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ABSTRACT KEYWORDS
The aim of this work was preparation of biopolymer materials based chitosan; hyaluronic acid;
on blends of chitosan, hyaluronic acid and collagen. The properties of ~ collagen; blends
blend films have been investigated by contact angle measurements

and atomic force microscopy. The contact angle measurements showed

that chitosan films are more polar after addition of hyaluronic acid

and collagen. The AFM results showed that the addition of chitosan to

hyaluronic acid led to the increase of surface roughness. Moreover, mis-

cibility studies of biopolymeric blends were also done using the visco-

metric method. Viscometric studies indicated that two-component and

three-component blends are partially miscible.

1. Introduction

Biopolymers play a very important role in tissue engineeringand are widely used as biomate-
rials [1-4]. According to their degradation properties, biopolymers can be further classified
into biodegradable and non-biodegradable biopolymers [5]. In recent years there is a need of
development new materials for tissue engineering and regenerative medicine. Natural poly-
mers have the potential of biological recognition that may positively support cell adhesion and
function [6]. The blending of biopolymers has received a considerable attention due to the new
possibility of materials preparation for several applications. Two or even more biopolymers
can be mixed together and such the blends can lead to new materials. The physico-chemical
properties of polymer blends are important from both scientific and practical point of view
[7,8]. An important aspect of the properties of a blend is the miscibility of its components.
Miscibility in polymer blends is assigned to specific interaction between natural polymers
(7].

Chitosan (CTS), hyaluronic acid (HA) and collagen (COL) are compounds, which belongs
to the group of biopolymers. Their synthesis generally involves enzyme-catalyzed, chain
growth polymerization reactions of activated monomers, which are typically formed within
cells by complex metabolic processes [8].

Chitosan is a polysaccharide and it is obtained mainly due to the deacetylation of chitin,
which is one of the most abundant renewable natural product. It occurs in marine crustaceans
armor, armor of insects and the cell walls of fungi. Chitosan can also occur naturally in some
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species of mushrooms, but its content is much lower than that in chitin [9,10]. This polymer is
soluble in dilute solutions of organic acids, for example: acetic acid, formic acid, alcohols, and
glycerol. It can be dissolved also in some dilute solutions of inorganic, for example: hydrochlo-
ric acid. Chitosan is not dissolved in a solution of alkaline and neutral solutions [11,12]. Chi-
tosan, due to its interesting properties (biological, physical, chemical ones) is used in various
kinds of fields. This versatile polymer is used in medicine, engineering, water treatment, food
industry, agriculture and cosmetic industry [11,12].

Hyaluronic acid (HA) is also known as hyaluronan, because in physiological conditions it
existsin the form of a sodium salt, therefore negatively charged [13,14]. Hyaluronic acid is a
glycosaminoglycan copolymer of d-glucuronic acid and n-acetyl-d-glucosamine. This acid is
a linear polysaccharide naturally occurring in mammalian tissues [15]. Hyaluronic acid acts
as a major intracellular component of connective tissues such as the synovial fluid of joints,
vitreous fluid of the eye, and the scaffolding within cartilage and the umbilical cord [14].Itis a
material of increasing importance in biomaterials science and it can be applied in tissue cul-
ture scaffolds and in cosmetic materials [16]. HA has been shown to play an important role in
lubrication, cell differentiation and cell growth. Its properties, both physical and biochemical,
in solution or hydrogel form, are extremely attractive for various technologies concerned with
body repair [17-20].

Collagen is the most abundant polymer in the animal life [7]. At present there are known 29
genetically distinct types of collagen characterized by a unique structure and the presence of
tissue-specific properties [21]. Collagen exists in several organs acting as the bonding material
of the cell. It maintains the structural integrity of tissues provides the hardness, stiffness and
elasticity of tissues. Thanks to its supermolecular structure, collagen connects a large amount
of water and consequently is characterized by great flexibility. Collagen plays a fundamen-
tal role in wound healing, blood clotting and tissue repair and regeneration of bone. One of
the functions of collagen is interaction with specific receptors which affect the processes of
adhesion, differentiation, survival and cell growth [22-25].

