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Abstract

We obtained binary polyelectrolyte complexes containing chitosan from Bombyx mori
and collagen with a mass ratio of 10:1; 10:2, and 10:3. During the interaction between
the macromolecules, due to the compensation of the positive charges of chitosan with the
negative charges of collagen, the zeta potential of the solutions of polyelectrolyte complexes
changed from +15.2 to +5.67 mV. We revealed the dependence of the size characteristics
of the particles of polyelectrolyte complexes on time and the ratio of macromolecules. An
examination of the morphology of the films of polyelectrolyte complexes demonstrated
that in the evaluated chitosan/collagen mass ratios, non-spherical nanosized particles up
to < 60 nm form on the surface of the films. We evaluated the mechanism of formation of
complexes by using Fourier-transform infrared spectroscopy and confirmed the findings
with density functional theory and molecular dynamics. We found that the particle diameter
is inversely proportional to the diffusion coefficient. The results show that the particles are
almost uniformly distributed over the surface of the polymer matrix and have a unimodal
character. We obtained reproducible results when using a chitosan/collagen mass ratio of
10:2 to dye natural silk. We found that the complexes contribute to increase the intensity
and stability of colour relative to soap and friction.
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1. Introduction

In recent years, there has been an increase in the demand for new materials based on
polyelectrolyte complexes (PEC). For this purpose, scientists have focused on the specific
properties of chitosan (CS) complexes with other polyanions. PEC represent a special
class of polymeric substances formed as a result of cooperative reversible reactions of the
combination of oppositely charged ions [1, 2].

Interactions between collagen and CS can occur via the ~-OH, -NH,, and -COOH
groups in collagen, which are able to form hydrogen bonds with the ~OH and -NH, groups
in CS. In addition, at pH < 6.5, most of the amino groups of CS are protonated, which
contributes to the formation of electrostatic bonds between the NH," groups of CS and
the —COO™ groups of aspartic and glutamine residues in collagen [3, 4].

CS PEC tend to aggregate due to charge neutralisation. Therefore, to avoid aggregation
and to control the size of nanoparticles, at least two conditions are mandatory:
polyelectrolyte solutions must be diluted, and one of the polyions must be in excess so
that the following inequality is preserved: (n+/n—) #1 (Figure 1) [5].
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Figure 1. The influence of the charge ratio of polyelectrolytes on the size and charge of
the formed polyelectrolyte complexes [5].

If the charge ratio is greater or less than unity, then the resulting nanoparticles are charged
with the same charge as the polyion in excess. Experiments have shown that at n/n- = 1,
uncharged particles are formed, and as a result of agglomeration, large aggregates are
formed.

The formation of PEC is the result of Coulomb interactions between oppositely charged
polyelectrolytes, which leads to interpolymer ionic condensation. The driving force arises
mainly due to the release of molecular counterions into the solution phase, which increases
the entropy of the system. In addition, intermolecular interactions, such as chemical and
physical bonds, are also involved in the formation of PEC. The formation of PEC usually
includes two or three stages (Figure 2).
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Figure 2. A scheme for the formation of polyelectrolyte complexes (PEC) [6].

To regulate the composition and structures of inter-PEC, it is advisable to vary the
synthesis conditions. According to Wu et al. [6], the first stage proceeds instantaneously
and leads to the formation of a random primary complex with significant distortions in the
configuration of the polymer chains. Then the secondary complex is formed by rearranging
the existing bonds within the complexes.

CS, a biocompatible positively charged polysaccharide derived from renewable sources,
is considered a promising polymer for medical use. Despite the high application potential
of CS, its susceptibility to the presence of ions, pH-dependent solubility, insufficient
rheological properties, and film brittleness can be a serious limitations to its potential
applications. Among modifications of CS, researchers have paid particular attention
to PEC spontaneously formed by mixing CS with oppositely charged polymers under
mild synthesis conditions [7]. CS can be easily modified due to its molecular chain,
which contains a large number of active amino and hydroxyl groups, through various
modifications [8].

