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Abstract: In this paper, we investigated the self-assembdifeactal feature of chitosan and
Ag (I), Cu (ll)-chitosan due to the theoretical apthctical importance of chitosan in
biomedical engineering, biomaterials and environtalestiences etc. The self-assembly and
fractal structures of chitosan and Ag (I), Cu @htosan were observed using atomic force
microscope (AFM), and the fractal dimensions oftatan and Ag (I)-chitosan were
calculated. The results indicate that their fradtalension is approximate 2 and relates with
the accumulation degree: the fractal dimension edes@s with the accumulation degree
increases. In addition, a new self-assembly styategs presented to study the lyotropic
liquid crystals (LLC) of chitosan and the formatiomechanism of LLC was primarily
analyzed and discussed. All of these results afdeakike for the structure/function
relationship study of chitosan and useful for aggdlon in biomedical materials.
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1. Introduction

The theory of self-assembly and fractal has be¢ensiely applied in structures/function studying
of biomacromolecules [1-9], which opens many newpasfunities for us to understand the
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physicochemical properties of biomacromoleculesréduer, the study of self-assembly and fractal
feature of chitosan is of great theoretical anctjical importance [15-18]. Molecular self-assembly
offers a means of spontaneously forming complexveglttdefined structures from simple components
[10]. The technology of self-assembled monolayekM$ provides a convenient way to construct
perfect interface at molecular ley&D, 20]. Recently, SAM has become a hotspot shglgue to its
excellent homogeneity and stability over LB filmn @e other hand, Fractal theory which was brought
forward by Mandelbrot in 1975 is so pervasive ituna[25] and has been extensively applied in many
subjects including molecular biology [26-30] suck atructure/function relationship study of
biomacromolecules.

Chitosan is a kind of unique natural alkalescenmgsaccharide molecule that consists of double
helix structure, and it's the structural unit istobiose (Figure 1). The molecular weight of chios
can exceed a million Daltons. Chitosan film is agrepared due to its physicochemical properties
such as adhesion property, permeability and tessigngth. Up to now, biocompatible chitosan film
has been extensively applied as biomedical masgdl14] and there have been many relative reports
such as artificial skin [21-23] and artificial kieyn[24].

In addition, the intra-structure of macromolecutmmpound is very complex, and exist crystal
phase region and non-crystal phase region. Thdaadligsy is the weight percent of crystal phase
region, and the stable physicochemical propertiesctotosan should be ascribed to its high
crystallinity, which increases with the de-acetghcee increasing. In 1982, Ogura firstly reportesl t
lyotropic liquid crystals (LLC) of chitosan, aftérat, the studies on liquid crystals of chitosad as
ramification became extensive [31, 32].

In this paper, we investigated chitosan molecubdrghyotropic liquid crystals of chitosan, thefsel
assembly and fractal feature of chitosan and chitimsetal ions based on atomic force microscope
(AFM), and the results provide us some valuable,da¢w evidence and inspiration to understand the
self-assembly and fractal theory or phenomenon ghedent at nanometer scale world. Furthermore,
we can obtain some useful evidences and novel iews/estigate the structure/function relationship
of chitosan which is related to their active biodtion in practice.
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Figure 1. Structural illustration of chitosan.
2. Results and discussion
2.1 Chitosan molecule chain

