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Abstract: In the recent studies on chitosan hydrogels, it was found that understanding both
rheological and structural properties plays an important role in their application. Therefore,
a combination of two independent techniques was applied to investigate micro- and macroscopic
properties of chitosan colloidal system. Studies on viscous properties, as well as the sol-gel phase
transition process, were performed using rheological methods coupled with the small angle light
scattering (SALS) technique. Based on the anisotropy of scattering patterns obtained during rotational
shear tests, it was found that the chitosan solution reveals two different behaviors delimited by the
critical value of the shear rate. Below a critical value, chitosan clusters are deformed without breaking
up aggregates, whereas after exceeding a critical value, chitosan clusters apart from deformation
also breakup into smaller aggregates. The values of the radius of gyration determined by applying
the Debye function allow one to state that with an increase of chitosan concentration, molecule size
decreases. An analysis of the light scattering data from the temperature ramp test showed that with
an increase of temperature, the level of polymer coil swelling increases. Simultaneously, the supply
of thermal energy leads to a neutralization of the charge of chitosan chains. As a consequence,
the formation of intermolecular links occurs and a gel structure is formed.

Keywords: chitosan; rheology; light scattering; SALS

1. Introduction

Hydrogels are an interesting group of materials commonly used in medicine and
pharmacology [1,2]. This is due to the biophysical similarity of hydrogels to soft tissues, as well
as their responsiveness to various environmental changes. The most commonly used form of hydrogel
is three-dimensional matrices that received found wide-spread application in the life sciences, including
tissue engineering and smart drug delivery systems [3-5].

In manufacturing of hydrogel matrices for medical applications, biocompatible and biodegradable
natural polymers are sought for. One such compound is chitosan, a polysaccharide obtained
by deacetylation of chitin, which is a natural building component of crustaceans. A suitable
buffering and cross-linking agent (e.g., disodium (-glycerophosphate) is used to prepare colloidal
chitosan solutions that undergo phase transition under the influence of temperature increase in the
physiological pH range [6,7]. In such systems, the main interactions responsible for the sol-gel phase
transition are physical intermolecular forces such as hydrophobic interactions among chitosan chains.
These interactions are a result of the neutralization of amino groups triggered by external stimuli such
as temperature increase [8,9].

In the recent studies on chitosan hydrogels, it was found that understanding both macroscopic
properties related to rheological characteristics of the systems and microscopic properties characterized
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by the size, shape, and chitosan molecule conformation play an important role in their application.
The recent literature presents many studies depicting the influence of external stimuli (temperature,
concentration, pH) and internal stimuli (e.g., molecular weight, degree of deacetylation) on rheological
properties of colloidal chitosan solutions [7,10-12]. However, there are few studies analyzing both the
rheological and microscopic properties of these media and a relationship between them.

One of the most frequently used techniques to describe the conformation of chitosan molecules
is the Mark-Houwink equation [#] = KM", in which [#] is the intrinsic viscosity, M is the molecular
weight, and K and a are the Mark-Houwink constant and the exponent, respectively. The type
of solvent used and associated differences in the ionic strength and pH of the solutions produce
a different conformation of polysaccharide molecules in the solution [13-15]. Depending on the
value of the exponent a—determined experimentally for standard solutions of known molecular
weight—it was found that chitosan molecules in colloidal solutions assume the form of hard spheres
and collapsed coils (a < 0.5), flexible and random coils (0.5 < a < 1.2), and disentangled rigid or rod-like
configurations (a > 1.2).

The emergence of new techniques taking advantage of the analysis of scattering of a polarized,
monochromatic beam of light allowed one to obtain more accurate and precise information on the
microscopic properties of the materials tested. Among these techniques, a dynamic and static light
scattering can be distinguished (DLS and SLS) [16]. In particular, significant progress has been
made in the development of small angle light scattering (SALS). These techniques are used to study
structures on a microscale. Their undoubted advantage is also the possibility of non-destructive
testing of the phase transition or phase separation phenomena. Light scattering techniques provide
valuable information about the sizes of polymer structures studied, such as radius of gyration R¢ or
hydrodynamic radius Ry, for instance. They also allow one to determine the conformation of molecules
and follow the time evolution of these changes.

Over the last few years, several experimental works presenting the implementation of the SALS
technique in measuring systems have been published [17-23]. In these works, the measurements
of media properties were performed with the use of the Anton Paar MCR 502 rotational rheometer
coupled with SALS optical system [22,23]. The device enables a simultaneous registration of rheological
and microscopic properties of the medium. The dependence of the macroscopic, mechanical properties
of the medium on a microstructure formed by the molecules of the tested material allows for a more
comprehensive investigation of the mechanisms responsible for intermolecular interactions that occur
in the tested material during mechanical deformation, phase transition processes, etc.

In this work, we aimed to study the microstructural and macroscopic properties of chitosan
colloidal systems. A comprehensive analysis of properties of colloidal chitosan solutions using
rheological methods combined with a simultaneous SALS measurements was conducted in the study.
The effect of shear deformation on the structural organization of the chitosan molecules was carried
out by analyzing the anisotropy of the obtained scattering patterns. The non-isothermal sol-gel
phase transition process was also performed, taking into account different concentrations of colloidal
chitosan solutions. To gain further insights into the gelation process, microstructural properties besides
rheological behavior were studied based on light scattering data.