In the present study, we aimed to prepare the miscible CTS/HA blend with different addi-
tions of collagen. CTS/HA blends were prepared from mixed polymer solutions. The composi-
tion of CTS/HA was 50/50. In order to obtain three-component mixtures, collagen was added
as the third component. Thin films were obtained after evaporation of solvent. The obtained
binary and ternary blends were characterized by contact angle measurements, atomic force
microscopy and viscomertic method.

2. Material and methods

2.1. Preparation of blends

Chitosan and hyaluronic acid were supplied by the company Sigma-Aldrich (Poznan, Poland).
The deacetylation degree (DD, %) of chitosan was 78%, and a viscosity average molecular
weight was 0.59 x 10°. Hyaluronic acid had a viscosity average molecular weight of 1.8 x
10°. This parameter was measured with the Ubbelohde viscometer and calculated from the
viscosity of solutions according to the Mark-Houwink equation [26]. Collagen was obtained in
our laboratory from tail tendons of young rats. Tendons were excised and washed in distilled
water, and dissolved in 0.1M acetic acid for three days in 4°C. The undissolved parts were
removed by centrifugation for 10 min at 10,000 rpm. Soluble fraction was decanted, frozen
and lyophilized. CTS/HA blends were prepared from mixed polymer solutions. Chitosan was
solubilised in aqueous 0.1M CH; COOH/0.2M NaCl, hyaluronic acid in aqueous 0.01M HCl,
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and collagen in aqueous 0.1M CH3;COOH. The composition of CTS/HA was 80/20, 50/50,
20/80. The collagen solution was added in the different ratios based on the CTS/HA blend in
50/50 weight ratio. Polymers in aqueous solution were mixed together by magnetic stirring
for 24 h. These solutions were used to prepare the polymer films.

2.2. Contact angle measurements

The contact angle of two liquids: diiodomethane (D) and glycerol (G) on the surface of chi-
tosan, hyaluronic acid, collagen and their blend films were measured at room temperature,
using the DSA10 goniometer equipped with the system drop-shape analysis (Kriiss GmbH
Germany). The liquid drop of 2-3 ul was placed onto the polymer surface with a microsy-
ringe. The drop image was recorded by video camera and digitalized. The profile of a single
drop was numerically solved and fitted by appropriate mathematical functions using instru-
ment software. Each accepted result of contact angle is the average value of a maximum of
10 measurements. The surface free energy and its polar and dispersive components were cal-
culated using the same method as shown in previous paper [27].

2.3. Atomic force microscopy

The topographic imaging was performed using a multimode scanning probe microscope with
a Nanoscopellla controller (Digital Instruments, Santa Barbara, CA) operating in the tapping
mode, in air, at room temperature. Surface images, using scan widths ranging from 1 ym to
5 pm, with a scan rate of 1.97 Hz were acquired at fixed resolution (512 x 512 data points). The
roughness parameter was calculated for scanned area (5 um x 5 um) using Nanoscope soft-
ware. The AFMimages and roughness calculations were obtained for different sample places
and the most typical areas are presented.

2.4. Viscosity measurements

Viscosity measurements of chitosan, hyaluronic acid, collagen and their blend solution (¢ =
0.1%) were performed at 25 4= 0.1°C using the Ubbelohde capillary viscometer. The flow times
were recorded with an accuracy +0.01 s. Before measurements the solutions were filtered
through G1 sintered glass filters. The intrinsic viscosity and the values of interaction param-
eter were determined according to Huggins equation [28] using solution of 5 concentrations.
The miscibility was estimated by comparison of the experimental and ideal values of b, and
[#]m- The values of interaction parameters (b,,) were obtained using the same methods as
shown in previous papers [29-30].

3. Results and discussion

3.1. Contact angle measurements

An interesting property of blend films is the wettability, which was evaluated by means of
contact angle determination. The contact angles for two different liquids (diiodomethane
(D) and glycerol (G)) on the surface of chitosan, hyaluronic acid and chitosan/hyaluronic
acid films were measured before and after the addition of collagen. The results are shown
in Tables 1 and 2. It can be noticed that glycerol contact angles for used films are almost
the same for HA, CTS and their blends (~67-70°), while diiodomethane contact angles
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Table 1. Values of contact angles (deg), surface free energy [y.] and its polar [ysp] and dispersive [ys"’] com-
ponents for CTS, HA and their blends.