The molecular weight of chitosan is very large @eds a million Daltons), so single chitosan
molecular image is possibly acquired in air. Harleitosan molecular chain was clearly visualized
(Figure 2a, 2b). The size of single linear chitosaslecules is of importance for us understandirgg th
interaction between chitosan molecules, so, thiosal molecules that look like single, not complex,
chitosan molecule chain were measured using AFMgssing software (Figure 2c), then a statistical
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analysis was performed, and the results indicateat the length of chitosan molecules is
971.71f nm, the mean diameter (Full Width at Half MaximuRWHM) is 21.42 nm, the
mean height is 2.20 nm, and their standard dewviggpare 3.70 nm and 0.97 nm, respectively. After
considering the stretch effect of tip, the size®mfadth and height of molecular chain approxinate
the theoretical value (approximately 1 nm), sori@ecular chain in Figure 2 measured using short
white lines (lines A, B and C) should be single ioph@®n the other hand, the molecular chains of
chitosan easily accumulate and present dendritictsires (arrows in Figure 2b), and as the largekbl
arrow showed in Figure 2b, this location should grebably consisted of four single chitosan
molecular chains, and here, the intermoleculariatrdmolecular hydrogen bond played a key role in
chain enwinding. In addition, there are many smiamarticles in Figure 2, which should be impurity
that results from chitosan sample itself, or clatofagments.
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Figure 2. Morphological image of chitosan molecule chainbja, The molecular chains of chitosan
accumulate to present dendritic structures (blumagg). (c) The height profiles A, B and C were
generated along the white lines A, B and C showkigare a and Figure b, respectively. The FWHM
in Figure c are 26.47 nm (line A), 21.91 nm (LineaBd 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 diféat concentration: 1.0 mg/ml (3a) and 2.5
mg/ml (3b). The film in Figure 3 presents mesh atite, which is consisted of meshes with 80 nm-
110 nm in diameter (blue annuluses in Figure 3aj,the distance between meshes is 40.95+6.45 nm;
however, the mesh diameter in Figure 3b is 280 r@~4m, and the distance between meshes is
222.79+58.78 nm, which indicate that the size efnesh structures of chitosan film increases with
the concentration (chitosan) increasing, in thiy,whe mesh structures of chitosan film can stag in
low free energy state (the mesh structures could fehen chitosan concentration is appropriate). The
chitosan film with mesh structure should be asdrib@ single macromolecular chain of chitosan
enwinding with each other. According to the heigtdfile (3c, 3d) that generate along lines in Fg,(
3b), the thickness of film could be measured. Iguké c and d, the difference between the two
arrowheads (upper arrowhead points to mean thiskines, and lower arrowhead points to substrate)
is 6.342 nm and 12.89 nm, respectively, which heethickness of chitosan film. The statistic analyt
results indicate that mean thickness of filné.u56 nm (3a) and 11.65 nm (3@nd the average rough (Ra)
is 1.74 nm (3a) and 5.53 nm (3b), whigtcrease with the concentration increases.

Chitosan film has many implications in practicetsas bandages, which can be used as coagulant
material to rapidly clot blood and stop the blegdi®n the other hand, the air permeability is of
importance for chitosan film using as haemostatatemal, the upper results indicated that the air
permeability of chitosan film can be regulated bymging the size of mesh structures, which can be
attained via altering the chitosan concentration.
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Figure 3. AFM images of chitosan film with mesh structureX@® mg/ml; b 2.5 mg/ml). Figure ¢ and

d are height profile generated along the white éndiknes in Figure a and b, respectively. The ayeera

rough (Ra) is 1.74 nm (a) and 5.53 nm (b), anditban thickness of film is 6.45 nm (a) and 11.65 nm
(b) according to statistic analysis.

2.3 Fractal structures of chitosan

Here, the fractal structure of chitosan on mica aaalyzed by AFM, Figure 4 is the AFM images
of colloidal particles (4a) and fractal structud®, 4c) of chitosan, which indicate that the fehct
growth mode is accordant with the diffusion-limitaggregation (DLA) model of fractal growth (4b’,
4c’). The stelliform colloidal particles (blue awp4a) and the stochastic furcated stelliform dtrec
(4b) externalized the self-similarity of fractatgtture. As for fractal dimension, the calculatedults
are 1.977 (4b) and 1.960 (4c). Moreover, the resatficate that the fractal dimension related it
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accumulated degree of colloidal particles: the noamepactly the colloidal particles accumulate (4c),
the smaller the fractal dimension is. All of thessults could provide new evidence and inspiraton
understand the fractal theory, and lead us to pttedbeomplex and mysterious fractal phenomenon that
presents at nanometer scale world, moreover, wigl ataiain some useful evidences and novel views
to investigate the structure/function relationsbigchitosan which is related to their active fuontin
practice.
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Figure 4. Colloidal particles (a) and fractal structureppf chitosan and their DLA models (b’, ¢’).
The fractal dimension is 1.977 (b) and 1.960 (c).

2.4 Liquid crystal feature of chitosan

The results indicate that the self-assembly prooéskitosan on mica is very interesting due to the
interaction between chitosan polycation and paalgicharged mica. Irregular polygon, hexagon and
circular lyotropic liquid crystals (LLC) of chitosavere all visualized at initial time (Figure 5dp)5At
very low concentration, the chitosan molecules Wwél dispersed randomly without any ordering. At
slightly higher (but still low) concentration, meldes will spontaneously assemble into micelles or
vesicles to stay in low free energy state. At higtencentration, the assemblies will become ordered
and the typical phase is a hexagonal columnar phdssre the chitosan molecules form long cylinders
that arrange themselves into a roughly hexagonticda (Figure 5b). In the experiment, the
concentration of chitosan solution (5%) is lowearththe saturated concentration (6%, weight ratio) i
36% acetic acid solution, so LLC of chitosan wotddn when chitosan concentration exceeds the
saturated concentration during air-dried procedsis Ttage is a two-phase coexisted region of
liquid/isotropy, and aeolotropy region formed cierustructures. At the initial time, chitosan mieel
accumulated compactly and presented concentrieliked_LC structures (Figure 5b), however, these
concentric ring-like LLC structures turned into lo@ ring-like structures at 16 h (Figure 5c¢). These
results probably related with the repulsive intéoac between chitosan polycation and positively
charged mica, which probably play a very importeoie during the formation of LLC of chitosan
(Figure 5a, 5b), on the other hand, the “water fiimmicro-space on sample surface [33] should be
the major factor of the formation of the concentig-like structures (Figure 5c¢) due to its loviere
energy, and this result also indicates that the lof @hitosan can not be preserved in air for a long
time. Figure 5d is the height profile generatedglthe broken line in Figure 5b, the diameter &/2.