2. Materials and Methods

2.1. Materials and Solution Preparation

The chitosan obtained from crab shells, supplied by Sigma-Aldrich (Sigma-Aldrich Sp. z o. o.,
Poznan, Poland) was used for the study (product no. 50494, lot no. 0001424218). The weight average
molecular mass My, determined by gel permeation chromatography (GPC/SEC), was 680 kg-mol .
The degree of acetylation (DA), determined by the titrimetric method, was 18.2%. A cross-linking agent
was disodium (-glycerophosphate, while 0.1 M aqueous hydrochloric acid was used as a solvent.
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Chitosan solutions were prepared by dissolving four different amounts of chitosan, each in 8 g of
aqueous hydrochloric acid solution. Concentrations expressed as the ratio of chitosan mass to solvent
mass yield the values of 2.5, 3, 3.5, and 5% (w/w). After dissolution, the vessel containing the sample
was covered and left for 24 h at room temperature; after about 3 h, the sample was again stirred to
achieve better dispersion of polymer. After 24 h, the solution was placed at 5 °C for 2 h. After this
time, 2 g of cooled and previously prepared solution of disodium -glycerophosphate was added
gradually to the chitosan solution and stirred at the same time. The solution of the cross-linking agent
was obtained by mixing distilled water and disodium (3-glycerophosphate at a 1:1 ratio.

2.2. Rheological Experiments

The measurements were carried out using the Anton Paar Physica MCR 502 rheometer
(Anton Paar, Warszawa, Poland) equipped with an integrated SALS optical analysis system.
The schematic presentation of Rheo-SALS system has been provided in the Supplementary Materials
(Figure S1). The measurement system of the rheometer used in rotational tests was a double-gap
system. To determine viscosity of the medium, the sample was subjected to shearing for 60 s at
subsequent fixed shear rates of 1, 5, 10, 20, 50, 100, 200, and 500 s~ 1 repeating the procedure toward
decreasing shear rate values. The process of thermo-induced gelation was carried out in a plate-plate
system under oscillatory shear at fixed strain amplitude y = 1%, angular frequency w = 5 rad/s, and
gap size of 0.3 mm. The samples were heated from 5 °C (storage temperature) to 80 °C, maintaining
constant heating rate of 1 K/min.

2.3. Small Angle Light Scattering Experiments

Experiments recording light scattering data with simultaneous measurement of rheological
properties were carried out using specially designed glass parts of the measurement system—double
gap DG32-21/AL/CX and plate-plate PP43/GL-HT. The schematic presentation of measurement
systems has been provided in the Supplementary Materials (Figure S2). The light source was
10 mW LED diode laser operating at a wavelength of 658 nm. In addition, the system contained
a polarizer located in front of the laser and an analyzer placed below the sample, allowing two
types of measurements: polarized (polarizer and analyzer parallel) and depolarized (polarizer and
analyzer perpendicular). In the present study, the measurements were carried out only in the polarized
configuration. Once the laser beam has passed through the sample, the main light beam was stopped
at the beam-stop contained in the lens system, while scattered light was collected on the screen.
The distance between the screen and the sample was 17.15 cm. The resulting two-dimensional
scattering pattern was captured by a CCD camera. The RheoCompass™ software (Anton Paar GmbH,
Graz, Austria) provided by the manufacturer enable to real-time registration of scattering pattern.
The obtained scattering patterns were analyzed using the NewSALS software (version 2.02) developed
by the Laboratory of Applied Rheology and Polymer Processing (K.U. Leuven, Belgium) to determine
the dependence of intensity I as a function of scattering vector 4. The analyzed scattering vector g
was approximately in the range 0.1-4.2 um~!. The scattering vector was defined as q = (47t/A)sin(0/2),
in which A was the wavelength of the incident laser beam and 6 was the scattering angle.

3. Results and Discussion

3.1. The Effect of Shear Rate on Structural and Viscous Properties

Viscosity curves for the 2.5% (w/w) chitosan solution, determined using the double gap geometry,
along with scattering patterns and g-vector dependency of the scattering intensities in mutually
orthogonal directions, are shown in Figure 1. Viscosity of the tested solution decreases with the increase
of the shear rate, showing the features of a shear-thinning, non-Newtonian fluid. Simultaneously,
there is hysteresis between the curves obtained for increasing and decreasing shear rate, which indicates
thixotropic properties of the tested solution. Observation of the shear thinning behavior in the entire
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considered shear rate range suggests that in this range the colloidal systems are characterized by fast
relaxation processes. The progressive decrease in the viscosity of the chitosan solution with the shear
rate increase indicates a gradual breakup of intermolecular links.

Scattering patterns presented in Figure 1a show the distribution of scattering intensity on the
plane of scattering vector g, for the initial (} =1 s~ 1), intermediate (4 = 100 s~1), and final (7 = 500 s~ 1)
states during the measurement at increasing shear rate. Figure 1a also shows the scattering pattern
obtained at shear rate of 1 s~! during the test of decreasing shear rate. The differences in the scattering
patterns obtained for initial and final state result from the thixotropic properties of the medium. It is
possible to observe a change in the shape of the scattering pattern from circular to elliptical with
increasing shear rate and a simultaneous decrease in viscosity. This change represents orientations and
deformations of the polymer domains [24-26].
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Figure 1. (a) Viscosity curves for 2.5% (w/w) chitosan solution determined for increasing (y1) and
decreasing (V) shear rate with scattering patterns obtained at 40 °C. (b) The g-vector dependency of
the scattering intensities horizontally across (shear flow direction) and vertically across (shear gradient
direction).