Do Mai Train et al. [9] prepared a nanosized polymer system based on CS and fish
squamous collagen by emulsification for the delivery of lovastatin, a drug used to lower
blood cholesterol concentrations. A hydrogel based on CS/collagen was obtained by
lyophilisation at 20°C for 12 h, with a 1:1 mass ratio of polyelectrolytes. After that, the
authors immersed frozen samples in a pre-chilled sodium hydroxide/ethanol solution and
incubated it at —20°C for 24 h. Then the samples were removed from the freezer and
washed three times with 50% ethanol. At the end, the samples were washed with water
until the pH was 7. The authors then immersed the samples in a 99.8% ethanol for 1 h and
dried them at 22°C [10, 11].

The interaction between CS and alkaline gelatine during PEC formation has been
examined with scanning electron microscopy (SEM). The authors found that for CS/gelatine
mass ratios from 0.1 to 1.5, PEC are formed due to intermolecular hydrogen bonds [12].
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With electrospinning, researchers have obtained nanofibres based on gelatine/CS—
poly(ethyleneoxide) (PEO) at various mass ratios (9:1, 8:2, 7:3, and 6:4) in the presence
of 50% (v/v) acetic acid as a solvent. The tensile strength, Young’s modulus, and
elongation at break were 0.76—1.70 MPa, 21.0-31.7 MPa, and 22.3%-27.4%, respectively.
In particular, membranes based on a gelatine/CS—PEO mass ratio of 7:3 had excellent
properties, demonstrating great potential for use in skin regeneration [13, 14]. Hydrogels
based on 75:25 (vol.%) CS/collagen showed a crystalline structure and mechanical
strength closer to the mechanical strength of bone and could be applied in the field
of bone tissue engineering and regenerative medicine [15]. CS has unique chemical
properties owing to its cationic charge in solution. Despite the wide applicability of
CS to various fields, it has rarely been used to dye textile materials due to the lack of
technology [16].

PEC can form biocompatible matrices and can be used in various industries. In this
regard, we aimed to identify the conditions for the synthesis of PEC based on CS isolated
from the pupae of the silkworm Bombyx mori and collagen isolated from cattle skin. We
investigated the physicochemical properties of binary PEC and the possibility of their use
in dyeing natural silk.

2.  Materials and Methods

CS from B. mori was obtained according to a previous study [17]. The molecular mass
of CS is 1.98 x 10° g/mol and the degree of deacetylation is 85%. Collagen was obtained
from cattle skin [18] and purified from low-molecular-weight salts by membrane dialysis
[19]. The degree of purification was 90%.

Static light scattering and dynamic light scattering (DLS, also known as photon
correlation spectroscopy, Photocor Compact, Russia) was performed. The range
of measured sizes is from fractions of nanometres to 5—10 um. The laser power of
the apparatus was 2—35 mW. Photocor analysers have a mode that allows automatic
measurements, processing, and presentation of the results.

The Litesizer 100 (Anton Paar GmbH, Austria) particle size analyser was used to
measure the size of ultrafine particles in liquid solutions, determined from the Einstein-
Stokes equation by the diffusion coefficient. The diffusion coefficient is calculated from
the characteristic fluctuation time of the intensity of light scattered by particles. The
autocorrelation function contains information about the diffusion coefficient, which
makes it possible to obtain the desired hydrodynamic radius, which is a model of the
particle size. The light source was a 658 nm laser from a 40 mW single-frequency laser
diode.

The dynamic viscosity of CS and collagen solutions as well as PEC based on them was
determined with a Viskotester 2 plus rotational viscometer (HAAKE, Germany). The
electrokinetic potential on the surface of PEC particles was determined by the method
of dynamic quasi-elastic light scattering of polymer solutions on a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd, United Kingdom).

