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Abstract

:

Featured Application


Deformable polymeric devices with improved biomedical properties.




Abstract


Plasma modification of soft polymeric surfaces has many prospects in creating biomedical devices. The deformability of the obtained coatings should be studied, as the usage of such materials implies mechanical loads. Polyurethane (a two-phase synthetic polymer) treated in argon/acetylene plasma, with post-treatment in argon plasma, was investigated. A carbon-containing nanocoating (discontinuous mesh-like structures) with structural–mechanical inhomogeneities is formed by the action of Ar/C2H2 plasma. The heterogeneities of the coating are due to the complex structure of the initial substrate and short duration of treatment; as the treatment time increases, the coatings become homogeneous, but their stiffness rises. The treated surfaces in the uniaxial tensile state have micro and/or nanocracks in certain cases of plasma treatment. This is associated with an increased elastic modulus of the coatings. The coatings without cracks have regions with sufficiently alternating stiffness. Post-treatment in argon plasma increases wettability and free surface energy, positively affecting the adsorption of albumin. The stiffness of such coatings increases, becoming more homogeneous, which slightly reduces their crack resistance. Thus, plasma coatings on soft polymers operating under mechanical loads without causing damage should have sufficiently low stiffness, and/or structural-mechanical heterogeneities that provide redistribution of stress.
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1. Introduction


To date, a sufficient number of methods of plasma modification of polymers, for improving their biomedical characteristics, have been proposed. One way or another, the treatment affects wettability, free surface energy, chemical structure, and surface topography. As a result, sorption of “good” proteins (e.g., albumin [1,2]) can be improved, which, in turn, affects cell adhesion [3,4]; in certain cases, the amount of “bad” proteins, such as fibrinogen, responsible for thrombosis, is reduced [5,6]. Antibacterial properties may be enhanced due to changes in relief structure [7], wettability [8], and surface chemistry [9]. However, the stiffness of the modified surface often increases. Under certain treatment conditions, when the elastic modulus of the modified layer exceeds that of the polymer material, the surface loses its stability, forming a wrinkled topography. The chaotic structure of the wrinkles has a positive antibacterial effect [10]. This phenomenon has also been found in applications in metrology [11], the development of smart materials [12], and flexible electronics [13]. However, the application of such materials is associated with mechanical loads that provoke the following defects in the treated surfaces: strain-induced cracks and folds [14,15,16,17]. Under cyclic loads, even tiny nanocracks propagate to a considerable depth [18], damaging both the polymer and the surrounding tissues; the formed defects become centers of bacterial growth [10].



Low-energy treatment of the polymer in gaseous plasma, such as argon [19], nitrogen [20], or oxygen [21], is one of the solutions to the problem of the destruction of the modified surface. Note that treatment in plasma of inert gas affects not only the physicochemical properties of the surface, but may reduce the internal stresses in the modified layer [22]. Another way of improving the deformability of coatings is by creating discontinuous (island-like) coatings by plasma chemical deposition of certain species. In particular, the deposition of carbon [23] is of interest. The carbon structure of the coating depends on the choice of carbon-containing reaction gas, treatment, and substrate; diamond-like carbon films [24], fluorocarbons [25], nanotubes, nanofibers, and nanodiamonds [26] may be achieved. The initial stage of coating growth is the nucleation of cores (grains, islets [26]) of the further uniform layer. This stage is of the greatest interest, as it potentially allows deformable heterogeneous coatings with promising properties to be obtained.



Polyurethanes are widespread polymers in many applications; their physical and mechanical properties are determined by the peculiarities of manufacturing. This is a two-phase system consisting of hard blocks in a softer matrix. The aim of this work was to study the changes in the surface properties of polyurethane under the action of argon/acetylene plasma; as a result, carbon-containing nanostructures are formed on the surface. The sorption activity of albumin, as well as the surfaces of the materials in the tensile state, was investigated. The effect of argon post-treatment on modified surfaces is discussed (it is known that argon increases surface activity and may relieve internal stresses in the modified layer).