For low shear rate values, slight differences were observed between intensity distribution along
the mutually perpendicular directions g, and gy, which indicates a weak deformation of the molecules
(see the intensity curves for lowest shear rate on Figure 1b). The higher the shear rate, the more
deformed and oriented the molecules are, leading to a more stretched scattering pattern. Anisotropy of
the scattering patterns, which increases as the shear rate increases, reflects the influence of shear forces
on the deformation of the ordered structure of polymer chains in the solution. The scattering pattern,
which is elliptically shaped and oriented perpendicular to the shear flow direction, results from the
orientation and stretching of molecules along the shear flow direction. Intensity distribution on the
scattering vector plane presented in a three-dimensional coordinate system is shown in Figure 2.
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Intensity
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Figure 2. Three-dimensional distribution of light intensity on the scattering vector plane for 2.5% (w/w)
chitosan solution at 40 °C. (a) Data for shear rate 1 s~1. (b) Data for shear rate 500 s 1.

In the wave vector region covered in these measurements, the power law (I()~g™") can describe
the g dependence of the light intensity. In the wave vector regime gR; > 1, the experiment probes the
cluster fractal dimension, and the value of the power exponent n provides structural information on the
fractal dimension of molecules [27,28]. Based on data of the scattering pattern at 20 °C for the lowest
shear rate, the value of exponent n was approximately ~2.7. This value indicates that the polymer
chains have an intermediate conformation between a collapsed coil (n = 3) and swollen Gaussian coil
(n = 2). Molecules formed in this manner are deformed by shear forces, and the resulting scattering
pattern reveals more prominent anisotropy for higher shear rate values (Figure 2b).

3.2. Quantification of Scattering Pattern Anisotropy

Based on the three-dimensional scattering patterns presented in Figure 2, it is possible to quantify
anisotropy. Anisotropy e is determined based on the eigenvalues of the second-order tensor of the
intensity distribution [29-31]:

\/(Mxx - Myy)2 + 4T%y

e= s, M
My = / qxq:1(q, 7, t)dq 2)
Myy = /quyl(q,’y, t)dq ®)
Ty = / qxy1(q,7,t)dq (4)

S :/I(q,"y,t)dq 5)

in which My, My, and Ty, are the second-order intensity tensors, and S; is the summary intensity.

The dependence of anisotropy on the shear rate is shown in Figure 3. With the increase of shear rate
in the first stage of the experiment, an increase of anisotropy is observed, which indicates progressive
deformation of the molecules. After reaching a certain critical shear rate value 7., anisotropy reaches
its maximum value. Once the maximum of anisotropy is exceeded, any further increase of shear rate no
longer causes significant changes in anisotropy, and a minimal decrease of this parameter is observed.
For chitosan solutions tested at both 20 °C and 40 °C (Figure 3a,c, respectively), the determined critical
shear rate is approximately 20 s~!. Similar behavior is observed at decreasing shear rate (Figure 3b,d),
although in this case the value of anisotropy decreases in the entire shear rate range. Additionally,
near the value of critical shear rate the change of the slope of function describing the experimental
data occurs.
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Figure 3. Changes in anisotropy € as a function of shear rate. The inner plot show changes in the
second-order tensors Myx and Myy as a shear rate function. Measurements were made for increasing

(¥?1) and decreasing (y.) shear rates.

The occurrence of a critical shear rate indicates the structural reorganization of molecules.
Before reaching the critical point, the molecule deformation increases. The higher the shear force,
the higher the orientation of the molecule along the flow direction. After exceeding the critical point,
the deformation remains relatively constant despite the increase of shear forces. Simultaneously,
however, the dynamic viscosity of the tested system decreases in the entire considered range of shear
rates without revealing of a critical point. Lack of significant changes in anisotropy with a simultaneous
decrease in viscosity may suggest that when the critical point is reached, chitosan aggregates break
up. However, lack of significant changes in anisotropy may also result from excessive length-scale
that can be covered by using SALS technique, whereas continuous decrease in viscosity is the result of
orientation and ordering of chitosan chains along the flow direction.

The occurrence of chitosan chains in the form of Gaussian coils and acting on them with low
shear forces leads to their deformation. However, associative forces merging the polymer coil are
high enough to limit deformations only to stretching of chitosan clusters along the flow direction.
In such conditions the aggregation processes can be accelerated, because the shear flow tends to bring
molecules together in the form of aggregates and leads to their faster formation than Brownian motion
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does at quiescence state [32]. The situation changes the critical shear rate is exceeded. High shear forces
are able to overcome the associative forces merging the chitosan cluster. In addition, high shear rates
lead to mutual collisions between the polymer aggregates. As a result, chitosan clusters, apart from
their shape deformation, also break up into smaller aggregates. Such behavior may explain the lack
of significant changes in the anisotropy of scattering patterns above the critical shear rate (Figure 3),
while the viscosity of the medium (Figure 1a) shows a continuous decrease in the entire range of
shear rate.

