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Abstract

Bombyx mori chitosan nanoparticles (ChS NPs) were obtained and the kinetic aspects
of their size distribution depending on the degree of nonequilibrium of the synthesis
by ionotropic gelation using sodium tripolyphosphate (TPP) were studied. The size
of ChS NPs was greatly influenced by the ChS concentration, which varied
from 0.5 to 10 mg/ml. The size of the NPs increased from 100 to 300 nm when the ChS
concentration increased from 0.5 to 10 mg/ml and while maintaining
all other parameters of the reaction. An increase in the ChS to-TPP ratio
corresponded to a lower cross-linking density and thus ensured slower kinetics
for NP formation alongside the formation of large chitosanw/TPP aggregates.
There was an almost threefold increase in the particle size when the pH
of the medium increased from 3.8 to 4.7; thus, the size of ChS NPs depends on the pH
of the solution. There was a slight agglomeration of NPs from 363 to 642 nm
with an increase in the NP synthesis time from 4 to 24 h. According to calculations,
the maximum interaction energy is 50.4 and 69.4 kcal/mol for deprotonated TPP
(PO,7); after adiabatic transfer of the proton, the value decreases
to 32.9-33.5 kcal/mol. The maximum interaction energy is —12.8 kcal/mol for the initially
protonated TPP (H P .0, ).
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1.  Introduction

There is extensive research on chitosan-based nanoparticles (ChS NPs), especially
for the design and development of new drug-delivery systems. These NPs have numerous
beneficial properties such as biocompatibility, biodegradability, bioactivity, mucoadhesion
and hydrophilicity, which facilitate the administration of poorly absorbed drugs through
various epithelial barriers such as the cornea and the nasal and intestinal mucosa [1].
These systems can be produced under aqueous and fairly mild conditions to preserve
the bioactive conformation of sensitive macromolecules (e.g. hormones, antigens,
DNA and growth factors) that would otherwise be susceptible to enzymatic degradation
and hydrolysis [2, 3]. Usually, ChS NPs are formed according to a ‘bottom-up’ approach
as a result of self-assembly or stitching in which molecules are arranged into ordered
nanoscale structures due to physical, covalent inter- or intramolecular interactions.
A recognised feature of these nanosystems is their ability to protect hydrophilic
macromolecules from degradation and to overcome mucosal barriers. One of the ways
to create ChS NPs using self-assembly is ionotropic gelation using sodium tripolyphosphate
(TPP), which is non-toxic.

ChS is one of the most popular components in the creation of NPs for the delivery
of drugs. However, the ability to reproduce ChS NPs consistently is often a problem;
therefore, great attention is paid to the purity and accurate characterisation of the source
material and to the development of preparatory procedures. The processes used to obtain
ChS NPs via ionotropic gelation are quite well known, but the influence of various factors
on the particle size requires further investigation. lonotropic gelation of ChS NPs involves
the use of ionic cross-linking agents [4]. When TPP is used as an ionic cross-linking
agent, two aqueous phases — one containing ChS and another containing polyanionic TPP
— are mixed to form a complex coacervate [5]. The CS/TPP molar ratio and the developed
interactions are crucial to ensure NPs exhibit the appropriate size, which can affect
the drug release properties. However, the mechanism by which ChS and TPP interact has
not been well documented in the literature. It has been suggested that all ionic groups
of TPP can participate in interactions with ChS amine groups. However, an oversimplified
model of interaction sites lacks accuracy and, to the best of our knowledge, this issue has yet
to be addressed.

Electrostatic interactions between the cationic amino groups of ChS and the negatively
charged anions of the cross-linker promote the formation of NPs. The size and surface
charge of particles can be modified by changing the ratio of ChS and stabiliser [6]. Attempts
have been made to optimise the processing parameters of ChS in the process of ionic
gelation [7], but there are no unambiguous systematic conclusions in this area of research.

Most research in the field of synthesis of CS NPs is related to raw materials from armoured
crustaceans. There has been limited investigation regarding the preparation and specific
features of the formation of ChS NPs obtained from the pupae of the silkworm Bombyx mori.
The present work aimed to generate B. mori ChS NPs using ionotropic gelation. Subsequently,
the influence of various parameters on the size of the NPs was assessed. We also performed
theoretical analysis: we elucidated the aspects of the ChS and TPP interactions, calculated
the interaction energy, identified interaction sites and located energetically favourable
relative configurations. Of note, the structure of a polymer and its spatial configuration
in real experimental conditions depend on numerous factors such as the number of monomers,
pH, the ionic strength of the environment, temperature, the solvent type and inter- and intra-
molecular interactions such as hydrogen bonding, among others. It is practically impossible
to simulate such conditions, especially using quantum methods. For this endeavour, we chose
to limit the study to the interactions between a ChS pentamer and two types of TPP anions.
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2. Materials and Methods

2.1. Obtaining Bombyx mori Chitosan Nanoparticles

Purified B. mori ChS was dissolved in 2% acetic acid at a concentration of 0.5 mg/ml.
A TPP solution (I mg/ml) was prepared in distilled water. Both solutions were filtered
through filters with a pore size of 0.22 pm. Complexation was carried out by adding
the TPP solution dropwise to the ChS solution at 25°C with stirring for 20 min
on an MS-PA magnetic stirrer (~300 rpm) (HCS Scientific & Chemical Pte Ltd, Singapore).
Then, the mixture underwent treatment in an ultrasonic cleaner FSF 020S (FAITHFUL
Instrument, China) at a power of 120 W and a frequency of 40 kHz for 2 min immediately
before atomic force microscopy (AFM). The NPs were separated from the working solution
by centrifugation (7000 rpm) and freeze-dried at —50 to —55°C and 0.4—0.5 mbar for 3—4 h.