contact angle [°]

Were G D ¥ Imi/m?] ¥ PIml/m?] P ImJ/m?] A
0.0 69.6 £ 1.46 5454094 3528 23.88 1140 048
02 69.241.00 53.8 £ 0.69 3457 2576 8.80 034
05 68.1+0.89 59.5 41.00 375 31 10.63 0.46
038 65.9 4 0.87 522099 36.90 2591 10.99 0.42
10 66.8 =187 557 +0.89 32.94 2441 8.52 035

of blend with wers = 0.8 surface is somewhat lower (~52°) than those of all other films
(~54-56°). This may indicate that the 80/20 CTS/HA blend surface is slightly more polar
than the surface of others films. The surface free energy is often recommended for charac-
terization of polymer hydrophilicity. Values of the surface free energy as well as thedisper-
sive and polar components were determined according to Owens — Wendt equation [31].
The obtained values indicate that the chitosan surface has the lowest polarity because it has
the lowest polar component of its surface free energy (Table 1). For the CTS/HA blends, the
values of the dispersive component are much bigger than those of the polar component,
which indicates mainly hydrophobic surface. This behavior indicates that there are fewer
interactions between the polar groups of chitosan and hyaluronic acid in the blend. There-
fore, the polar groups of the polymers were hidden below the surface of the film. In the case
of ternary CTS/HA/COL blends (Table 2), the values of surface free energy and polar com-
ponent are reduced compared with pure hyaluronic acid and collagen films. The exception
is the CTS/HA (50/50) blend with 10% of collagen film. This surface possesses the highest
polarity.

3.2. Atomic force microscopy

The surface morphology of films obtained for pure components and their binary and ternary
blends are shown in Figures 1-2. The corresponding roughness parameters are presented in
Tables 3 and 4. As it can be seen, the AFM images show differences in the surface properties
of films for pure polymers and their blends. In our previous study we found that for CTS/HA
blends (when HA was dissolved in 0.1mol-dm>HCI solution) the chitosan component was
found to be concentrated on the surface of the blends [25]. In both, previous and present

Table 2. Values of contact angles (deg), surface free energy [y,] and its polar [;{] and dispersive [ysd] of
CTS/HA (50/50) blend containing different addition of collagen.

contact angle [°]

Weor G D y [my/m?] y 2Imi/m?] v my/m?] /vy
0.0 68.1+0.89 59.541.00 3375 23 10.63 0.46
0.1 54.4£0.58 67.0+0.74 38.70 1553 23177 1.49
0.2 69.3 +0.91 56.3 £1.07 3428 24.84 9.44 038
03 68.1+0.90 58.4+1.01 32.95 2236 10.59 0.47
04 65.9 £ 0.67 67.9 £1.45 3218 18.28 13.90 0.76
0.5 747 £0.90 69.11+1.15 2725 16.72 10.52 0.63
0.6 815+ 0.69 64.6 +0.84 27.50 2232 518 0.23
0.8 776 £035 526 +0.29 3325 28.20 5.06 0.18

1.0 65.0£0.70

49.8+0.78

37.23

26.60

10.63

0.40
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Figure 1. AFM images of the surface of unmodified polymer films: A. CTS, B. HA and CTS/HA polymer blends:
C. 80/20, D. 50/50, E. 20/80.

Table 3. The roughness parameters (Rq) of CTS, HA and their blends.

Wers Rq (nm)
0.0 2.46
0.2 68
0.5 184
181
190

0.8
1.0




26/1212] A. SIONKOWSKA ET AL.

Figure 2. AFM images of the surface of A.COL and films made of CTS/HA (50/50) blend containing different
addition of collagen: B.10%, C.20%, D.30%, E.40%, F.50%, G.60%, H.80%.

Table 4. The roughness parameters (Rq) of COL and three component blends.

WeoL Rq (nm)
0.1 143
0.2 156
03 179
0.4 123
0.5 60
0.6 72
0.8 160
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Table 5. Values of interaction parameters for CTS/HA blends, (w. — weight fraction of chitosan).