3.3. The Sol-Gel Phase Transition and Temperature of the Gel Point

The process of sol-gel phase transition was investigated by two independent methods: rheological
and SALS technique. The process of thermo-induced phase transition, tested by rheological techniques,
was carried out in a plate-plate rheometer measuring system for samples with four different chitosan
concentrations under oscillatory shear conditions. The temperature evolution of changes in storage G’
and loss G” moduli are illustrated in Figure 4a. All tested samples followed the characteristic variation
of dynamic moduli for the sol-gel phase transition. Curves presented in Figure 4a indicate also the
effect of chitosan concentration on the gelation process. With increasing concentration, the system
reveals higher values of G’ and G” moduli. This is a result of stronger cross-linking forces between
polymer chains for systems with higher concentrations. The predominance of elastic forces over
viscous ones for more concentrated solutions is clearly visible in the diagram presenting damping
factor tané as a function of temperature (Figure 4c). The concentration of the chitosan solution also
has a significant effect on the phase transition temperature defined as a crossover point of the storage
and loss moduli, i.e., for tand = G”/G” = 1. As the concentration increases, the gelation temperature
decreases. However, it should be noted that crossover point method does not specify the exact gelation
point position but only gives an approximation where gelation is occurring.

An alternative approach to determine the gelation point based on rheological data is the method
described by Fredrickson-Larson (F-L) [33,34]. According to the F-L theory, the ratio (G'T/ G"?%)?
as a function of inverse temperature 1/T demonstrates divergence behavior near the gelation
point. The peak positions of the curves depicted in Figure 4d determine the gelation temperature.
The determined temperatures of phase transition according to F-L theory reveal a decrease of gelation
temperature with an increase of concentration of chitosan solutions. However, these values are slightly
higher than those determined based on the crossover point of G and G” moduli (Figure 4c).

In order to determine the gelation temperature based on data obtained independently by the
SALS method, the Ornstein-Zernike equation was used [35,36]:

)
I(q) = T (6)
in which [ is the intensity for g = 0, and ¢ is the correlation length.

Parameters I and ¢ can be determined from the y-intercept and the slope of the Zimm plot (1/1(q)
vs. g%), respectively. With a set of intensity curves as a function of the scattering vector for the entire
gelation process, the value of the intercept as a function of temperature can be determined. The change
of the intercept from negative to positive value indicates the gelation point.

A comparison of phase transition temperatures determined by various methods for different
chitosan concentrations is shown in Figure 5. Gelation temperatures determined by the crossover point
of the curves of moduli G’ and G” (tand = 1) show the lowest values. For the 5% solution, it was not
possible to determine the gelation point using this method, because the value of storage modulus G’
was higher than that of loss modulus G” (tand = G”/G’ < 1) in the entire temperature region covered in
conducted measurements. Gelation points determined by other methods, i.e., the F-L theory and Zimm
plot, yield similar values of gelation temperature for higher concentrations (3.5 and 5%). Based on
the gelation temperatures presented in Figure 5, three characteristic phase areas for the investigated
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process can be distinguished. The initial sol phase is separated from the final gel phase by the phase
transition area in which a rapid increase in the values of dynamic moduli of the tested medium occurs.
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Figure 4. Rheological data of phase transition for all tested samples. (a) Changes in storage G” and
loss G” moduli as a function of temperature. (b) Complex viscosity n* as a function of temperature.
(c) Damping factor tand as a function of temperature. (d) Gelation temperature determined by the
Fredrickson-Larson method.
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Figure 5. Gelation temperatures for all tested samples at different concentrations determined on the
basis of rheological and light scattering data.

Simultaneous registration of light scattering data during rheological tests allows one to gain wider
insight into phase transition process. Figure 6 shows the resulting light scattering patterns depending
on temperature and concentration. As can be seen, the intensity increases with increasing temperature
and concentration. This increase of intensity may result from increase in the number of scatters that
depend on the concentration and temperature. Some of the researchers [32,37,38] investigating the
phenomenon of phase transitions reported similar behavior of scattering pattern and explain it as a
signature of formation of multi-chain associations.
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Figure 6. Comparison of the light scattering patterns obtained for different polymer concentrations
and temperatures.
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Figure 7 shows the temperature evolution of intensity for a fixed value of scattering vector
(9 = 1.5 um) for four tested samples at different concentrations. The evolution of intensity curves
shows similarity to rheological data (cf. Figure 4b). The higher the solution concentration, the higher
the intensity in the initial phase of the process. The phase transition can be observed as a rapid increase
in intensity. The shape of curves with distinctive inflection point shown in Figure 7 is similar to the
shape of curves representing changes in complex viscosity as a function of temperature shown in
Figure 4b. The exception is the intensity curve for the most concentrated chitosan solution, which,
in contrast to the other tested solutions, shows predominance of elastic properties over viscous ones in
the entire considered temperature range.
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Figure 7. Dependence of intensity (at fixed value of scattering vector g = 1.5 um) on temperature for all
tested samples.

3.4. Radius of Gyration and Chitosan Chains Conformation

The radius of gyration of chitosan molecules in the colloidal solution was determined on the
basis of the dependence of light intensity on the scattering vector. The radius of gyration determines
molecule structure compactness [39]. The lower the value of radius of gyration, the tighter is packing
of molecules, which in the case of linear polysaccharides means that polymer chains assume more
collapsed form. The value of gyration radius for the tested colloidal solutions of chitosan was
determined by fitting experimental data by Debye function [40,41]:

I(q) = 2% (e —1+x) )
in which x = g?R,?, and R,? is the mean square radius of gyration. For the tested solutions at
concentrations 2.5, 3, 3.5, and 5% (w/w), the values of gyration radius were to 4.33, 4.57, 2.65,
and 1.23 pm, respectively. Changes in the radius of gyration as a function of temperature and
concentration are presented in Figure 8.