Fourier-transform infrared (FTIR) spectroscopic studies of the obtained samples were
carried out on a Brucer spectrometer (Germany). The IR Tracer-100 was characterized by
a high signal-to-noise ratio of 60000:1, a resolution of 0.25 cm™!, and the ability the work
in fast scanning mode with the registration of up to 20 spectra per second.

Morphology of systems was investigated on an atomic force microscope (AFM)
Agilent-5500 (USA) at room temperature. Maximum field of scanning at AFM by X, Y
was 15x15 micrometer square and 1 micrometer for Z.
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The morphology of the PEC films was evaluated using an Agilent 5500 atomic force
microscope (USA) at 22°C. The analysis used silicon cantilevers with a hardness of 9.5
N/m and a frequency of 145 kHz. The maximum scanning area was 15 x 15 um? for X
and Y and 1 um for Z.

The degree of the change in the colour characteristics of fabrics after dyeing was carried
out in standard D65 radiation on an X-Rite Ci7800 laboratory spectrophotometer (Korea)
[20]. This approach is recommended when measuring the colour of luminescent samples
because the distribution of the radiation flux in the ultraviolet (UV) region of its spectrum
is normalised [21].

Computational methods: The theoretical objective of the current work is to investigate
the interaction of CS with collagen using the DFT method to be a primer for understanding
the interaction to validate literature experimental results theoretically. A monomeric link
was taken as the structural unit of CS, and the structural unit of collagen was taken as
Asparagine and Glutamine.

The calculations were performed using the GAUSSIAN 09 package [22] and the
Gaussview 5.0.9 molecular visualization program using DFT with the standard set basis
6-31++G (d,p) [23]. The first stage of the theoretical calculation was the determination
of the optimized molecular structures of CS and amino acids (AA). The charges of
atoms are calculated, and diagrams of boundary molecular orbitals are constructed: the
highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals and their
energies are determined. Interactions of CS with AAs were studied using reactivity
descriptors. A monomeric link was taken as the structural unit of CS; in calculations in
the gas phase, AAs are considered a nonionic form due to the greater intrinsic affinity
for the proton of the carboxylate oxygen atom compared to the nitrogen atom of the
amino group. The interaction energy (AE, ) is calculated using the equation-based
approach:

AE =E.,  —(EHE )TE,

inter | 7CS-44 SSE

where E ¢ ., E and E,  are the energy of the complex, CS, and AAs, respectively. E
is a base set superposition error (BSSE) correction calculated using the direct difference
method for calculating molecular interactions based on a bivariate trans-correlation

approach together with special methods for estimating other errors [24].

3. Results and Discussion

3.1. DLS

We prepared PEC by mixing a 0.08% solution of CS and a 0.05% solution of collagen
at specific mass ratios. Using DLS, we determined the hydrodynamic diameters of PEC
particles obtained for each of the CS/collagen mass ratios (Table 1 and Figure 3).

Table 1. The dependence of the hydrodynamic particle size of polyelectrolyte complexes
on the chitosan/collagen mass ratio (the solvent was acetate buffer, pH 6.3).

No. Chitosan/collagen mass ratio d [nm] d [um]
10:1 218 (19.5%) 34 (80.5%)
10:2 455 (35.3%) 48 (61.7%)
3 10:3 378 (28%) 58 (72%)
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Figure 3. The hydrodynamic size and distribution of (top, a) particles of (1) chitosan and
(2) collagen and (bottom, b) polyelectrolyte complexes of various chitosan/
collagen mass ratios, namely (1) 10:1, (2) 10:2, and (3) 10:3.

According to Figure 3a, the particle size distribution of the initial polymers has a polymodal
character and is mainly located in the micron range. As can be seen from Figure 3b,
regardless of the CS/collagen mass ratio, there is a decrease in the number of peaks to two
distribution areas. The decrease in the reaction system of charged functional groups with
a CS/collagen mass ratio of 10:2 leads to agglomeration of PEC particles. These data are
in good agreement with the literature [5].