2. Materials and Methods


Production of polyurethane. Polyurethane was made from a prepolymer (urethane prepolymer based on simple polyester and toluene diisocyanate) and crosslinking agent (hardener MOCA—13.2%, plasticizer polyfurite—84.7%, catalyst voranol—2.1%) in a mass ratio of 100:47. The components were heated to 80 °C and evacuated. The mixture was cured in a mold with an open top at 40 °C for 24 h. The initial elastic modulus measured by uniaxial mechanical test was 8 MPa, elongation at break—900%.



Plasma treatment. The internal two-phase structure of polyurethane is naturally covered by a nanolayer of soft fraction [27]. Low-energy plasma treatment of such surface will only affect this soft layer. Therefore, the surface was pretreated (activated) in plasma of argon for 30 s; studies have shown the etching of the upper layer. Then this surface was treated in argon/acetylene plasma.



The entire treatment cycle is the following: The chamber was evacuated to a pressure of 5 × 10−5 Torr. Argon pressure of 2 × 10−3 Torr was set and a glow discharge was ignited in a low-energy source of an electron beam. The accelerating voltage of electron source was set to 100 V and the discharge—1 A. After treatment in Ar plasma for 30 s, C2H2 was pumped into the working chamber at a flow rate of 1 cm3/min. Samples were exposed to Ar/C2H2 plasma for 30, 60 or 120 s.



After Ar/C2H2 modification, a portion of the samples was post-treated in argon plasma. For this reason, the C2H2 flow was stopped and the Ar plasma treatment was continued for 30 s. The purpose of this post-treatment was the possible reactivation of the surface.



Sorption of albumin. An aqueous solution of 1 mg/mL of human albumin (Biolot, Saint Petersburg, Russia) was used. The samples were thermostatted in the solution at 37 °C for 2 h. Concentration of albumin attached to the surface was determined by UV 1080 spectrophotometer (Shimadzu, Kyoto, Japan) at 280 nm as the difference between control (clear solution) and experimental concentrations.



Wetting and free surface energy. The wetting contact angle was determined by a sessile drop method. Water and diethylene glycol were used as test liquids (we did not use diiodmethane, since this and other solvents react with the polymer); the drop sizes were 2–3 mm. The free surface energy was calculated by the Owens−Wendt−Rabel−Caelle method as the sum of the dispersion (accounts van der Waals interactions) and polar (dipole interactions and energy of hydrogen bonds) components. It is known that surface activity of a plasma-treated surface falls to equilibrium for several days, thus the wetting measurements were conducted ten days after the treatment.



Raman spectroscopy. Raman spectra were obtained on a Bruker Senterra dispersive spectrometer with the following parameters: wavelength of the excitation laser—532 nm; duration of accumulation—1 s; number of accumulations—1600; aperture—25 × 1000 μm. The power of radiation was limited to 0.2 mW preventing destruction of the soft polymer. The baseline was aligned using the adaptive method in the SpectraGryph software.



Atomic force microscopy. The surfaces were examined by an atomic force microscope (AFM) Ntegra Prima (NT-MDT BV, Apeldoorn, the Netherlands) in dynamic and static indentation modes. Probes with calibrated tip geometry and stiffness k of the cantilever were used. Undeformed surfaces as well as materials in static tensile state were investigated.



In the dynamic indentation regime the probe (k = 0.5 nN/nm, tip radius R = 4 nm) with high frequency (~0.5 kHz) presses the surface with a small force of ~5 nN, which does not damage the coating. As a result, each point of the surface has its own force interaction curve; their study gives the physical and mechanical properties of the surface. In this paper, we investigated elastic modulus calculated using the Johnson−Kendall−Roberts model.



Static indentation regime allowed the thickness of the coatings to be evaluated. Stiff probes (k = 4 nN/nm, R = 10 nm), slow indentation (~50 Hz) and significant load (~150 nN) were applied to make 100 indentations in a square region. The indentation with such a force leaves an imprint on a plasma-treated surface, but the surface of the untreated polymer is restored elastically. Thus, the depth of the imprint gives the thickness of the coating [28].