In order to determine changes in the conformation of chitosan molecules during the gelation
process, experimental data were approximated by the power-law dependence of the values of intensity
on scattering vector I(g)~g™. According to the Porod law, the value of exponent # is related to the
volumetric (mass or porous) fractal dimension of the scattered molecules [27,42]. The value of the

exponent 1 = 4 represents a smooth surface for the scattering particle and indicates that the system is
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close to macroscopic phase separation. In the case of polymers, parameter 7 is related to the type of
conformation assumed by the polymer chains. For stiff, collapsed coils, parameter 1 assumes the value
n = 3. For Gaussian coil, 7 is equal to 2. A further decrease of parameter n indicates the intensification of
coil swelling and its disentangling to a rigid rod form. Changes in intensity as a function of scattering
vector and the obtained values of curves slopes for the sample with 2.5% concentration are shown in
Figure 9.
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Figure 8. (a) Changes in the radius of gyration as a function of temperature for all tested concentrations
of colloidal chitosan solutions. (b) Changes in the radius of gyration expressed as an average value
of gyration radii at the initial phase of the process (sol) as a function of concentrations of colloidal
chitosan solutions.

Analysis of the determined values of exponent # allows one to state that at low temperature in
the sol phase, dispersed chitosan molecules are present in the form of Gaussian coils. Phenomenon
of the protonation of amino groups in the chitosan molecule, allowing polymer dispersions in the
continuous phase, also determines association effect in the polymer coil. With an increase of chitosan
concentration, the number of amino groups capable of being protonated also increases, while the
number of H* ions derived from the solvent remains constant. Therefore, it can be assumed that with
the increase in chitosan concentration, the average degree of protonation of a single polymer coil
decreases. The lower charge of the chitosan chain leads to a more compact conformation resulting from
the greater prevalence of the hydrophobic forces, determined by the neutral charge of the chitosan
amino groups, over the hydrophilic forces, which are dependent on the positive charge of the chitosan
amino groups. Therefore, in more concentrated solutions there are more tangled coils of smaller
size but occurring in a larger number than in diluted solutions. Schematically, this phenomenon
is presented in Figure 8a. The decrease in radius of gyration for colloidal chitosan solutions at a
concentration above 3%, as shown in Figure 8b, is related to the transition from the dilute regime to
semi-dilute regime [43].

Stability of the studied colloidal chitosan systems, resulting from the presence of hydrogen
bonds among positively charged amino groups of chitosan and solvent molecules, changes under
the influence of temperature increase. Energy supplied in the form of heat leads to the neutralization
of charge of the chitosan chains [9,44]. As a result, the contribution of hydrophobic effect increases,
which causes the precipitation and gelation of chitosan system. Simultaneously with temperature
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increases, the level of polymer coil swelling increases as indicated by the decrease in the exponent n
presented in Figure 9. This leads to the formation of intermolecular links and gel structure.
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Figure 9. Dependence of intensity as a function of scattering vector in the log scale, enabling
determination of exponent n. Data for the sample with concentration 2.5% (w/w).

4. Conclusions

The investigation of the viscous properties, as well as the sol-gel phase transition process, carried
out using rheological methods coupled with the SALS technique provides a comprehensive survey of
the colloidal chitosan solutions behavior. Such studies have shown that in colloidal chitosan solutions,
the polymer domains occur in the form of Gaussian coils. Based on rotational shear measurements,
it was found that chitosan solution reveals two different behaviors delimited by the critical value of
the shear rate. Below the critical value, shear forces lead to deformation of chitosan clusters without
breaking up aggregates. In such conditions, the aggregation processes can proceed faster compared to
aggregates forming under quiescence state. The low shear forces enhance the possibility of mutual
interactions among chitosan clusters and bring molecules together in the form of aggregates faster
than the Brownian motion does. After exceeding the critical value of shear rate, high shear forces are
able to overcome the associative forces merging the chitosan cluster. As a result, chitosan clusters are
not only deformed but also break up into smaller aggregates.

The gelation temperature, radius of gyration, and conformation of chitosan molecules were
determined based on the oscillatory shear and non-isothermal measurements combined with recording
of SALS data. The rheological (crossover point of dynamic moduli and F-L method) and light scattering
(Zimm plot) approaches were used to determine values of phase transition temperatures. An analysis
of the obtained results allowed one to determine the phase transition area from its sol-like beginning
(determined as a crossover point of the moduli) to its gel-like end (determined by light scattering data
and F-L approach).

Quantification of the chitosan molecules’ size was achieved by applying the Debye function
in order to determine the radius of gyration. The obtained values of the radius of gyration as an
indicator of molecule compactness allow one to state that with an increase of chitosan concentration,
the molecule size decreases. The above statement indicates that in more concentrated solutions,
the chitosan coils are more tangled and smaller but occur in a larger number than in the diluted
solutions. Based on the Porod approach related to the fractal dimension, it was found that with an
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increase of temperature, the level of polymer coil swelling increases as indicated by the decrease in the
exponent 1 from the value of 3 (collapsed coil) to 1 (rigid rod).

