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Abstract: In this study, bioactive composite systems based on natural polymers (chitosan and
lignin) were prepared in this study. The structural, mechanical, and morphological properties of
chitosan-based materials containing various amounts of lignin filler were investigated. The infra-
red IR spectroscopy data confirmed the formation of chemical bonds between the components of
the obtained composites. The mechanical properties of film samples were studied in air and in
physiological solution. It was demonstrated that the breaking elongation values of the obtained
film samples in the wet state were higher (150-160%) than the corresponding (average) value
of a pure chitosan film (100%). The scanning electron microscopy and atomic force microscopy
data demonstrated that the introduction of lignin had caused significant changes in the surface
morphology of films. The appearance of a strongly pronounced texture and porosity facilitated cell
proliferation on the surface of composites, i.e., the bioactivity of film samples was enhanced with an
increasing lignin content in the chitosan matrix.
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1. Introduction

Among the main tasks of tissue engineering is the development of artificial biomedical
constructions that include (i) cells able to form functional and viable extracellular matrix;
(ii) an appropriate biodegradable carrier (matrix) for cell transplantation; (iii) bioactive
molecules (cytokines and growth factors), which stimulate the regeneration of cells of
damaged tissues [1,2]. The main criteria for the selection of a carrier material are absence
of toxicity, biodegradability, and biocompatibility.

The most suitable polymers for tissue engineering purposes that meet the above-
mentioned requirements are polysaccharides, polylactide, and composites based on these
polymers [3,4]. The preparation of polysaccharide composites with fillers with various
morphologies and particle sizes as well as the introduction of plasticizers into a matrix
polymer makes it possible to adjust the mechanical and other properties of proper mate-
rial [5,6]. The resulting composites either possess a combination of properties inherent to
their components or acquire some new properties (if components interact with each other
in any way) [7]. The necessary requirements for fillers include adhesive compatibility with
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the applied polymeric matrix [8], biocompatibility, and bioresorbability. The use of natural
fillers (such as chitin nanofibrils [5], collagen [9], or starch [10]) enables one to obtain a
non-toxic, biocompatible, and biodegradable material system.

The interaction between the surface of a tissue engineering matrix and biological
molecules is the most important aspect in designing biomaterials and the governing factor
for their efficient use. The determining factors for efficient cellular processes (proliferation
and differentiation) are the hydrophilicity of biomaterial and the structure of free surface,
which interacts with cells (in terms of roughness, morphology, and surface charge). Among
the main requirements for novel tissue engineering materials is sufficient mechanical
strength (ability to provide support and transport of transplanted cells), and the possibility
of using them in humid or liquid media.

Chitosan is a linear polysaccharide possessing a number of unique properties (biocom-
patibility, absence of toxicity, biodegradation ability, and antimicrobial); due to chitosan
characteristics, it is widely used in medicine, pharmaceutics, and cosmetology [11-13].
However, chitosan-based materials have one considerable drawback that prevents their
utilization in the design of tissue engineering constructions. Chitosan swells strongly in lig-
uid media, which leads to the significant deterioration of its mechanical characteristics [14];
changes in surface morphology; and, as a consequence, this drawback has a negative
influence on cell adhesion and proliferation on the chitosan surface [15]. Several authors
have suggested modifying chitosan properties by the addition of lignin. In addition to
cellulose and proteins, lignin is among the most common natural polymers and attracts
considerable attention from researchers, including those engaged in biomedicine [16-18].

Lignin is natural irregular amorphous polymer consisting of phenylpropane structural
units [19]. It contains virtually all known oxygen-containing organic functional groups,
which determine its reactivity. It has been established that lignin possesses enhanced
sorption properties, and thus it is used for binding various microorganisms, endogenous
and exogenous toxins, heavy metal ions and radioactive isotopes. Lignin is employed
as an active component and filler in preparation of various composite systems. Several
recent studies have showed that lignin is suitable for manufacturing package films of
thermoplastic polymers due to its antioxidant properties [20,21].