3. Results and Discussion


The surface of polyurethane is naturally covered by a relatively smooth, soft (elastic modulus—4 MPa) layer that is 4–6 nm thick, hiding the internal heterogeneous structure of the polymer (Figure 1a); stiff fibrils (elastic modulus—11 MPa) are embedded in a softer matrix.



Treatment in argon for 30 s modifies the surface, removing the upper soft layer. The transition between the surface and the subsurface disappears (Figure 1b) and a mesh-like surface nanostructure is formed (see inset in Figure 1b). The stiffness of the surface increases three-fold, becoming more homogeneous; the elastic moduli of the soft and hard areas (see markers in Figure 1) are close. The contrast of structural–mechanical properties is relevant to the untreated polymer; stiffer elevations (agglomerates of the hard fibrils) surrounded by softer depressions (soft areas between hard blocks of the polyurethane) are visible.



The surface changed insignificantly after a short treatment in Ar/C2H2 plasma (Figure 2a); the cellular nanostructure is preserved, but the surface stiffness becomes higher and more heterogeneous. Longer treatment times lead to the formation of a coating with structural and mechanical inhomogeneities (Figure 2b,c), where mesh-like areas alternate with smooth areas. The mechanical uniformity of the coating grows; the stiffness of the soft areas increases and approaches the elastic modulus of the stiff areas. The mismatch between surface and substrate stiffness is the reason for the folded topography (see insets in Figure 2), due to the loss of stability of the hard layer on the softer substrate. Argon post-treatment (Figure 2d–f) affects the surface roughness, partially destructs the mesh-like structures, and slightly increases the elastic modulus of the surface.



The average thickness of the obtained coatings (Figure 3a) grows fast during 30–60 s of treatment in Ar/C2H2 plasma; this process slows down in the interval of 60–120 s, which is explained by the densification and homogenization of the coating. Subsequent argon treatment leads to leveling of the coating thickness to ~3.5 nm. Significant scattering of the thickness values is associated with the heterogeneity of the coating at the initial stage of formation, which, in turn, is due to the complex structure of the polyurethane.



The contrast of the elastic modulus of Ar/C2H2-modified surfaces is related both to inhomogeneities of the polymeric substrate and to the non-uniformity of the coating at the initial stage of its formation. The highest scattering of local stiffness is achieved after 60 s of Ar/C2H2 treatment (Figure 3b). The argon post-treatment smooths the mechanical properties of the surface; the ratio of hard/soft modulus becomes less pronounced. Note that the modulus of the initially softer areas grows fast, and the modulus of the initially stiff areas increases insignificantly.



In comparison with pristine polymer, plasma treatment increases wettability (Figure 4a) and free surface energy (Figure 4b). The values for Ar/C2H2 are slightly worse than after initial argon activation, but the post-treatment by argon leads to a significant decrease in the water contact angle (and rise in free surface energy) for the materials with 30–60 s of Ar/C2H2 treatment. The increase in free surface energy is due to the dispersion component of the energy (Figure 4b), which is determined by the action of van der Waals interactions. The polar part of the energy (dipole interactions and the energy of hydrogen bonds) decreases as Ar/C2H2 treatment time grows. However, argon post-treatment boosts the polar component at the interval of 30–60 s of Ar/C2H2 treatment.



Raman spectroscopy (Figure 4c) reveals changes in the intensity of benzene ring modes (1200, 1258, 1625, 2876, 2936 cm−1), N-C-N (1318 cm−1) [29], and CH2 (2876 and 2936 cm−1) structures of the polyurethane. Peaks in the 1400–1600 and 2800 cm−1 regions indicate the presence of amorphous carbon film [30,31]. Post-treatment by argon partially destructs the formed chemical structures (the intensity of the corresponding peaks is decreased). A more detailed analysis of the chemical structure of the surface is hampered by the complex structure of the pristine polyurethane and the heterogeneity of the nanocoating.