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVIII, 2023,
https://doi.org/10.15259/PCACD.28.017

193



Noira Rakhimovna Vokhidova, Shuhrat Shamsiddinovich Khudoyberdiyev,
IInar Nakipovich Nurgaliev, Sayyora Sharafovna Rashidova

3.2. Hydrodynamic Characteristics of PEC Prepared with CS and Collagen

We next determined the hydrodynamic parameters of PEC formed by mixing solutions
of 0.5% CS and 0.5% collagen in acetate buffer (pH 6.3) at a mass ratio of 10:1, 10:2, and
10:3 (Figure 4).
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Figure 4. The effect of time on the hydrodynamic dimensions of polyelectrolyte complexes
of various chitosan/collagen mass ratios, namely (1) 10:1, (2) 10:2, and (3) 10:3.

We examined the influence of time on the hydrodynamic dimensions of PEC and found
that the interaction between macromolecules proceeded for 10 + 2 min, after which time
the particle sizes showed almost no change. When the CS/collagen mass ratio was 10:2, the
hydrodynamic diameters of the particles decreased from 570 to 250 nm, and after 6 min
of interaction they increased to 700 nm. Accordingly, within 3—12 min at the CS/collagen
mass ratios of 10:1 and 10:3, the hydrodynamic sizes of PEC particles initially increased
slightly from 180 to 250 nm and from 270 to 380 nm, respectively, but after 9 min there
was a slight decrease. This change could be due to intra- and intermolecular hydrogen and
electrostatic bonds in solutions of these macromolecules. At the CS/collagen mass ratio of
10:1, the hydrodynamic diameter of CS particles decreases, although increasing the mass of
collagen in the system leads to its sharp increase, which is probably due to the appearance
of collagen macromolecules in the system.

It should be noted that one of the most important parameters of PEC particles is the
diffusion coefficient, the value of which is inversely proportional to the hydrodynamic
radius of the particles (Figures 5 and 6).
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Figure 5. The dependence of (1) the particle size and (2) the diffusion coefficient of
polyelectrolyte complexes on the chitosan/collagen mass ratio. The solvent was
acetate buffer (pH 6.3) and t is 12 min. Note that in the chitosan/collagen mass
ration, chitosan remained constant at 10.
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According to the measurement results, during the formation of PEC, the hydrodynamic
diameter of the particles decreased by a factor of 5 compared with the initial
polyelectrolytes. However, PEC particles at a CS/collagen mass ratio of 10:2 were reduced
to 2.5 times. This mass ratio produced the highest diffusion coefficient, a finding that is
logical (Figure 6).
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Figure 6. The influence of the interaction time between chitosan macromolecules and
collagen on the diffusion coefficient of polyelectrolyte complex particles formed
with a chitosan/collagen mass ratio of (1) 10:1, (2) 10:2, and (3) 10:3.

As Figure 6 shows, the dependence was non-linear. For the PEC particles formed with
a CS/collagen mass ratio of 10:1 and 10:3, from 3 to 12 min of interaction, the diffusion
coefficient changed slightly by 1.44 and 1.33 times, respectively. For the PEC particles
formed with a CS/collagen mass ratio of 10:2, the diffusion coefficient was 0.06 at 3 min,
0.14 at 6 min, and 0.04 at 12 min. These differences are due to changes in the particle
size during the selected time interval and the formation of relatively monodisperse PEC
particles at this mass ratio.

Table 2. The dependence of the dynamic viscosity and zeta potential of solutions on the
composition of polyelectrolyte complexes formed from chitosan and collagen
(the solvent was acetate buffer, pH 6.3).

No Components and mass ratio p [dPa-s] Zeta C[IE{)]t]ential
1 Chitosan 13 +15.2

2 Collagen 69 —1.88

3 Chitosan/collagen = 10:1 (Q (+)) 11 +11.7

4 Chitosan/collagen = 10:2 (Q (1)) 19 +8.47

5 Chitosan/collagen = 10:3 (Q (1)) 17 +5.67

We determined the dynamic viscosities of the initial polyelectrolytes as well as the binary
PEC based on them (Table 2). It should be noted that during the formation of binary
PEC, the introduction of a small amount of collagen into a solution containing CS led to
a marked (5—6 times) decrease in the dynamic viscosity of the solution. PEC formed with
a CS/collagen mass ratio of 10:2, the dynamic viscosity was 19 dPa-s, which is more than
the other PEC.