The authors of a current work [22] described the preparation of biodegradable films
based on chitosan and lignin that may be used as package and wound dressing materials.
Chitosan/lignin composites are used in the production of bioplastic [21]. The authors of a
recent work [23] developed chitosan/lignin composites with improved physico-chemical
properties capable of the sorption of toxic organic compounds and metal ions; these materi-
als can be applied to reduce constantly growing industrial water pollution. Chitosan/lignin
composites possess antimicrobial activity against Gram-positive and Gram-negative bacte-
ria [24], and thus can be used in the development of food packaging materials. The authors
of a research [25] developed biopolymeric materials based on the lignin/chitosan complex,
which possess high termostability, mechanical strength, capability for controlled moisture
sorption, and antimicrobial properties. the lignin composite materials are promising for
the production of medicinal and hygienic products.

In the search for a new generation of biomedical materials, lignin has attracted signifi-
cant interest due to its promising characteristics. Lignin has been proved to be suitable for
biomedical applications, such as tissue engineering scaffolds, biocompatible antibacterial
agents, and release materials in drug delivery systems. The most significant characteristics
of lignin and its derivatives are antioxidant activity, inherent antibacterial activity, adhe-
siveness, biodegradability, biocompatibility, favorable stiffness, high thermal stability, and
low cost [26]. Owing to these unique properties, lignin-based materials are promising for
a wide range of biomedical applications. Lignin may be used in combination with other
polymers to obtain composites with improved functionalities.

There are no literature data on the biological activity of chitosan/lignin composites.
However, it may be suggested that these composites will demonstrate bioactivity and
biofunctionality due to the natural properties of their components. In this connection, the
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preparation and study of chitosan/lignin composites is an actual task in medicine-related
research. In the present work, we prepared chitosan/lignin composite films with various
percentages of the additive, studied structural and morphological features of the obtained
film samples, their mechanical properties, and bioactivity.

2. Materials and Methods
2.1. Preparation of Films

We used crab chitosan obtained from Biolog Heppe GmbH (Landsberg, Germany)
(MM =148 kDa, deacetylation degree 86.5%), and technical hydrolysis lignin (THL) (brown
powder) produced by Kirovsk Biochemical Plant in accordance with the Russian State
Standard Specification 18,300.

THL was obtained by industrial percolation with diluted acid hydrolysis of softwoods.
THL was sieved to obtain a fraction of 0.25 mm (retained between the sieves of 0.25
and 0.50 mm, THL0.25 mm). These lignin particles were additionally grounded in a
rotary-jet mill OMICRON 60 (New Technol. Disperse Systems, St. Petersburg, Russia)
to obtain a fraction of approximately 5 mm (weight-median-diameter as analyzed by
Laser Particle Sizer ANALYSETTE 22 MicroTec plus (Fritsch, Idar-Oberstein, Germany),
THLS5 pum). The hydrothermal treatments (HTA) were carried out under alkaline conditions
(5% NaOH) in an autoclave at 220 °C for 2 h. The basic idea behind the HTA was the
transformation of insoluble THL into soluble product with low M,,, which was free of
concomitant polysaccharides, ash, and extractives. The molecular weight was ~1000 Da,
as determined by size-exclusion chromatography. Structural characterization carried out
by employing tandem electrospray ionization-mass spectrometry and 1D and 2D nuclear
magnetic resonance spectroscopy revealed that upgraded lignins are oligomers (trimers-
pentamers) with highly degraded propane chains and possess polyconjugated condensed
aromatic structures [27,28].

The initial chitosan films were prepared by casting chitosan solutions in acetic acid
onto glass supports. A weighed amount of chitosan (1.5 g) was dissolved in 0.1 M acetic
acid. The solution was stirred for 24 h, then filtered using a Schott filter glass and degassed.
The cast solutions were exposed in air at room temperature until drying was complete.
The resulting films were removed from glass supports and treated with a 1 M solution of
NaOH to transfer chitosan into the base form.