m, and the thickness is 52.34 nm (the differende/éen two arrowheads in Figure 5d). According to
AFM analysis, the diameter distributed between Im1i and 3.5 m, and the mean height of LLC
(Figure 5a) is 44.04£1.9 nm.
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Figure 5. The AFM images of lyotropic liquid crystals of tbsan. Figure a, b are images obtained as
soon as chitosan dropped on mica; Figure c istlages obtained at 16 h. Figure d is the heighilerof
generated along the broken line in Figure 5b, tmdter is 2.971m, and the thickness is 52.34 nm
(the difference between two arrowheads in Figuie 5d

To testify the chitosan aggregation in Figure Shad spherocrystal but liquid crystal, an X-ray
diffraction experiment was performed, and the rtesids that no diffraction peak of crystal was
observed except for dispersion peak of non-crysiglre 6).
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Figure 6. The XRD result of solution casting films of chitws
2.5 The self-assembly and fractal feature of Cu Ay (I)-chitosan conjugates

Firstly, 0.1 mg/ml Cu(N@), and AgNQ solution were mixed with 0.1 mg/ml chitosan sauati
then the self-assembly nanostructure of chitosdnaed by Cu (Il) and Ag (l) was studied by AFM.
Figure 7a and 7b are self-assembly images of Qelfltosan conjugate acquired at different timel an
the annularly self-assembly structure formed ag frassed by (7b). In our experiment, many annulus
structures have been observed, and the possiblanation is that the system in Figure 7a is ndblsta
enough; however, annulus structure (30 um in diame€&igure 7b) is relatively stable due to the lowe
free energy compared to Figure 7a.

On the other hand, the stelliform fractal strucsusé Cu (Il)-chitosan conjugate (Figure 7c) and(Bg
chitosan conjugate (7d) are accordant with the Dh@del (Figure 4b’), and the fractal dimensions are
1.947 (7c) and 1.957 (7d). According to the results fractal dimensions of Cu (Il), Ag (I)- chitos

conjugate are less than that of chitosan (see &ig)r and their mean fractal dimensions are
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1.952+0.005 (conjugate) and 1.969+0.009 (chitosaspectively, which indicated that Cu (lI), Ag ()

could reduce the fractal dimensions of chitosaat@lastructures.

a b C d

Figure 7. The self-assembly images of Cu (Il)-chitosan niéc@, b), the size of micelle in Figure 7a

Is 1.35um~1. 85um in diameter, 290nm~450nm in Hethkeir mean values are 1.52um and 373 nm,

respectively. Figure c and d are fractal structumalges of Cu (Il), Ag (I)-chitosan aggregates, trel
fractal dimensions are 1.947 (c) and 1.957 (dpeetvely.

When 1 mg/ml Cu(Ng), and AgNQ solution were mixed with 0.1 mg/ml chitosan salufidiscal
structures that accord with the Eden model of &a@tigure 8c) were observed (Figure 8a, 8b), &ed t
diameter of the "disk" of Cu (Il)-chitosan is largban that of Ag (I)-chitosan: variation from 32nu
(8a) to 4.46um (8b). Figure 8a’ and 8b’ are theyheprofiles of Figure 8a and 8b, respectively, ahhi
indicate that the height at edge is higher thahithaenter. Here, the formation of the discal stnoe
should be ascribed to the destruction of the stetalition of random distribution of Cu (Il), Ag)l
chitosan micelle, and the driving force of micediggregates is intermolecular force and electrastati
force. Aggregation growth stopped when a regul@éK'dformed because of the space limiting. So, the
main agent of the formation of discal structuregimated from the surface tension and anisotropy,
meanwhile fluctuation also played an important [G4.

a

bl
C

Figure 8. Self-assembly discal structures and height profileonjugates of Cu (ll)-chitosan (a) and
Ag (I)-chitosan (b). Figure c is the Eden modetfrattal.

