [73] was observed in the case of S. epidermidis. The peak of polysaccharides and/or lipids at 2800 cm−1 was observed clearly. Lipid’s peak was observed also at 1400 cm−1 for the first specimen [75]. The peak for polysaccharides/lipids at 1100 cm−1 [71,73] was also observed. Two peaks between 500 and 800 cm−1 would be related to polysaccharides/lipids [71,72].



Figure 7 shows the results for DEMM polymer brush specimens. Figure 7a shows the results in the case of E. coli. All of the specimens show similar tendencies for Raman peaks, except for the broad one around 2000 cm−1 (peaks for stretching or vibration of triple bonds between carbon-carbon or carbon-nitrogen) [76]. However, the peak was not observed for the third specimen. For other peaks, most of them were overlapped, even though the intensities were different from each other. The peak around 2800 cm−1 could be attributed to those for polysaccharides and/or lipids [74,75]. The peak around 1400 cm−1 was considered that for lipids [74]. The small peak at 1300 cm−1 is highly likely that for amid III (protein) [72], while that at 1100 cm−1 could be assigned to that for lipids or proteins [71,73]. The broad peak around 2000 cm−1 corresponding of triple bonds between carbon atoms or carbon-nitrogen has been still undecidable. It suggests nitrile compounds or alkyne molecules would exist. Both might be formed through some components derived from biofilms, since the broad peaks were sometimes found in the past by us [79]. However, in this case, we used acetonitrile to swell the brush coating. It was highly likely that the chemical was remained at the upper side of coating. Figure 7b shows the results in the case of S. epidermidis. In this case, peaks for three specimens were almost overlapped, even though the strengths were different for each of them. The broad peak was also observed around 2000 cm−1 [76]. The peak around 2800 cm−1 could be attributed to that for lipids/polysaccharides [74,75], while lipids or proteins peaks were observed at 1100cm−1 [75].



Figure 8 shows the results for PMMA specimens. Also in these cases, most of the peaks were overlapped in both cases. In the case of E. coli (Figure 8a), the second specimens could not be shown due to the unintentional signal failures. In the case of S. epidermidis, more complicated peaks (than those in other cases) appeared, as shown in Figure 8a,b. Peaks around 2800 cm−1 could be attributed to either of polysaccharides [74] (at higher wave number) or lipids [75] (at lower wave number). Both peaks were almost overlapped around 2800 cm−1. The peak around 1600 cm−1 was considered the one for polysaccharides [74]. The peak at 1400 cm−1 could be assigned to that for lipids [75]. Three peaks seen from 1100 to 1400 cm−1 belong to lipids or proteins [72,79]. We presume that the new peak just over 3000 cm−1 would belong to lipid [79] (However, we could not deny the possibility of nucleic acids [73]). Other new ones at 1000 cm−1 would be assigned to amino acid (phenylalanine) [71]. Small peaks from 550 to 800 cm−1 could usually be assigned to polysaccharides or lipids [71,72]. Therefore, we presume that biofilms formed on the specimen (particularly PMMA) and the sticky surface as a result of having the components of culture media incorporated into them. All of these Raman spectroscopic analyses suggest that biofilms formed on specimens’ surfaces. However, they indicate that biofilms were more difficult to form on PMMA than on DEMM polymer brush coated specimens. This tendency was also supported by the results of microscopic observations. Particularly, the tendency was very remarkable for nucleic acids derived from biofilms.





4. Discussion


In these experiments, we vividly observed the biofilms formed on DEMM brush coated specimens. However, the contaminants derived from biofilms could be washed away easily by rinsing with water. From this viewpoint, the ionic liquid type polymer brush like DEMM would be convenient and favorable. This is because it could easily attract biofilms and the related contaminants on the materials’ surfaces.



Figure 9 schematically illustrates the mechanism of antifouling for a polymer brush coating. In water and some other liquids, the polymer brush would contain water droplets between brushes (Figure 9a,b). Due to the static electrical force or mechanical one caused by geographical configurations, bacteria could get trapped and result in the formation of biofilm. However, the hydrophobic parts of the biofilms act repulsively against water drops trapped between brushes. Then they could be washed away easily as a whole (Figure 9b,c). In addition, brushes would be swollen in the aqueous solution further. The swollen effect would be added to the buoyancy and repulsion forces. Thus, biofilms could be removed. However, being compared with PMMA polymer brush coated specimens, why would DEMM polymer brush coating specimens attract bacteria-biofilms-contaminants so much?



The most likely answer is due to the polar characteristics and the differences between the two types of polymer brush coated specimens. The surface of a PMMA brush coated specimen is generally neutral, while that of a DEMM brush coated specimen is polarized. Therefore, a DEMM polymer brush would tend to attract biofilms more.



From the viewpoint of merits as the ionic liquid, we could conclude that ionic liquid type polymer brush coating could attract biofilms and contaminants as a result much more in the vicinity of surfaces. Then they could be washed away by water washing [57]. The characteristic would lead to various applications such as automobiles and medical instruments. In addition, according to the practical purposes, some persons may want to remove any contaminants from the beginning. The attachment and attraction of bacteria and the following biofilm formation seem to depend on the polar characters [82]. Fortunately, the ionic liquid could arrange the polar characteristics easily. Therefore, the appropriate combination of ionic liquids and polymer brush production processes might lead to some changes of anti-biofouling effect and properties in the future, if they would be required and needed. When we come to think about those characteristics (about the application of ionic liquids to a polymer brush coating), this type of polymer brush would have a promising future as an advanced coating and material.




5. Conclusions


DEMM polymer brush coating as a liquid ionic polymer brush was investigated from the viewpoint of its biofilm formation and antifouling effect. It was also compared with the results for the PMMA polymer brush coating. Our results are demonstrated.




	
Optical microscopic observations and Raman spectroscopic analyses confirmed that all specimens could form biofilms on their surfaces (more or less).



	
DEMM polymer brush coating tended to form biofilms on the surfaces more than PMMA polymer brush specimens.



	
Nucleic acids in biofilms could be confirmed more often for DEMM polymer brush coating specimens.



	
These results suggest that the polar characteristics would play an important role in the antifouling effect related to biofilm formation.



	
Ionic liquid type polymer brush coating would be beneficial to remove contaminants as a whole, due to the trapping and removing capabilities.



	
Ionic liquid type polymer brush coating may change their polar characteristics leading to the antifouling effect of materials’ surfaces in the future.
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Figure 1. Optical microscopic images for N,N-diethyl-N-(2-methancryloylethy)-N-methylammonium bis(trifluoromethylsulfonyl) imide (DEMM-TFSI) specimens (a) before and (b) after selling process. 
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Figure 2. Optical microscopic images for Polymethyl methacryrate (PMMA) specimens (a) before and (b) after selling process. 
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Figure 3. Optical microscopic images for glass substrates after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 4. Optical microscopic images for DEMM polymer brush specimens after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 5. Optical microscopic images for PMMA polymer brush specimens after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 6. Raman peaks on glass substrates after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 7. Raman peaks on DEMM polymer brush specimens after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 8. Raman peaks on PMMA polymer brush specimens after biofilm formation: (a) E. coli and (b) S. epidermidis. 
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Figure 9. The mechanism of antifouling for polymer brush coating. (a) Polymer brush coating before immersion into a liquid solution. (b) Water drops are trapped in polymer brush coating, while biofilms formed by bacterial activities are attached to the top of polymer brush. (c) Repulsion forces are produced between water drops and hydrophobic parts of biofilms. (d) Water drops push biofilms up with its buoyancy and swelling action of polymer brush. 
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