The sorption of proteins onto the surface nonlinearly depends on the combination of wettability [32], free surface energy (in particular, albumin is sensitive to the polar energy component [33]), and roughness [34] (the roughness affects the available area, but may also change the conformation of protein molecules). In our case, albumin sorption was positively affected by the argon post-treatment of Ar/C2H2 coatings (Figure 5). The reasons for this are the wettability as well as the polar component of the free surface energy.



Local physical and chemical heterogeneities of pristine polyurethane, as well as after Ar/C2H2, hamper the uniform adhesion of albumin on the surface—the nanostructures of protein films have heterogeneities, but argon post-treatment makes the protein layer smooth and uniform (see images in Figure 5).



Micro- and nanocracks are visible on uniaxially deformed (50% of elongation) surfaces after certain cases of treatment (Figure 6). The study of untreated stretched polyurethane, as well as after argon activation, did not reveal any surface defects (these images are not presented).



Only one material (60 s of Ar/C2H2 treatment, Figure 6b) has no strain-induced cracks at all. This can be explained by the presence of pronounced stiff and soft areas on this surface (Figure 3b); such stiffness mismatches similarly to filler in a polymeric composite and redistributes a load. The rest of the cases show nanocracks (Figure 6a) accompanied by individual microcracks (Figure 6d,e) or a network of microcracks (Figure 6c–f). The increase in the density of cracks is associated with a rise in the elastic modulus of the coatings, as well as with local mechanical inhomogeneities (Figure 2 and Figure 3b).



Crack resistance falls slightly after argon post-treatment (the number of cracks and their sizes become higher) due to the elevated stiffness and uniformity of the coatings. The formation of cracks may lead to undesirable consequences during long-term operation of the material under real conditions. This phenomenon requires a separate study.




4. Conclusions


Elastic polyurethane is a synthetic two-phase polymer that is widely used in various applications. The functional properties of the polymer, in particular, the biocompatibility, can be improved by plasma treatment.



As a result of treatment in Ar/C2H2 plasma, a carbon-containing coating of 1.5–3 nm thickness is formed on the polymer surface. The structural and mechanical heterogeneities of the coating are due to the complex structure of the initial polyurethane and the short treatment times. The initial stage of treatment, when a discontinuous inhomogeneous coating with low stiffness is formed, is of great interest. In this case, the modified surface is the most resistant to the strain-induced defects (local micro- and nanocracks) caused by mechanical deformation of the material. Such coatings have improved wettability and increased free surface energy. Argon post-treatment enhances these properties, as well as smooths the structural and mechanical heterogeneities of the surface; all this positively affects the sorption of albumin. However, argon post-treatment leads to higher and more uniform stiffness of the coatings; this slightly reduces the crack resistance of the materials.



The results should be taken into account in the further development of deformable polymeric products for biomedical purposes. The treatment regime should be tuned in such a way as to ensure minimal damage and hardening of the coating, while maximizing the required functional parameters.
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Figure 1. Surface and subsurface of untreated (a) and 30 s treated in argon plasma (b) polyurethane. The insets show maps of the elastic modulus of the subsurface structure. The lighter areas correspond to the stiff objects. The elastic moduli of the typical soft and stiff areas of the surface are marked. 
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Figure 2. Surface topography and elastic modulus maps of polyurethane treated in Ar/C2H2 plasma for 30 s (a), 60 s (b), 120 s (c) and after argon post-treatment (d–f). 
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Figure 3. Thickness (a) and ratio of elastic modulus of hard/soft areas (b) of the obtained coatings. Zero treatment time corresponds to the argon plasma-activated polyurethane surface. The inset in (a) shows a fragment of relief with circled indentation imprints whose depth was used for the thickness estimation. 
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Figure 4. Wetting contact angle (a), free surface energy (b) and Raman spectroscopy (c). 
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Figure 5. Sorption activity of albumin to the surfaces. The insets show AFM images of surfaces with albumin. 
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Figure 6. Representative optical images (70 × 45 μm) and AFM images of surfaces stretched to 50%: treatment in Ar/C2H2 plasma for 30 s (a), 60 s (b), 120 s (c) and after subsequent argon treatment (d–f). The tensile axis is vertical. 
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