The conducted research revealed that combined rheological and SALS measurement can provide
substantial information about chitosan hydrogel systems. Apart from macroscopic properties,
the applied SALS technique yields microscopic properties such as radius of gyration or structural
conformation. From the point of view of designing the hydrogel matrices in biomedical applications,
such information is relevant to predicting the crosslinked structure and control drug release kinetics.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/4/431/s1,
Figure S1: Schematic presentation of Rheo-SALS system; Figure S2: Schematic presentation of measurement
systems: double gap and plate-plate. The top view on sample plane shows different measurement planes.

Acknowledgments: The authors would like to acknowledge the financial support from National Science Center
(Poland)—Research grant (NCN UMO-2014/15/B/ST8/02512).

Author Contributions: Piotr Owczarz, Patryk Ziétkowski, and Marek Dziubinski conceived and designed
the experiments; Patryk Zidtkowski performed the experiments and analyzed the data; Piotr Owczarz,
Patryk Ziotkowski, and Marek Dziubiniski wrote and revised the paper; and all authors reviewed, edited,
and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Crommelin, D.J.A,; Storm, G,; Jiskoot, W.; Stenekes, R.; Mastrobattista, E.; Hennink, W.E. Nanotechnological
approaches for the delivery of macromolecules. J. Control. Release Off. ]. Control. Release Soc. 2003, 87, 81-88.
[CrossRef]

2. Van Tomme, S.R.; Storm, G.; Hennink, W.E. In situ gelling hydrogels for pharmaceutical and biomedical
applications. Int. J. Pharm. 2008, 355, 1-18. [CrossRef] [PubMed]

3.  Croisier, F; Jérome, C. Chitosan-based biomaterials for tissue engineering. Eur. Polym. ]. 2013, 49, 780-792.
[CrossRef]

4. Bernkop-Schniirch, A.; Diinnhaupt, S. Chitosan-based drug delivery systems. Eur. J. Pharm. Biopharm. Off. ].
Arbeitsgemeinschaft Pharm. Verfahrenstechnik EV 2012, 81, 463-469. [CrossRef] [PubMed]

5. Bhattarai, N.; Gunn, ].; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug
Deliv. Rev. 2010, 62, 83-99. [CrossRef] [PubMed]

6. Chenite, A,; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.D.; Hoemann, C.D.; Leroux, J.C.;
Atkinson, B.L.; Binette, F.; Selmani, A. Novel injectable neutral solutions of chitosan form biodegradable gels
in situ. Biomaterials 2000, 21, 2155-2161. [CrossRef]

7. Chenite, A.; Buschmann, M.; Wang, D.; Chaput, C.; Kandani, N. Rheological characterisation of thermogelling
chitosan/glycerol-phosphate solutions. Carbohydr. Polym. 2001, 46, 39-47. [CrossRef]

8.  Cho, J.; Heuzey, M.-C.; Bégin, A.; Carreau, PJ. Physical Gelation of Chitosan in the Presence of
-Glycerophosphate: The Effect of Temperature. Biomacromolecules 2005, 6, 3267-3275. [CrossRef] [PubMed]

9. Lavertu, M.; Filion, D.; Buschmann, M.D. Heat-induced transfer of protons from chitosan to glycerol
phosphate produces chitosan precipitation and gelation. Biomacromolecules 2008, 9, 640—-650. [CrossRef]
[PubMed]

10. Elhefian, E. Rheological study of chitosan and its blends: An overview. Maejo Int. ]. Sci. Technol. 2010, 4,
210-220.

11.  Cho, J.; Heuzey, M.C; Begin, A.; Carreau, PJ. Viscoelastic properties of chitosan solutions: Effect of
concentration and ionic strength. J. Food Eng. 2006, 74, 500-515. [CrossRef]

12.  Cho, J.; Heuzey, M.C.; Bégin, A.; Carreau, P.J. Chitosan and glycerophosphate concentration dependence
of solution behaviour and gel point using small amplitude oscillatory rheometry. Food Hydrocoll. 2006, 20,
936-945. [CrossRef]

13. Chen, R.H.; Tsaih, M.L. Effect of temperature on the intrinsic viscosity and conformation of chitosans in
dilute HCl solution. Int. J. Biol. Macromol. 1998, 23, 135-141. [CrossRef]

14. Kasaai, M.R. Calculation of Mark-Houwink-Sakurada (MHS) equation viscometric constants for chitosan in
any solvent-temperature system using experimental reported viscometric constants data. Carbohydr. Polym.
2007, 68, 477-488. [CrossRef]


http://www.mdpi.com/2073-4360/10/4/431/s1
http://dx.doi.org/10.1016/S0168-3659(03)00014-2
http://dx.doi.org/10.1016/j.ijpharm.2008.01.057
http://www.ncbi.nlm.nih.gov/pubmed/18343058
http://dx.doi.org/10.1016/j.eurpolymj.2012.12.009
http://dx.doi.org/10.1016/j.ejpb.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22561955
http://dx.doi.org/10.1016/j.addr.2009.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19799949
http://dx.doi.org/10.1016/S0142-9612(00)00116-2
http://dx.doi.org/10.1016/S0144-8617(00)00281-2
http://dx.doi.org/10.1021/bm050313s
http://www.ncbi.nlm.nih.gov/pubmed/16283755
http://dx.doi.org/10.1021/bm700745d
http://www.ncbi.nlm.nih.gov/pubmed/18186608
http://dx.doi.org/10.1016/j.jfoodeng.2005.01.047
http://dx.doi.org/10.1016/j.foodhyd.2005.10.015
http://dx.doi.org/10.1016/S0141-8130(98)00036-1
http://dx.doi.org/10.1016/j.carbpol.2006.11.006

