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Abstract:



In this paper, we investigated the self-assembly and fractal feature of chitosan and Ag (I), Cu (II)-chitosan due to the theoretical and practical importance of chitosan in biomedical engineering, biomaterials and environmental sciences etc. The self-assembly and fractal structures of chitosan and Ag (I), Cu (II)-chitosan were observed using atomic force microscope (AFM), and the fractal dimensions of chitosan and Ag (I)-chitosan were calculated. The results indicate that their fractal dimension is approximate 2 and relates with the accumulation degree: the fractal dimension decreases with the accumulation degree increases. In addition, a new self-assembly strategy was presented to study the lyotropic liquid crystals (LLC) of chitosan and the formation mechanism of LLC was primarily analyzed and discussed. All of these results are valuable for the structure/function relationship study of chitosan and useful for application in biomedical materials.
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1. Introduction


The theory of self-assembly and fractal has been extensively applied in structures/function studying of biomacromolecules [1–9], which opens many new opportunities for us to understand the physicochemical properties of biomacromolecules. Moreover, the study of self-assembly and fractal feature of chitosan is of great theoretical and practical importance [15–18]. Molecular self-assembly offers a means of spontaneously forming complex and well-defined structures from simple components [10]. The technology of self-assembled monolayer (SAM) provides a convenient way to construct perfect interface at molecular level [19, 20]. Recently, SAM has become a hotspot studying due to its excellent homogeneity and stability over LB film. On the other hand, Fractal theory which was brought forward by Mandelbrot in 1975 is so pervasive in nature [25] and has been extensively applied in many subjects including molecular biology [26–30] such as structure/function relationship study of biomacromolecules.



Chitosan is a kind of unique natural alkalescence polysaccharide molecule that consists of double helix structure, and it’s the structural unit is chitobiose (Figure 1). The molecular weight of chitosan can exceed a million Daltons. Chitosan film is easily prepared due to its physicochemical properties such as adhesion property, permeability and tensile strength. Up to now, biocompatible chitosan film has been extensively applied as biomedical materials [11–14] and there have been many relative reports such as artificial skin [21–23] and artificial kidney [24].


Figure 1. Structural illustration of chitosan.
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In addition, the intra-structure of macromolecular compound is very complex, and exist crystal phase region and non-crystal phase region. The crystallinity is the weight percent of crystal phase region, and the stable physicochemical properties of chitosan should be ascribed to its high crystallinity, which increases with the de-acetyl degree increasing. In 1982, Ogura firstly reported the lyotropic liquid crystals (LLC) of chitosan, after that, the studies on liquid crystals of chitosan and its ramification became extensive [31, 32].



In this paper, we investigated chitosan molecule chain, lyotropic liquid crystals of chitosan, the self-assembly and fractal feature of chitosan and chitosan/metal ions based on atomic force microscope (AFM), and the results provide us some valuable data, new evidence and inspiration to understand the self-assembly and fractal theory or phenomenon that present at nanometer scale world. Furthermore, we can obtain some useful evidences and novel views to investigate the structure/function relationship of chitosan which is related to their active bio-function in practice.




2. Results and discussion


2.1 Chitosan molecule chain


The molecular weight of chitosan is very large (exceeds a million Daltons), so single chitosan molecular image is possibly acquired in air. Here, chitosan molecular chain was clearly visualized (Figure 2a, 2b). The size of single linear chitosan molecules is of importance for us understanding the interaction between chitosan molecules, so, those linear molecules that look like single, not complex, chitosan molecule chain were measured using AFM processing software (Figure 2c), then a statistical analysis was performed, and the results indicated that the length of chitosan molecules is 971.71±111.40 nm, the mean diameter (Full Width at Half Maximum, FWHM) is 21.42 nm, the mean height is 2.20 nm, and their standard deviation (S) are 3.70 nm and 0.97 nm, respectively. After considering the stretch effect of tip, the sizes of breadth and height of molecular chain approximate to the theoretical value (approximately 1 nm), so the molecular chain in Figure 2 measured using short white lines (lines A, B and C) should be single chain. On the other hand, the molecular chains of chitosan easily accumulate and present dendritic structures (arrows in Figure 2b), and as the large black arrow showed in Figure 2b, this location should be probably consisted of four single chitosan molecular chains, and here, the intermolecular and intramolecular hydrogen bond played a key role in chain enwinding. In addition, there are many spherical particles in Figure 2, which should be impurity that results from chitosan sample itself, or chitosan fragments.