To prepare composite films, a calculated weighed amount of lignin was dissolved
in water under vigorous stirring for 48 h at room temperature. The insoluble fraction,
according to the manufacturer’s information, was less than 10%. Then, concentrated
acetic acid and chitosan were successively added to lignin solution under stirring until a
concentration of 1.5% was reached for the chitosan solution in 0.1 M acetic acid. The final
mixture was stirred for 24 h at 20 °C. The resulting solution was filtered through a Shota-
100 filter, degassed using a water-jet pump, then cast on a glass dish and dried in air at
room temperature. The mass ratio of chitosan—lignin in the solution was 1.5:0.15; 1.5:0.30
and 1.5:0.45 (10%, 20%, and 30%, respectively). The resulting films were homogeneous,
transparent, smooth, and characterized by brown color of lignin. An increase in the lignin
content in the composite led to a more intense color of the film.

The chitosan film series (casting from chitosan/acetic acid solution) and chitosan/lignin
composite film series were treated with 1 M NaOH. The treatment time with NaOH was
30 min. Then the films were washed with water.

2.2. Studies of Film Structure

The structures of the obtained films were studied by spectral and microscopic methods.
The infra-red IR spectra were obtained using a Vertex 70 spectrometer (Bruker) equipped
with attenuated total reflectance (ATR) microattachment (“Pike”), which contained ZnSe in-
ternal reflection element. During registration of ATR spectra, the correction for penetration
depth depending on wavelength was made.
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An X-ray structural analysis (WAXD) was performed with the aid of a DRON-3M
diffractometer (“Burevestnik” Research and Production Association) in the reflection mode
(the Bragg—Brentano geometry); Cu K irradiation was used (A = 1.54183 A, nickel B-filter).
The samples were placed into quartz cuvettes; no averaging rotation was applied. The
diffractograms were registered in the step regime in the angular range 26 = 5-50 grad with
a step size of 0.02 grad; the exposure time at each working point was 1 s. The processing of
the obtained data and peak identification were performed using the DFWin.

The structure of the obtained materials and cell-material interaction was analyzed
using a Supra 55 VP electron microscope (Carl Zeiss, Jena, Germany). Prior to the exper-
iments, a gold layer with a thickness of about 25 nm was deposited onto the samples in
an Eiko-IB3 Ion Coater; the ion current was 6 mA, and the voltage was 5 kV across the
electrodes.

Statistical Data Analysis. The reproducibility of the data was demonstrated by an-
alyzing all experimental and control groups in triplicates. The data were presented by
an average value and (plus minus) standard error (SEM). For the statistical analysis, a
Student’s t-test was used. The differences were considered significant at p < 0.05.

Atomic force microscopy (AFM) studies were performed using a SPM-9700HT scan-
ning probe microscope (Shimadzu, Kyoto, Japan). The AFM images were taken in air at
room temperature. The instrument operated in the force modulation mode, and an FMR-10
Silicon tip (tip radius less than 10 nm) was employed. Image resolution was 512 x 512
points.

2.3. Studies of Swelling

The kinetics of swelling of the initial chitosan films and composite systems were
studied in distilled water and a physiological solution at a room temperature until the
swelling-time curve reached a plateau.

The swelling degree was determined gravimetrically and calculated by the following
formula:

Q = (m — mg)/my, 1)

where m and m are the masses of swollen and dry films, respectively.

2.4. Studies of Mechanical Properties

Mechanical parameters (tensile strength, Young’s modulus or stiffness, breaking
elongation) were measured for the obtained film samples in the dry and wet states. The
mechanical properties of the dry samples were determined with the aid of an Instron 5943
universal testing machine; the base length was 20 mm, and extension rate was 10 mm /min.
Before measurements, films were kept in a desiccator at a relative air humidity of 66%
for not less than 24 h. The wet samples were tested in a Biss Ligagen biobath filled with
physiological solution using an Instron ElectroPulse E1000 setup. The base length was
10 mm, and film width was 2 mm. The extension rate was 5 mm/min. The wet samples
were tested at 37 £ 1 °C. Before the measurements, the samples were exposed to the
medium for about 5 min. Additionally, all the characteristics determined for the wet
samples in a biobath were preliminarily measured in the dry state using the same Instron
ElectroPulse E1000 setup.