Polymers 2018, 10, 431 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Christensen, B.E.; Vold, LM.N.; Varum, K.M. Chain stiffness and extension of chitosans and periodate
oxidised chitosans studied by size-exclusion chromatography combined with light scattering and viscosity
detectors. Carbohydr. Polym. 2008, 74, 559-565. [CrossRef]

Wyatt, PJ. Light scattering and the absolute characterization of macromolecules. Anal. Chim. Acta 1993, 272,
1-40. [CrossRef]

Romo-Uribe, A.; Alvarado-Tenorio, B.; Eugenia Romero-Guzmén, M. A small-angle light scattering
instrument to study soft condensed matter. Rev. Latinoam. Metal. Mater. 2010, 30, 190-200.

Nishida, K.; Ogawa, H.; Matsuba, G.; Konishi, T.; Kanaya, T. A high-resolution small-angle light scattering
instrument for soft matter studies. J. Appl. Crystallogr. 2008, 41, 723-728. [CrossRef]

Herle, V.; Fischer, P.; Windhab, E.]J. Stress Driven Shear Bands and the Effect of Confinement on Their
StructuresA Rheological, Flow Visualization, and Rheo-SALS Study. Langmuir 2005, 21, 9051-9057. [CrossRef]
[PubMed]

Hashimoto, T.; Takebe, T.; Suehiro, S. Apparatus to Measure Small-Angle Light Scattering Profiles of
Polymers under Shear Flow. Polym. J. 1986, 18, 123-130. [CrossRef]

Koenderink, G.H.; Aarts, D.G.A L.; de Villeneuve, VW.A; Philipse, A.P.; Tuinier, R.; Lekkerkerker, HN.W.
Morphology and Kinetics of Phase Separating Transparent Xanthan—Colloid Mixtures. Biomacromolecules
2003, 4, 129-136. [CrossRef] [PubMed]

Lauger, J.; Heyer, P; Pfeifer, G. A new integrated Rheo Small Angle Light Scattering (Rheo-SALS) device.
Annu. Trans. Nord. Rheol. Soc. 2004, Vol. 12, 137-140.

Lauger, J.; Heyer, P. Rheo small angle light scattering (Rheo-SALS) and rheo-microscopy as tools for
investigations of structure- property relations in complex fluids. Annu. Trans. Nord. Rheol. Soc. 2006,
Vol. 14, 193-196.

DeGroot, J.V.; Macosko, C.W.; Kume, T.; Hashimoto, T. Flow-Induced Anisotropic SALS in Silica-Filled
PDMS Liquids. J. Colloid Interface Sci. 1994, 166, 404—413. [CrossRef]

Kume, T.; Hashimoto, T.; Takahashi, T.; Fuller, G.G. Rheo-Optical Studies of Shear-Induced Structures in
Semidilute Polystyrene Solutions. Macromolecules 1997, 30, 7232-7236. [CrossRef]

Saito, S.; Hashimoto, T.; Morfin, I.; Lindner, P.; Boué, F. Structures in a Semidilute Polymer Solution Induced
under Steady Shear Flow As Studied by Small-Angle Light and Neutron Scattering. Macromolecules 2002, 35,
445-459. [CrossRef]

Tirado-Miranda, M.; Schmitt, A.; Callejas-Fernandez, J.; Fernandez-Barbero, A. Dynamic scaling and fractal
structure of small colloidal clusters. Colloids Surf. Physicochem. Eng. Asp. 2000, 162, 67-73. [CrossRef]
Maleki, A.; Lafitte, G.; Kjoniksen, A.-L.; Thuresson, K.; Nystrom, B. Effect of pH on the association behavior
in aqueous solutions of pig gastric mucin. Carbohydr. Res. 2008, 343, 328-340. [CrossRef] [PubMed]
Johnson, S.J.; Salem, A ].; Fuller, G.G. Dynamics of colloidal particles in sheared, non-Newtonian fluids.
J. Non-Newton. Fluid Mech. 1990, 34, 89-121. [CrossRef]

Vermant, J.; Van Puyvelde, P.; Moldenaers, P.; Mewis, J.; Fuller, G.G. Anisotropy and Orientation of the
Microstructure in Viscous Emulsions during Shear Flow. Langmuir 1998, 14, 1612-1617. [CrossRef]

van Egmond, ].W.; Werner, D.E.; Fuller, G.G. Time-dependent small-angle light scattering of shear-induced
concentration fluctuations in polymer solutions. J. Chem. Phys. 1992, 96, 7742-7757. [CrossRef]

Liu, Z.; Maleki, A.; Zhu, K,; Kjeniksen, A.-L.; Nystrom, B. Intramolecular and intermolecular association
during chemical cross-linking of dilute solutions of different polysaccharides under the influence of shear
flow. J. Phys. Chem. B 2008, 112, 1082-1089. [CrossRef] [PubMed]