Figure 2. Morphological image of chitosan molecule chain (a, b). The molecular chains of chitosan accumulate to present dendritic structures (blue arrows). (c) The height profiles A, B and C were generated along the white lines A, B and C shown in Figure a and Figure b, respectively. The FWHM in Figure c are 26.47 nm (line A), 21.91 nm (Line B) and 19.45 nm (Line C), and the heights are 2.384 nm, 1.694 nm and 2.156 nm.
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2.2 Chitosan film


Figure 3 is AFM images of chitosan film with different concentration: 1.0 mg/ml (3a) and 2.5 mg/ml (3b). The film in Figure 3 presents mesh structure, which is consisted of meshes with 80 nm–110 nm in diameter (blue annuluses in Figure 3a), and the distance between meshes is 40.95±6.45 nm; however, the mesh diameter in Figure 3b is 280 nm~440 nm, and the distance between meshes is 222.79±58.78 nm, which indicate that the size of the mesh structures of chitosan film increases with the concentration (chitosan) increasing, in this way, the mesh structures of chitosan film can stay in a low free energy state (the mesh structures could form when chitosan concentration is appropriate). The chitosan film with mesh structure should be ascribed to single macromolecular chain of chitosan enwinding with each other. According to the height profile (3c, 3d) that generate along lines in Fig (3a, 3b), the thickness of film could be measured. In Figure c and d, the difference between the two arrowheads (upper arrowhead points to mean thickness line, and lower arrowhead points to substrate) is 6.342 nm and 12.89 nm, respectively, which are the thickness of chitosan film. The statistic analytic results indicate that mean thickness of film is 6.45 nm (3a) and 11.65 nm (3b), and the average rough (Ra) is 1.74 nm (3a) and 5.53 nm (3b), which increase with the concentration increases.


Figure 3. AFM images of chitosan film with mesh structure (a, 1.0 mg/ml; b 2.5 mg/ml). Figure c and d are height profile generated along the white broken lines in Figure a and b, respectively. The average rough (Ra) is 1.74 nm (a) and 5.53 nm (b), and the mean thickness of film is 6.45 nm (a) and 11.65 nm (b) according to statistic analysis.
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Chitosan film has many implications in practice such as bandages, which can be used as coagulant material to rapidly clot blood and stop the bleeding. On the other hand, the air permeability is of importance for chitosan film using as haemostatic material, the upper results indicated that the air permeability of chitosan film can be regulated by changing the size of mesh structures, which can be attained via altering the chitosan concentration.




2.3 Fractal structures of chitosan


Here, the fractal structure of chitosan on mica was analyzed by AFM, Figure 4 is the AFM images of colloidal particles (4a) and fractal structures (4b, 4c) of chitosan, which indicate that the fractal growth mode is accordant with the diffusion-limited aggregation (DLA) model of fractal growth (4b’, 4c’). The stelliform colloidal particles (blue arrow, 4a) and the stochastic furcated stelliform structure (4b) externalized the self-similarity of fractal structure. As for fractal dimension, the calculated results are 1.977 (4b) and 1.960 (4c). Moreover, the results indicate that the fractal dimension related with the accumulated degree of colloidal particles: the more compactly the colloidal particles accumulate (4c), the smaller the fractal dimension is. All of these results could provide new evidence and inspiration to understand the fractal theory, and lead us to probe the complex and mysterious fractal phenomenon that presents at nanometer scale world, moreover, we could obtain some useful evidences and novel views to investigate the structure/function relationship of chitosan which is related to their active function in practice.


Figure 4. Colloidal particles (a) and fractal structure (b, c) of chitosan and their DLA models (b’, c’). The fractal dimension is 1.977 (b) and 1.960 (c).
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2.4 Liquid crystal feature of chitosan