Wers [n],, & [dI/g] Il [dl/g] Aln] b, & [dl/g]? b [dl/g]? Ab,,

0.2 229 314 —0.84 4.00 9.13 —513
0.5 2.57 333 —0.76 9.39 5.16 423
0.8 299 3.52 —0.52 6.73 4,92 1.82

studies we have shown that the surface of hyaluronic acid film is rather flat and does not
contain any symptom of surface roughness when the HA was dissolved in 0.1mol-dm—HCI
solution or in 0.01mol-dm—>HCl solution (Figure 1B). After the addition of chitosan, the sur-
face of film is altered with visible roughness. The surface roughness increases with increasing
contents of chitosan in the blend films but it is smaller than for chitosan film (Figure 1 and
Table 3). The roughness of film made of chitosan is rather big and results from the crystallinity
of the sample. For the ternary blend films, the surfacesare slightly more folded than the sur-
faces of binary CTS/HA blends. The values of the roughness of the CTS/HA blend with 50
and 60% of collagen are the lowest among studied specimens (Table 4). This may indicate an
increase in the homogeneity of these blends in comparison with other compositions.

3.3. Viscosity measurements

In recent years, viscometric method has been widely used to study the polymer — polymer
interaction and miscibility because this technique is a simple, quick and an inexpensive [25,
26, 29, 30]. Many researchers proposed criteria to determine polymer-polymer miscibility by
the viscometric method [32-36]. As published by Garcia et al. [33], the Ab,,, parameter calcu-
lated by the equation: Ab,, = b, - b, can be utilized to evaluate the presence of interactions.
If Ab,,> 0, attractive forces are dominant which proves the miscibility of the components. If
Ab,, < 0, repulsive forces prevail and immiscibility is expected. The parameters of the mis-
cibility criterion proposed by Garcia et al. [33] are tabulated in Tables 5-6 and Figure 3. As
it can be observed, for CTS/HA blend solutions the parameter Ab,, values are positive with
the exception of the composition of low content of chitosan in the blend (wcrs = 0.2). Thus,
it can be suggested that the CTS/HA blends are miscible at the weight fraction of chitosan
in the blend wers> 0.5 as Aby, >0 and A[n]<0. The miscibility criteria are satisfied.It is in
accordance with previously reported data for the solutions of CTS/HA blends [25]. As it can
be observed in Table 6 and Figure 3 for the ternary CTS/HA/COL blends, the Ab,, values are
positive for weop <0.2 and are negative for the weight fraction of collagen above 0.2, especially

Table 6. Values of interaction parameters for the CTS/HA (50/50) blend with different addition of collagen,
(Wersma — Weight fraction of 50/50 blend; w, — weight fraction of collagen).

WeoL Wersma [nl,, & [dl/g] ], [dl/g] Aln] by, &P [dl/g]? b, [dl/g]? Ab,,
0.0 10 2.95 — — 3.97 — —
01 09 3.54 430 -076 12.98 529 7.69
02 08 3.89 564 —174 148 10.85 333
03 07 4m 6.98 —2.86 1227 20.65 —838
04 06 6.13 832 —219 2973 34.69 —4.96
05 05 7 9.66 —255 48.87 52.97 —410
06 04 745 11.00 —355 47.90 7548 —2758
08 02 9.3 13.68 —445 8253 13321 —50.68

1.0 0 16.37 — — 207.90 — —
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Weal

Figure 3. Values of viscosity interaction parameters, Ab,, versus weight fraction of collagen (w, ) in three
component blends.

for the blends with the high content of collagen. So, according to the used criteria of polymer—
polymer miscibility, the ternary blends are partially miscible at the low content of collagen.

4, Conclusion

Films prepared by blending chitosan with hyaluronic acid and collagen in different com-
positions were used to study the wettability and surface morphologies. Contact angle mea-
surements and surface free energy determinations reveal that chitosan films are more polar
when hyaluronic acid and collagen were added. Surface properties examined by tapping-mode
atomic force microscopy (AFM) showed that the surface roughness of investigated blends
increases with the increasingcontent of chitosan and collagen in the blend. For the blends
of chitosan with hyaluronic acid and collagen in solution with different compositions, the
miscibility was determined by viscometric method and it was found that the blends are par-
tially miscible. Thus, the obtained results suggest that the modification of several properties of
binary and ternary blends is a consequence of the interaction between chitosan and hyaluronic
acid and collagen.
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