The temperature dependences of the storage modulus (E’) and mechanical loss tangent
(tand) of the chitosan films were studied by dynamic mechanical analysis using a DMA
242C/1/F setup (Netzsch, Germany). The measurements were conducted at a frequency
of 1 Hz, the heating rate was 5°/min, and the amplitude of film sample deformation was
0.1%.

2.5. Analysis of Biocompatibility of Materials

Human dermal fibroblasts were obtained from the collection of cell cultures of Insti-
tute of Cytology, RAS (St Petersburg, Russia). The cells were cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 1% of penicillin, 1% of streptomycin, 1% of
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fungizone, 2 mM of L-glutamine, and 10% of fetal bovine serum (FBS). The cells were
incubated at 37 °C in a humidified atmosphere containing 5% of CO,. For the experi-
ments, fibroblasts from pre-confluent cultures were harvested with 0.25% of trypsin/EDTA.
Trypsin was neutralized with FBS, and the cells were re-suspended in DMEM (all Thermo
Fisher Scientific, Waltham, MA, USA).

The studies of cell viability and proliferation on the composite films were performed
using the MTT test. The film matrices were placed in 24-well plates, and culture medium
was added. Sterilized silicone rings were placed on top to keep the scaffolds submersed,
and 25 x 103 fibroblasts were seeded on top of the scaffolds. The cells were resuspended
in culture medium and then incubated in a humidified atmosphere containing 5% of
CO,. After 4 days of incubation, the culture medium was removed, and each well was
treated with 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
(Thermo Fisher Scientific, USA), 5 mg/mL in culture medium, and incubated for 4 h at
37 °C in a humidified atmosphere containing 5% of CO,. The yellow MTT was reduced to
blue-purple formazan in the presence of the mitochondrial dehydrogenase. This enzyme is
present in intact living cells; hence, the produced blue-purple color should be proportional
to the number of viable cells. The MTT solution was then replaced with 100 uL/well of
dimethylsulfoxide (DMSO, Paneco Ltd., Moscow, Russia) to dissolve the formazan salts;
upon slow agitation for 10 min, a blue-purple solution was formed. The absorbance of
this solution was measured at 570 nm using a SPECTROstar® nano microplate reader for
absorbance measurements (BMG LABTECH, Ortenberg, Germany).

3. Results
3.1. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is the most informative method for the investi-
gation of the phase composition of polymeric composite films [29]. The method is based
on the temperature dependency of the storage modulus (E’) and loss modulus (E”) of a
polymer-based material sample. The method allows one to determine temperatures of
phase and relaxation transitions, particularly, glass transition temperatures (Tg) of poly-
mers. DMA also makes it possible to estimate the thermodynamic compatibility of the
components of a two-phase system. When components are thermodynamically compatible,
the Ty value of a composite differs from that of individual polymers. When two polymers
are incompatible, two glass transition temperatures typical of individual components are
observed.

The determination of chitosan glass transition is discussed in several studies [30-33].
The authors of a work [30] used thermogravimetric analysis (TGA) and DMA to study
the structure and thermal properties of chitosan films; it was demonstrated that the glass
transition temperature of chitosan in the base form is 250-260 °C.

According to a research [34], the glass transition temperature of lignin varies from 110
to 150 °C and depends on the sample origin (raw material) and its molecular mass.

Figure 1 presents the temperature dependences of storage modulus E’ and mechanical
loss tangent (tand) for the studied films. The tand (T) curve obtained for chitosan in the
base form contained two wide maximums: T1 = 80-100 °C and T, = 250-270 °C. The first
maximum (T = 80-100 °C) typical of chitosan films is related to the removal of adsorbed
water. The second maximum (T, = 254 °C) is presumed to be attributed to the glass
transition temperature of chitosan in its base form [30].
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Figure 1. Temperature dependences of storage modulus E’ (a) and tan (b) for pure chitosan film (1) and chitosan-based
composite films containing 10% (2), 20% (3), and 30% (4) of lignin.