The results indicate that the self-assembly process of chitosan on mica is very interesting due to the interaction between chitosan polycation and positively charged mica. Irregular polygon, hexagon and circular lyotropic liquid crystals (LLC) of chitosan were all visualized at initial time (Figure 5a, 5b). At very low concentration, the chitosan molecules will be dispersed randomly without any ordering. At slightly higher (but still low) concentration, molecules will spontaneously assemble into micelles or vesicles to stay in low free energy state. At higher concentration, the assemblies will become ordered, and the typical phase is a hexagonal columnar phase, where the chitosan molecules form long cylinders that arrange themselves into a roughly hexagonal lattice (Figure 5b). In the experiment, the concentration of chitosan solution (5%) is lower than the saturated concentration (6%, weight ratio) in 36% acetic acid solution, so LLC of chitosan would form when chitosan concentration exceeds the saturated concentration during air-dried process. This stage is a two-phase coexisted region of liquid/isotropy, and aeolotropy region formed circular structures. At the initial time, chitosan micelle accumulated compactly and presented concentric ring-like LLC structures (Figure 5b), however, these concentric ring-like LLC structures turned into hollow ring-like structures at 16 h (Figure 5c). These results probably related with the repulsive interaction between chitosan polycation and positively charged mica, which probably play a very important role during the formation of LLC of chitosan (Figure 5a, 5b), on the other hand, the “water film” in micro-space on sample surface [33] should be the major factor of the formation of the concentric ring-like structures (Figure 5c) due to its lower free energy, and this result also indicates that the LLC of chitosan can not be preserved in air for a long time. Figure 5d is the height profile generated along the broken line in Figure 5b, the diameter is 2.971 μm, and the thickness is 52.34 nm (the difference between two arrowheads in Figure 5d). According to AFM analysis, the diameter distributed between 1.1 μm and 3.5 μm, and the mean height of LLC (Figure 5a) is 44.04±1.9 nm.


Figure 5. The AFM images of lyotropic liquid crystals of chitosan. Figure a, b are images obtained as soon as chitosan dropped on mica; Figure c is the images obtained at 16 h. Figure d is the height profile generated along the broken line in Figure 5b, the diameter is 2.971 μm, and the thickness is 52.34 nm (the difference between two arrowheads in Figure 5d).
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To testify the chitosan aggregation in Figure 5 is not spherocrystal but liquid crystal, an X-ray diffraction experiment was performed, and the result was that no diffraction peak of crystal was observed except for dispersion peak of non-crystal (Figure 6).


Figure 6. The XRD result of solution casting films of chitosan.
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2.5 The self-assembly and fractal feature of Cu (II), Ag (I)-chitosan conjugates


Firstly, 0.1 mg/ml Cu(NO3)2 and AgNO3 solution were mixed with 0.1 mg/ml chitosan solution, then the self-assembly nanostructure of chitosan induced by Cu (II) and Ag (I) was studied by AFM. Figure 7a and 7b are self-assembly images of Cu (II)-chitosan conjugate acquired at different time, and the annularly self-assembly structure formed as time passed by (7b). In our experiment, many annulus structures have been observed, and the possible explanation is that the system in Figure 7a is not stable enough; however, annulus structure (30 μm in diameter, Figure 7b) is relatively stable due to the lower free energy compared to Figure 7a.


Figure 7. The self-assembly images of Cu (II)-chitosan micelle (a, b), the size of micelle in Figure 7a is 1.35μm~1. 85μm in diameter, 290nm~450nm in height, their mean values are 1.52μm and 373 nm, respectively. Figure c and d are fractal structural images of Cu (II), Ag (I)-chitosan aggregates, and the fractal dimensions are 1.947 (c) and 1.957 (d), respectively.



[image: Ijms 08 00001f7]






On the other hand, the stelliform fractal structures of Cu (II)-chitosan conjugate (Figure 7c) and Ag (I)-chitosan conjugate (7d) are accordant with the DLA model (Figure 4b’), and the fractal dimensions are 1.947 (7c) and 1.957 (7d). According to the results, the fractal dimensions of Cu (II), Ag (I)- chitosan conjugate are less than that of chitosan (see Figure 4), and their mean fractal dimensions are 1.952±0.005 (conjugate) and 1.969±0.009 (chitosan), respectively, which indicated that Cu (II), Ag (I) could reduce the fractal dimensions of chitosan fractal structures.



When 1 mg/ml Cu(NO3)2 and AgNO3 solution were mixed with 0.1 mg/ml chitosan solution, discal structures that accord with the Eden model of fractal (Figure 8c) were observed (Figure 8a, 8b), and the diameter of the “disk” of Cu (II)-chitosan is larger than that of Ag (I)-chitosan: variation from 32 μm (8a) to 4.46μm (8b). Figure 8a’ and 8b’ are the height profiles of Figure 8a and 8b, respectively, which indicate that the height at edge is higher than that in center. Here, the formation of the discal structure should be ascribed to the destruction of the stable condition of random distribution of Cu (II), Ag (I)-chitosan micelle, and the driving force of micelle aggregates is intermolecular force and electrostatic force. Aggregation growth stopped when a regular “disk” formed because of the space limiting. So, the main agent of the formation of discal structure originated from the surface tension and anisotropy, meanwhile fluctuation also played an important role [34].