3. Conclusion

In this paper, we investigated chitosan moleculairts, chitosam film, lyotropic liquid crystals
(LLC) of chitosan, and the self-assembly and frlafgature of chitosan and the chitosan/metal ions
aggregates. According to our investigation and lteswe discovered that the molecular chains of
chitosan accumulate to present dendritic structameg the size of chitosan chain is 971.71+111mM0 n
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in mean length, 21.42+3.70 nm in mean diameter (M)} HFnd 2.20£0.97 nm in mean height. These
statistical data approximate to the theoretical@alfter considering the stretch effect of AFM fipe
self-assembly film of chitason presents mesh girast whose diameter increases with the
concentration increases and the average roughitosahn film varies in the same way. By adopting a
new self-assembly strategy, we discovered theadotiem between chitosan polycation and positively
charged mica is very interesting and LLC of chitoslaat validated by XRD were visualized and a
statistical analysis about the size of LLC was therformed. The self-assembly process of LLC of
chitosan on positively charged mica was also erplii

As for the fractal feature of chitosan and Ag (ijtosan, we calculated their fractal dimensions
using the formula [35]:D=(d*+1)/(d+1), the results indicate that their fractal dimensioare
approximate 2 (see Figure 5 and 8), which is aadrdvith the result of Montembault [18].
Meanwhile, the fractal dimension is related witlke taccumulation degree: the fractal dimension
decreases with the accumulation degree increased-{gure 5b, 5c and Figure 8c, 8d). According to
the results, we find that the fractal structure€of(ll), Ag (l)-chitosan conjugate is accordanthwine
DLA model (7c, 7d) and the Eden model (Figure 8idyactal, however, the results also indicated that
the fractal structures of conjugates were only etanat with the Eden model when the concentration of
Cu (II) and Ag () increased. In addition, thessulés indicate that the combination of AFM and fehc
dimension calculating provides a convenient andcieraethod to analyze the fractal dimension of
chitosan and chitosan/metal ions aggregates.

4. Experimental
Material and Reagent

Acetic acid, NiC}, Cu(NG),, AgNO; are all analytic reagent. X-ray diffractometer (RDPeking
Univ.). Chitosan (de-acetyl degree greater than ,90%cosity less than 0.01pas, molecular weight is
about 1.5x10 Daltons)(Bo’ao Biotechnology Corporation, Shangitésolved in acetic acid solution
(2%), and the final concentration of chitosan solutncluding 0.1 mg/ml, 1.0 mg/ml, and 2.5 mg/ml.

Sample preparation

Chitosan solution (0.1 mg/ml) mixed with Cu(B& (1 mg/ml) and AgN®@ (1 mg/ml) solution
(V:V=1:1) to produce the conjugates of chitosanah&ins. Then the prepared samples (aboutll0
including chitosan solution and the conjugatestofosan/metal ions were dropped on newly peeled

mica, and then air dried.
As for the preparation of lyotropic liquid crys(@lLC) of chitosan, the electronegative mica wastkr

treated with NiCJ] solution to make mica electropositive, then alioptl chitosan/acetic acid (weight
ratio=5%) solution (pH approximate 3) was dropp&detectropositive mica, and then air-dried for

AFM imaging. Figure 9 is the sketch illustrationpyeparation process of chitosan absorbed on mica.
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Figure 9. Sketch illustration of self-assembly strategy lut@san on NiCl treated mica.
Atomic force microscope imaging

The prepared samples were imaged at room temperatsing an atomic force microscope
(Autoprobe CP Research, Veeco) in the tapping matiemages were acquired in air. The curvature
radius of the silicon nitride tip was about 10 rthre force constant was about 2.5 N/m and 3.2 N/m
(manufacturer provided). All of the images werdtéaed with the provided software (IP 2.1 version)
to eliminate low-frequency background noise in swag direction. The calculation of the average
rough (Ra) was auto-performed by AFM processingwsok, and the Ra is determined using the
standard definition: R= 1 " , where Z =mean z height. The Ra refers only to the incluatess

i=1

defined by a region group, with N given by the nembf data points in the included areas.

Zi- Z

Fractal dimensional calculation

Up to now, there are several methods to calculage ftactal dimension (D), however, the
calculating formulaD=(d?+1)/(d+1), which was brought forward by Tokuyama and Kawagakio84
[35], is more convenient, herd is the Euclidean geometry dimension. The procdssmages
processing including: noise signal removing, 258epigray processing, two-value processing and
fractal feature extracting. Then, the fractal digien are calculated according to the formula
D=(d?+1)/(d+1).
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