The behaviors of the E/(T) and tand (T) curves obtained for the composite films
containing 10, 20, and 30 wt% of lignin were different to the pure chitosan. A wide
maximum at T = 162-167 °C appeared in the tans (T); most probably, this peak is related
to the lignin glass transition. The chitosan maximum (T, = 254 °C) was retained for all
the studied composite films. This leads to the conclusion that the composite films (where
chitosan is present in the base form) containing 10-30% of lignin have a two-phase structure,
i.e., the studied polymers are thermodynamically incompatible.

3.2. IR Spectroscopy

In order to reveal the type of interaction between chitosan and lignin, IR spectroscopy
studies of the films were carried out. The IR spectrum of chitosan film in the base form
(Figure 2) contained the following absorption bands: a wide band at 3500-3100 cm !
(primary and secondary OH groups), two bands at 3450 and 3310 cm ™! attributed to
NH, groups, a band at 3282 cm ™! assigned to the valence vibrations of NH groups,
a characteristic amide absorption band near 1650 cm~! (Amide I), a complex band at
1570 cm ™! including the Amide IT band (1550 cm 1), and a band related to non-protonated
NH, groups of chitosan at 1580 cm~!. The lignin spectrum contained the following
characteristic bands: a wide band near 3500-3100 cm ! related to aromatic and aliphatic
OH groups, a band at 1710 cm ! assigned to vibrations of C=0O in the carboxylic group,
and bands of the aromatic ring near 1600 and 1500 cm 1.

The IR spectra of chitosan-based composite films containing 10 to 30 wt% of lignin
did not contain the band attributed to the C=0 bond of the carboxylic group (1710 cm™1).
However, a shoulder appeared at 1556 cm ! on the 1570 cm ! band; this shoulder might
be attributed to carboxylate ion. Thus, it may be assumed that the carboxylic group in
lignin and the chitosan amino group formed a salt [35-37].

In the spectrum of the composite containing 10 wt% of lignin, intensities of the peaks
at 1067 and 1030 cm~! became considerably higher, which is presumed related to the
formation of hydrogen bonds. The hydroxyl group present in the lignin phenolic ring may
interact with the 1,4-glycoside oxygen atom of chitosan [22].
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Figure 2. The IR spectra of lignin, chitosan film, and composite films containing 10%, 20%, and 30% of lignin.
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3.3. X-Ray Structural Analysis

Figure 3 presents the WAXD patterns of chitosan and the composites containing
various amounts of lignin. It is seen that the pattern for chitosan in the base form contained
three diffraction maximums at 20 = 10.5°, 15.3°, and 20.5° (values of interplanar distances
d=28.45AA,5.84 AA, and 4.39 AA, respectively), which agrees with the data presented
in the literature [38]. The presence of both peaks at 20 = 10.5° and 15.3° confirms the
presence of hydrated and anhydrous forms of chitosan in the films, respectively [39,40].
The introduction of lignin into chitosan led to an amorphization of the films. Additionally,
the peaks at 26 = 10.5° were more pronounced, while the peaks at 26 = 15.3° were weaker
for composite films in comparison with the initial chitosan. This suggests the increasing
content of hydrated forms and decreasing content of anhydrous forms with lignin addition.

chitosan

10% lignin
20% lignin
30% lignin

Intensity / arb.u.

10 15 20 25 30 35
20°

Figure 3. The WAXD patterns of the chitosan film and composite films with different contents of

lignin.

3.4. Scanning Electron Microscopy (SEM)

The results of the SEM studies demonstrated that the pure chitosan film had a smooth
flat surface (Figure 4a). Lignin here is composed of agglomerates containing irregular-
shaped particles (Figure 4d). The surface morphology of composites differed from that of
the initial chitosan and lignin film samples. The presented images show that the composites
had textured porous surfaces. With an increasing lignin content in the samples, the texture’s
scale and number of pores also increased.
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Figure 4. SEM micrographs of the pure chitosan film (a); composite films containing 10% (b), 20% (c), and 30% of lignin (d).