The zeta potential of CS at pH 6.3 was positive (+15.2 mV), while the zeta potential
of the collagen solution was negative (—1.88 mV, isoelectric point equal to 6) (Table 2).
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When collagen, which contains negatively charged —COOH groups, was added to CS, the
zeta potential decreased from +15.2 to +5.67 mV. Thus, we have developed a technique to
obtain binary PEC.

3.3. Fourier-Transform Infrared Spectroscopy (FTIR) Spectroscopy

We obtained films of CS, collagen, and their PEC at 22°C by dry moulding. The FTIR
spectrum of B. mori CS (Figure 7) shows the following bands: 3358 cm™! (-OH and —NH),
1653 cm™ (v=(C=0); amide I), 1572 cm™ (v=(C=0, C-N and 8=(NH); amide II), 1421 cm™!
(6=(0-H), 1375 cm ' (6=(CH,), and 1151 cm ™' (v=(C—O—C). These absorption bands are
all characteristic of the functional groups present in CS.

The FTIR spectrum of collagen (Figure 7) shows the following bands: 3288 cm™!, which
corresponds to the vibration of the amide group (v=(NH)), 2935 cm™' (v=(CH); 1635 cm ',
which indicates the stretching vibration of the carbonyl group (v=(C=0); amide I); 1521
cm™! (v=(C=0, C-N and 6=(NH); amide I1)); and 1448 cm™' (v=(N—-C-0); amide III).
These bands are characteristic of collagen.
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Figure 7. Fourier-transform infrared spectra of (1) chitosan and (2) collagen.
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Figure 8. Fourier-transform infrared spectra of polyelectrolyte complexes formed from
a chitosan/collagen mass ratio of (1) 10:1, (2) 10:2 and (3) 10:3.

Figure 8 shows the FTIR spectra of PEC formed with a CS/collagen mass ratio of 10:1, 10:2,
and 10:3. In contrast to CS, the spectrum of PEC formed with a CS/collagen mass ratio of
10:1 exhibits some shifts and an increase in the intensity of absorption bands at 3360 cm™!
(v=(0-H)), 2860 cm™" (v=(CH,)), 1574 (v=(COO"); amide I), 1415 cm™' (6=("NH,); amide
1), and 1379 cm ™' (v=(N—-C-0); amide III).

Compared with the CS spectrum, the spectrum of the PEC formed with a CS/collagen
mass ratio of 10:2 also shows some shifts and an increase in the intensity of absorption
bands at 3267 cm™' (v=(0—H)), 2870 cm™' (v=(CH,)), 1539 cm™ ' (6=("NH,); amide II),
1381 cm™! (v=(N-C-0); amide III), and a weak shoulder at 1645 cm™' corresponding to
stretching vibrations (v=(COO"); amide I). This is probably due to the interaction between
collagen and the CS amino groups.

Finally, in contrast to the CS spectrum, the spectrum of PEC formed with a CS/collagen
mass ratio of 10:3 shows some shifts and an increase in the intensity of absorption bands
at 2866 cm™' (v=(CH,)), 1631 cm™' (v=(COO"); amide I), 1519 cm™* (6=("NH,); amide II),
and 1377 cm™ (v=(N-C-0); amide I1I). Overall, the bands indicating the vibrations for
amide II are significantly shifted in the PEC, although the absorption bands of stretching
vibrations are stable.
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3.4. Atomic Force Microscopy (AFM) of PEC Films
Chitosan/collagen PEC films with various mass ratios were obtained by dry molding. from
aqueous acetic solutions. The morphology of PEC were evaluated with AFM (Figure 9).
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Figure 9. Atomic force micrographs and histograms of the distribution of chitosan/
collagen particles on the surface of the polymer matrix. The polyelectrolyte
complexes were formed with a chitosan/collage mass ratio of (1) 10:1, (2) 10:2,
and (3) 10:3.