Fredrickson, G.H.; Larson, R.G. Viscoelasticity of homogeneous polymer melts near a critical point.
J. Chem. Phys. 1987, 86, 1553-1560. [CrossRef]

Aliaghaie, M.; Mirzadeh, H.; Dashtimoghadam, E.; Taranejoo, S. Investigation of gelation mechanism of
an injectable hydrogel based on chitosan by rheological measurements for a drug delivery application.
Soft Matter 2012, 8, 7128-7137. [CrossRef]

Rivas-Araiza, R.; Alcouffe, P.; Rochas, C.; Montembault, A.; David, L. Micron Range Morphology of Physical
Chitosan Hydrogels. Langmuir 2010, 26, 17495-17504. [CrossRef] [PubMed]

Kanaya, T.; Ohkura, M.; Kaji, K.; Furusaka, M.; Misawa, M. Structure of Poly(vinyl alcohol) Gels Studied by
Wide- and Small-Angle Neutron Scattering. Macromolecules 1994, 27, 5609-5615. [CrossRef]
Dashtimoghadam, E.; Mirzadeh, H.; Afshar Taromi, F.; Nystrom, B. Thermoresponsive biopolymer hydrogels
with tunable gel characteristics. RSC Adv. 2014, 4, 39386-39393. [CrossRef]


http://dx.doi.org/10.1016/j.carbpol.2008.04.012
http://dx.doi.org/10.1016/0003-2670(93)80373-S
http://dx.doi.org/10.1107/S002188980801265X
http://dx.doi.org/10.1021/la0513959
http://www.ncbi.nlm.nih.gov/pubmed/16171332
http://dx.doi.org/10.1295/polymj.18.123
http://dx.doi.org/10.1021/bm025633f
http://www.ncbi.nlm.nih.gov/pubmed/12523857
http://dx.doi.org/10.1006/jcis.1994.1311
http://dx.doi.org/10.1021/ma9705984
http://dx.doi.org/10.1021/ma002051m
http://dx.doi.org/10.1016/S0927-7757(99)00216-2
http://dx.doi.org/10.1016/j.carres.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18048017
http://dx.doi.org/10.1016/0377-0257(90)80013-P
http://dx.doi.org/10.1021/la971046h
http://dx.doi.org/10.1063/1.462373
http://dx.doi.org/10.1021/jp076497h
http://www.ncbi.nlm.nih.gov/pubmed/18177031
http://dx.doi.org/10.1063/1.452194
http://dx.doi.org/10.1039/c2sm25254f
http://dx.doi.org/10.1021/la102907u
http://www.ncbi.nlm.nih.gov/pubmed/20879755
http://dx.doi.org/10.1021/ma00098a014
http://dx.doi.org/10.1039/C4RA05246C

Polymers 2018, 10, 431 15 of 15

38.

39.

40.

41.

42.

43.

44.

Dashtimoghadam, E.; Bahlakeh, G.; Salimi-Kenari, H.; Hasani-Sadrabadi, M.M.; Mirzadeh, H.; Nystrom, B.
Rheological Study and Molecular Dynamics Simulation of Biopolymer Blend Thermogels of Tunable Strength.
Biomacromolecules 2016, 17, 3474-3484. [CrossRef] [PubMed]

Lobanov, M.Y,; Bogatyreva, N.S.; Galzitskaya, O.V. Radius of gyration as an indicator of protein structure
compactness. Mol. Biol. 2008, 42, 623-628. [CrossRef]

Debye, P. Molecular-weight Determination by Light Scattering. J. Phys. Colloid Chem. 1947, 51, 18-32.
[CrossRef] [PubMed]

Ermi, B.D.; Amis, E]J. Influence of Backbone Solvation on Small Angle Neutron Scattering from
Polyelectrolyte Solutions. Macromolecules 1997, 30, 6937-6942. [CrossRef]

Tirado-Miranda, M.; Schmitt, A.; Callejas-Ferndndez, J.; Ferndndez-Barbero, A. Colloidal Clusters with Finite
Binding Energies: Fractal Structure and Growth Mechanism. Langmuir 1999, 15, 3437-3444. [CrossRef]
Teraoka, I. Polymer Solutions: An Introduction to Physical Properties; John Wiley & Sons, Inc.: New York, NY,
USA, 2002; ISBN 0-471-22451-0.

Owczarz, P.; Ziétkowski, P.; Modrzejewska, Z.; Kuberski, S.; Dziubiriski, M. Rheo-Kinetic Study of Sol-Gel
Phase Transition of Chitosan Colloidal Systems. Polymers 2018, 10, 47. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acs.biomac.6b00846
http://www.ncbi.nlm.nih.gov/pubmed/27766854
http://dx.doi.org/10.1134/S0026893308040195
http://dx.doi.org/10.1021/j150451a002
http://www.ncbi.nlm.nih.gov/pubmed/20286386
http://dx.doi.org/10.1021/ma970494t
http://dx.doi.org/10.1021/la981233v
http://dx.doi.org/10.3390/polym10010047
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Solution Preparation 
	Rheological Experiments 
	Small Angle Light Scattering Experiments 

	Results and Discussion 
	The Effect of Shear Rate on Structural and Viscous Properties 
	Quantification of Scattering Pattern Anisotropy 
	The Sol-Gel Phase Transition and Temperature of the Gel Point 
	Radius of Gyration and Chitosan Chains Conformation 

	Conclusions 
	References