3.5. AFM Studies

AFM images of the samples under study are given in Figure 5. The analysis of the AFM
images of the initial chitosan film showed a rather uniform morphology (Figure 5a) with
granules of 100-200 nm in size. The introduction of 10% of lignin resulted in an increase
in roughness (Rq) from 12 to 50 nm with minor changes in morphology (Figure 5b). A
further increases in the lignin content up to 20 and 30% (Figure 5c,d, respectively) led to the
tremendous increase in the sizes of structural elements (up to several microns) accompanied
by an increase in roughness up to Rq = 201 and 125 nm, respectively. Additionally, the
introduction of 30% of lignin resulted in the appearance of submicron sized holes, which
can be beneficial for cell adhesion.
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Figure 5. The AFM images of the unmodified chitosan film (a) and composite films with different lignin contents: 10% (b),
20% (c), and 30% (d).

3.6. Swelling of Films

The swelling of the samples was studied in water and a physiological solution at a
room temperature. Both in water and in the physiological solution, all samples were stable
and retained their mechanical integrity throughout the experiment. For all the samples,
the maximum degree of swelling was insignificantly higher in the physiological solution
(1.2-1.5 g/g) (Figure 6b), while in water, this value was equal to 1.0-1.2 g/g (Figure 6a).
The highest swelling degree in both solvents was found for the initial chitosan films, and
among the composites, the highest value was demonstrated by the system containing the
largest amount of lignin. The lowest degree of swelling in both media was found for the
samples containing 10% of lignin.
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Figure 6. The swelling of films in water (a) and in a culture medium (b): 1—chitosan; 2—the composite containing 10% of

lignin; 3—the composite containing 20% of lignin; 4—the composite containing 30% of lignin.

3.7. Mechanical Properties

The mechanical characteristics of the pure chitosan films and composite films in the
dry state (such as strength, Young’s modulus, and breaking elongation) were determined
in the uniaxial extension regime; the sample base length was 20 mm. The data presented in
Table 1 show that the introducing of lignin into the chitosan matrix led to an insignificant
decrease in the strength and modulus of composite films; these parameters virtually did
not depend on the lignin content in a composite films. At the same time, the breaking
elongation of composite films was almost two times lower than that of the initial chitosan
film; this characteristic does not depend on the lignin percentage either.

Table 1. Mechanical properties of the studied films in the dry state determined using an Instron 5943
universal testing machinewith the sample base lengthof 20 mm.

Breaking Elongation,

Composition Strength, MPa Modulus, GPa o
chitosan 7521 +18.3 311+04 2145+ 114
chitosan + 10% lignin 53.41+ 4.5 275+0.2 94+22
chitosan + 20% lignin 54.26 £ 3.8 279 £0.3 9.36 £ 2.4
chitosan + 30% lignin 545+5.5 2.84+0.3 8.83 £3.3

Similar results were obtained during the testing of the films with the aid of an Elec-
troPulse E1000 setup (base length 10 mm; see Table 2). The studies also revealed that
the modified films had slightly lower mechanical strength in the wet state than the pure
chitosan film, and this parameter did not depend on filler percentage. Thus, for the pure
chitosan film, the mechanical strength decreased from 62 + 5 MPa (dry state) to 27 + 3
(wet state); for the composite film containing 10% of lignin, the loss of strength was less
significant (from 36 £ 3 in the dry state to 25 = 2 MPa in the wet state). Similarly, for
the rest of composite films, this strength loss in the wet state (in comparison with that in
the dry state) did not exceed 20% (Table 2). The breaking elongation for wet films was
considerably higher than that in the dry state: for the pure chitosan films, it rosefrom
45 £ 10% to 101 £ 1%, and for the lignin-containing films, the difference was even higher
(from 27-30% to 155-160%). Meanwhile, the value of breaking elongation for composite
films (both in the dry and wet states) did not depend on filler amount and was virtually
similar for all samples.
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Table 2. Mechanical characteristics of chitosan films and their composites; sample base length: 10 mm.