Figure 8. Self-assembly discal structures and height profile of conjugates of Cu (II)-chitosan (a) and Ag (I)-chitosan (b). Figure c is the Eden model of fractal.
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3. Conclusion


In this paper, we investigated chitosan molecular chains, chitosam film, lyotropic liquid crystals (LLC) of chitosan, and the self-assembly and fractal feature of chitosan and the chitosan/metal ions aggregates. According to our investigation and results, we discovered that the molecular chains of chitosan accumulate to present dendritic structures, and the size of chitosan chain is 971.71±111.40 nm in mean length, 21.42±3.70 nm in mean diameter (FWHM), and 2.20±0.97 nm in mean height. These statistical data approximate to the theoretical value after considering the stretch effect of AFM tip. The self-assembly film of chitason presents mesh structures, whose diameter increases with the concentration increases and the average rough of chitosan film varies in the same way. By adopting a new self-assembly strategy, we discovered the interaction between chitosan polycation and positively charged mica is very interesting and LLC of chitosan that validated by XRD were visualized and a statistical analysis about the size of LLC was then performed. The self-assembly process of LLC of chitosan on positively charged mica was also explained.



As for the fractal feature of chitosan and Ag (I)-chitosan, we calculated their fractal dimensions using the formula [35]: D=(d2+1)/(d+1), the results indicate that their fractal dimensions are approximate 2 (see Figure 5 and 8), which is accordant with the result of Montembault [18]. Meanwhile, the fractal dimension is related with the accumulation degree: the fractal dimension decreases with the accumulation degree increases (see Figure 5b, 5c and Figure 8c, 8d). According to the results, we find that the fractal structures of Cu (II), Ag (I)-chitosan conjugate is accordant with the DLA model (7c, 7d) and the Eden model (Figure 8b) of fractal, however, the results also indicated that the fractal structures of conjugates were only accordant with the Eden model when the concentration of Cu (II) and Ag (I) increased. In addition, these results indicate that the combination of AFM and fractal dimension calculating provides a convenient and exact method to analyze the fractal dimension of chitosan and chitosan/metal ions aggregates.




4. Experimental


Material and Reagent


Acetic acid, NiCl2, Cu(NO3)2, AgNO3 are all analytic reagent. X-ray diffractometer (XD-2, Peking Univ.). Chitosan (de-acetyl degree greater than 90%, viscosity less than 0.01pas, molecular weight is about 1.5×106 Daltons)(Bo’ao Biotechnology Corporation, Shanghai) dissolved in acetic acid solution (2%), and the final concentration of chitosan solution including 0.1 mg/ml, 1.0 mg/ml, and 2.5 mg/ml.




Sample preparation


Chitosan solution (0.1 mg/ml) mixed with Cu(NO3)2 (1 mg/ml) and AgNO3 (1 mg/ml) solution (V:V=1:1) to produce the conjugates of chitosan/metal ions. Then the prepared samples (about 10 μl) including chitosan solution and the conjugates of chitosan/metal ions were dropped on newly peeled mica, and then air dried.



As for the preparation of lyotropic liquid crystal (LLC) of chitosan, the electronegative mica was firstly treated with NiCl2 solution to make mica electropositive, then about 5 μl chitosan/acetic acid (weight ratio=5%) solution (pH approximate 3) was dropped on electropositive mica, and then air-dried for AFM imaging. Figure 9 is the sketch illustration of preparation process of chitosan absorbed on mica.


Figure 9. Sketch illustration of self-assembly strategy of chitosan on NiCl2 treated mica.
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Atomic force microscope imaging


The prepared samples were imaged at room temperature using an atomic force microscope (Autoprobe CP Research, Veeco) in the tapping mode. All images were acquired in air. The curvature radius of the silicon nitride tip was about 10 nm; the force constant was about 2.5 N/m and 3.2 N/m (manufacturer provided). All of the images were flattened with the provided software (IP 2.1 version) to eliminate low-frequency background noise in scanning direction. The calculation of the average rough (Ra) was auto-performed by AFM processing software, and the Ra is determined using the standard definition: [image: there is no content], where Z̄ =mean z height. The Ra refers only to the included areas defined by a region group, with N given by the number of data points in the included areas.




Fractal dimensional calculation


Up to now, there are several methods to calculate the fractal dimension (D), however, the calculating formula: D=(d2+1)/(d+1), which was brought forward by Tokuyama and Kawasaki in 1984 [35], is more convenient, here d is the Euclidean geometry dimension. The process of images processing including: noise signal removing, 256 pixel gray processing, two-value processing and fractal feature extracting. Then, the fractal dimension are calculated according to the formula D=(d2+1)/(d+1).
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