Regardless of the interval of the initial macromolecules under the chosen synthesis
conditions, we noted that non-spherical nanoparticles with an average size of up
to approximately < 60 nm, which are unimodal, formed on the surface of the films.
Specifically, for the CS/collagen mass ratio of 10:1, 10:2, and 10:3, the nanoparticles
are 15-35, 25-60, and 32—-50 nm, formed in one direction, and are relatively evenly
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distributed on the surface of the polymer matrix. In general, the size of PEC particles
is consistent with the DLS data. However, the AFM results also show that, despite the
large size, the visible part of the PEC particles is uniformly distributed on the surface
of the films.

3.5. Theoretical Calculations of the Formation of Inter-PEC

Theoretical calculations allow evaluating interactions between compounds to explore the
possibility of forming various kinds of bonds, complexes, agglomerates, clusters, and
nanostructures. We investigated the charge distribution of amino groups in CS chains of
different lengths depending on the degree of deacetylation, the reactivity of the acetamide
and amino groups in the CS composition, the interaction between CS and collagen, and
the stability of their interpolymer complexes.

The calculated group charge distribution for the tertiary hydrogen atom of the
protonated amino group of CS is 1.54 e [25]. These values indicate that these hydrogen
atoms tend to form hydrogen bonds with electronegative centers. Similarly, a 1.55 e. group
charge for an oxygen atom in Asparagine and 1.56 e. for an oxygen atom in Glutamine
allowed us to evaluate the atypical CS—AA interaction between electronegative atoms with

—COO" and -NH," CS group. The optimized structure of the complexes under consideration
is shown in Figure 10.

The DFT calculations showed the presence of hydrogen bonds between the nitrogen
atom of the amino group of CS and the O atom of the —COO~ groups of the studied
amino acids (Table 3). According to Table 3, the distance between the H atom of the

—NH," —group of CS and the O atom of the -COO" groups of AAs is in the range of
1.001 A (Asparagine) and 0.999 A (Glutamine) which is typical for hydrogen bonds [26].
This indicates that CS forms hydrogen bonds with amino acids during the formation of
complexes. Various protonation states of the complexes were tested as starting points for
geometry optimization. The results have not confirmed the proton transfer complexes.
Cationic or anionic AAs are well known for their ability to form hydrogen bonds with
oppositely charged species [27]; however, the formation of such a salt bridge in the gas
phase of the complexes under consideration was not observed. A high value of AE,
promotes strong binding between CS and A As in the complex, while a decrease in energy
values promotes the dissociation of the complex.

Moreover, based on the AE, values, the suitability of the carrier to a particular AA
can be assessed. The calculated values of AE, in gas and aqueous phases are presented
in Table 3. The AE,  is negative in all cases, contributing to complexes’ formation.
A high value of AE, for CS—Glutamine may be due to the strong Coulomb force of
attraction, which leads to hydrogen migration. The charge of the O atom in —COO~ group
of Glutamine is more negative (—0.64 e) than that of Asparagine (-0.62 e).

Table 3. Hydrogen bond distance and BSSE corrected interaction energy of CS with AAs

H-H bond length | Ap  [kkal/mol AE,  [kkal/mol
Complex between N...O [A] iner. [Kkal/mol] imer. [Kkal/mol]
(Aqueous phase) (Gas phase) (Aqueous phase)
A 1.001 89,51 ~18.96
sparagine
CS—Glutamine 0.999 —105.49 -23.1
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CS-Glutamine
Figure 10. Optimized geometries of CS complexes with AAs

The formation of CS-Collagen complexes was carried out in the aqueous phase. As the
interaction energy is of decisive importance for the biomedical applications of such
complexes, thus we simulate the behavior of the passage of complexes through the cellular
media of living organisms by calculating the effect of the aqueous phase on the interaction.
As seen in Table 3, the aqueous phase primarily affects the interaction energy of these
systems. There is a progressive destabilization of CS complexes with AAs. The results
show that molecules with opposite charges are indeed more separated and more stable than
complexes in water, leading to a decrease in AE, .