. Chitosan + 10% Chitosan + 20% Chitosan + 30%
Sample Chitosan . L. .
Lignin Lignin Lignin
State Dry Wet Dry Wet Dry Wet Dry Wet
Strength, MPa 62+5 27 +3 36+3 25+2 33+4 2542 28+1 2243

Breaking elongation, % 45+ 10 101 +£2 27+5 157 £ 7 35+5 159 £5 307 155 £ 10

3.8. Studies of Biocompatibility

Human dermal fibroblasts were cultured on the chitosan, chitosan/lignin composite
film matrices, and the cultural polystyrene surface (control surface). After cell attachment,
the cells seeded on film matrices and the cultural polystyrene surface were incubated for
four days in the culture medium at 37 °C in a humidified atmosphere containing 5% of
CO;. The cell viability and proliferation were evaluated using SEM and the MTT tests.

The SEM studies showed that in comparison with the pure chitosan matrix, the
composite matrix containing lignin was more efficient in providing spreading and regular
growth of dermal fibroblasts (Figure 7).

Figure 7. SEM images of human dermal fibroblasts grown of the surface of pure chitosan matrix (a) and composite matrix
containing 10% of lignin (b), (c) 20% of lignin, and (d) 30% of lignin after 4 days of cultivation.

The MTT test revealed that the samples containing 20 and 30% of lignin matrices
facilitated higher cell proliferative activity than the pure chitosan matrix. The difference was
found statistically reliable and increased with increasing lignin concentration (Figure 8).
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Figure 8. The viability and proliferation of human dermal fibroblasts on surfaces of film matrices and cultural polystyrene

surface (control) as determined by MTT assay. The MTT test involved human dermal fibroblasts cultured on the surface of
the chitosan-based nanocomposite matrices with the addition of 0, 10, 20, and 30 wt% lignin for 4 days. Cells cultivated on
polystyrene surface served as control. Here, the optical density correlates with the number of viable cells. * p < 0.05.

4. Discussion

It is known that the bioactivity of a composite material depends on the nature of its
components, the physical and chemical interactions between these components, its surface
characteristics, and the physico-chemical and mechanical properties of this composite.

It was demonstrated here that the introducing of lignin into the chitosan matrix makes
it possible to obtain composite systems possessing bioactivity (facilitating cell growth) and
showing sufficient mechanical strength and elasticity for operating in air and in a liquid
medium.

The DMA results revealed that chitosan and lignin are thermodynamically incompat-
ible polymers [40]. Structurization in the mixtures of thermodynamically incompatible
polymers occurred at micro- and macrolevels. At the macrolevel, either a dispersed sys-
tem or interpenetrating structure was formed, depending on the ratio among the initial
components, viscosity, molecular mass distribution, and preparation technique. A special
feature of these systems was that they not only retained the properties of the initial com-
ponents but also may acquire new properties not inherent to any of the pure components.
This behavior may be related to the formation of a microstructure with relatively loose
packing of macromolecules at the phase interface among thermodynamically incompatible
polymers [41,42].

Some understanding of the interaction between chitosan and lignin can be gained
from the analysis of the IR spectra presented in Figure 2, which implied that a salt was
formed between the protonated amino group of chitosan and the carboxylic group of lignin.
The formation of these bonds led to the appearance of a crosslinked framework carrying
the main mechanical load. The data of X-ray structural analysis demonstrated that the
introduction of amorphous lignin did not result in considerable changes in the crystalline
structure of chitosan. As seen in the X-ray diffractograms, the peak corresponding to the
crystalline phase of chitosan was retained in the patterns of composites. However, the
intensity of this peak decreased in the diffractograms of composites (in comparison to
that of the initial chitosan). It can be assumed that two components of this film (chitosan
and lignin) form the two-phase interpenetrating lamellar structure [40,43] oriented along
the film surface (2D). The formation of a bond between the components could take place
on the surfaces of interphase layers. The amount of bonds formed between chitosan and
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lignin did not depend on the percentage of introduced lignin; it was equal in all the cases
and was determined by the amount of reactive protonated amino groups in chitosan. This
hypothesis is confirmed by the results of mechanical tests. The mechanical characteristics
of the composites both in the dry and wet states deteriorated in comparison to those of
the initial chitosan film. At the same time, the values of mechanical strength, modulus
and breaking elongation for all composites were virtually similar independently of the
amount of introduced lignin. The wet composite films demonstrated considerably higher
breaking elongation values in comparison with both the dry samples and (pure) samples
chitosan [42]. The breaking elongation values for all composites were similar and lay within
the normal range of experimental results. Within the framework of the model discussed
above, we can suppose that the presence of lignin in the composite restricts the swelling of
chitosan in a liquid medium, and the bonds formed between components play a role in an
elastic framework. This framework allowed for swollen chitosan phase to deform (stretch)
during film extension, but prevented its disruption up to considerable breaking elongation
(as opposed to that of pure chitosan film). It should be noted that during swelling, the
(planar) area of the films changed predominantly, while the increase in thickness was
relatively small; this fact may also indicate that in chitosan/lignin film, a 2D structure is
mainly formed [44].

The swelling kinetics of chitosan and composite films were investigated in water and
in physiological solution. The obtained results showed that in both solutions, the initial
chitosan film had the highest swelling degree, and the lowest swelling degree was found
for the composite containing 10% of lignin. This result can be explained by the fact that the
introduction of lignin caused the appearance of a hydrated chitosan polymorph, which
is characterized by a looser packing as compared to the anhydrous form [40,45,46]. The
introduction of 10% of lignin did not disturb the chitosan structure and dense packaging
of macromolecules. Lignin was uniformly dispersed between the layers of chitosan [21]
and prevented the penetration of solvent molecules to the chitosan phase, which, here,
resulted in a decrease in the swelling degree of the samples containing 10% of lignin in
comparison with that of the initial chitosan film. A further increase in the lignin content
in the composites until 20 and 30% led to the separation of chitosan chains due to the
formation of the lignin phase inside the film and amorphization of the samples [47]. As
a consequence, the internal structure of the films became “loosened”, and the surface
structure underwent changes. The surface acquired a pronounced texture and porosity,
which explained the increased swelling of the composites containing high amounts of
lignin. The abovementioned results are in a good agreement with the X-ray structural
analysis data.

The formation of an ordered structure was confirmed by an increase in the intensity of
the peaks related to the glycoside bonds in the IR spectrum of the sample containing 10%
of lignin. When 20 or 30% of lignin was introduced into the chitosan matrix, the packing
of macromolecules on the phase interface became looser, which led to more pronounced
swelling of these composites both in water and in physiological solution [35].

The SEM images revealed that the introducing of lignin resulted in considerable
changes in the chitosan surface morphology. The surface of lignin-containing composites
was porous and textured. With an increasing lignin content in the composite, the amount
of pores increased, and the surface texture became more pronounced. The changes in the
surface morphology caused by the introducing of lignin into the chitosan matrix were also
confirmed by the AFM data.

Previous research has shown that the biocompatibility and bioactivity of a composite
material depend on the nature of components, the physical and chemical interactions
between them, as well as the surface properties of the matrix prepared on the base of this
composite [48,49]. The modification of chitosan matrices with lignin makes it possible
to obtain composite systems characterized by good mechanical strength and elasticity
sufficient for operation in the dry and wet states, which is necessary for sterilization,
manipulation, and cell cultivation. Due to their textured surface and developed porosity,
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these materials can be used as matrices for cell cultivation. An increase in the lignin content
possibly leads to the appearance of more significant porosity and an enhanced texture, thus
increasing the surface area of a matrix suitable for cell growth.

To summarize, we obtained biocompatible and bioactive material systems based
on the composites containing natural polymers (chitosan and lignin), which may find
application in tissue engineering.
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