This can also be explained by the fact that in polar environments, the interaction with
the environment (solvation) is probably more important than the electrostatic interaction
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between the two interacting molecules, leading to their preferential stabilization. Due
to the solvation of positively charged fragments, the repulsive interaction between them
decreases, which can increase the strength of the hydrogen bonds.

The results indicate a strong interaction between CS and AAs in a non-polar
environment and a gradual weakening of the interaction in the aqueous phase. These
results are significant for modeling the complex penetration process through a cell
membrane that is non-polar in nature. The significantly high value of AE,  in the gas
phase and a very low energy value in the aqueous phase for the complexes indicate its
suitability for use in biomedicine.

3.6. The Use of PEC Formed from CS/Collagen To Dye Silk Fabrics with Active
and Direct Dyes

We evaluated the influence of the CS/collagen mass ratio of PEC on the colour

characteristics of silk fabrics dyed with an active dye in a periodic way in an alkaline

medium (Table 4).

Table 4. Influence of the chitosan/collagen mass ratio of polyelectrolyte complexes on
the colour characteristics of silk fabric.

. I Strength
Chitosan/ Colour indicators indicators, score
No | collagen mass
ratio K/S| R | L*¥| A | B | C | h* | Tosoap friztoion
1 Control 107 | 46 | 815| 03 355|355 896 322 | 33
(no processing)
2 2:10 1.1 | 38 |78.6| 1.7 1 41.0 | 410 | 876 | 4/4/4 5/4
3 10:10 1.2 | 37 |789| 2.2 |44.0 | 44.0| 87.1 | 4/4/4 5/4
4 10:2 14 | 24 |72.8| 9.2 | 542|550 | 804 | 4/5/5 5/4

The silk fabric dyed with the PEC formed with a CS/collagen mass ratio of 10:2 had the
highest colour saturation (C); a pronounced colour tone (h*); the lowest reflectance (R),
which indicates an increase in colour intensity; and the lowest brightness values (L*),
confirmed by the colour coordinates of the samples.

Colour wheel systems and a colour model are used to systematise the various
characteristics of colour and their selection to ensure harmonious colour combinations.
Similarly to geographic coordinates, colour values such as L*, a* and b*that is, length,
width, and height, respectively — are colour parameters. The L* coordinate characterises
the brightness of the colour, the a* coordinate characterises the content of red or green, and
the b* coordinate characterises the content of yellow or blue. In this space, colour can also
be defined by polar coordinates C* and h*, where C* is colour saturation and h* is colour
tone. Based on the results, it follows that the treatment of silk fabric with CS/collagen
PEC solutions leads to a change in the colour coordinates — that is, the a* coordinate shifts
towards red and the b* coordinate moves from blue to yellow — which contribute to bright
and saturated colours.
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4. Conclusions

We prepared PEC with several CS/collagen mass ratios. The interaction between CS
and collagen occurs through electrostatic interactions and hydrogen bonds of negatively
charged functional groups of the macromolecules. When the CS/collagen mass ratio
was 10:2, the interaction reached a maximum, which leads to an increase in the particle
diameter and diffusion coefficient. We also determined the zeta potential, hydrodynamic
dimensions, and the particle diffusion coefficient. We found a relationship between
the composition and PEC properties. The results indicate that the colour intensity and
saturation of the colour of the dyed natural silk fabric with the active dye was higher in
the sample treated with the PEC formed from a CS/collagen mass ratio of 10:2 than in the
other samples. We found that when using a CS/collagen mass ratio of 10:2 to dye silk, the
colour fastness to soap and friction increased.
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