2.2. Determination of the Molecular Weight of Chitosan

The molecular weight of ChS was determined by the viscometric method at 25°C. A 0.5%
ChS solution in 0.33 M acetate buffer (pH 4.5) was prepared to determine the viscosity ().
The molecular weight was calculated using the Mark—Kuhn—Houwink equation:

Mn = (InJ/K)'e, (1
where K and o are constants for the given polymer-solvent system at K = 1.4 x 10
and o = 0.83 [8].

2.3. Determination of the Degree of Deacetylation

The degree of deacetylation (DDA) of the ChS samples was determined by conductometric
titration on an analytical instrument (Mettler-Toledo, Switzerland) using a 0.1 M sodium
hydroxide (NaOH) solution as a titrant for a ChS solution dissolved in 0.1 M hydrochloric
acid (HCI). The amount of alkali required to titrate the acid associated with the amino
groups was determined from a graph of the dependence of the electrical conductivity
of the solution on the volume of alkali. The degree of deacetylation was calculated using
equation (2) [9]:

Degree of deacetylation= [(203 * N,,.)/(1400 + 42 N, )] x 100%, 2)
where N, is the amine nitrogen content, calculated as NH, = AV x C_./m, where
AV is the volume of the NaOH solution used for titration of amino groups [ml], C .,
is the exact concentration of the NaOH solution [mol/l] and m is mass of ChS
in the sample [g].

2.4. Determination of the Ash Content
The ash mass fraction was determined using a published procedure [10]. The ash content
of the sample (Z) was calculated using equation (3):

Z (%) =m x 100/g, 3)
where m is the residual mass after combustion [g] and g is the sample weight [g].

2.5. Determination of Solubility

To determine the solubility of ChS, a specific amount of sample was weighed (0.1-0.5 g)
and placed into a glass flask. Then, 2% acetic acid (100 ml) was added, and the mixture was
stirred until the ChS was dissolved completely. The working solution was filtered through
a Schott filter and dried at 104°C for 2 h. Solubility (P) was determined using equation (4):

P (%) = [(g—m)/g] x 100, “)
where g is the sample weight [g] and m is the amount of substance on the filter [g].

196 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.015



Features of the interaction and formation of nanostructured chitosan systems during ionotropic
gelation

2.6. Fourier-Transform Infrared Spectroscopy

An ‘Inventio-S’ Fourier-transform infrared (FTIR) spectrometer (Bruker, Germany)
was used to measure the spectra of all reaction products in the range of 4000400 cm™,
because the absorption bands of almost all the functional groups of organic molecules
lie in this spectral range. The samples were prepared in the form of tablets with potassium
bromide at a pressure of 7 x 108 Pa.

2.7. Determination of the Degree of Crystallinity

X-ray diffraction of the samples were carried out on a Miniflex 600 diffractometer
(Rigaku, Japan) with monochromatic CuKa radiation. The samples were examined
in the form of compressed pellets. Scanning was carried out in the 20 range of 10-35°.
The degree of crystallinity was calculated using equation (5):

Degree of crystallinity (%) = [(Ic — [a)/Ic] x 100%, (®)
where Ic and Ia are the intensities of crystal reflection and amorphous scattering,
respectively [11].

2.8. Total Nitrogen Content

The nitrogen content in the ChS samples was determined using the Dumas gasometric
method by combusting a weighed sample (5-10 mg) in a quartz tube under carbon
dioxide (CO,) flow and measuring the volume of liberated nitrogen. The nitrogen content
in the sample was calculated using equation (6) [12]:

N=[mx(V-V") x100])/g, (6)
where m is the mass of 1 ml of nitrogen at a given temperature and pressure;
V is the volume of liberated nitrogen [ml], V" is the correction for a given volume, taking
into account the calibration of the gasometer [mL], and g is the weight sample [mg].

2.9. Atomic Force Microscopy
The surface morphology of the samples was analysed by AFM using an Agilent 5500
instrument (USA). Scanning was carried out at room temperature in semi-contact mode
in air. Silicon cantilevers with a rigidity of 9.5 N/m and a frequency of 145 kHz were used.
The maximum scanning area was 11 x 11 um? in the direction of the X, Y coordinates,
and 1 um in the direction of the Z coordinate. The average NP size and coefficient
of variation were determined by processing the corresponding images of the sample surface
using the Pico image basic software.

The most common method for producing ChS NPs is the ionotropic gelation of ChS
with the non-toxic TPP, a small ion with a triple negative charge over the entire pH range
[13-15].

2.10. Computational Methods

Geometry was optimised based on all-electron density functional theory (DFT)
calculations. The generalised gradient was approximated with the standard 6-31++G
(d,p) basis set [16] and the GAUSSIAN 09 software package. Gaussview 5.0.9 was used
for visualisation. Fully protonated ChS oligomers were considered, so the overall charge
of the ChS pentamers was set to Se. The interaction energy and maximum interaction
energy configurations of ChS with TPP were calculated by scanning the potential
energy surface (PES) with respect to different distances and orientations. The PES scans
and interaction energy calculations were performed using Grimme’s B97-D functional [17],
which includes long-range dispersion corrections, with the def-TZVP basis set [18],
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which is of triple- quality. Solvation energy was calculated to quantify the reactivity
in the aqueous phase using self-consistent field theory and the polarisable continuum
model (PCM) [19, 20]. The basis set superposition error (BSSE) was calculated
with the counterpoise (CP) method developed by Boys and Bernardi [21]. It requires
the keyword CP = N, where N is the number of fragments to be considered (for an A-B
system, N = 2) [22, 23].

The first stage of the theoretical calculation was to determine the optimised molecular
structures of ChS and TPP. A chain consisting of five monomers was considered
to be the structural unit of ChS. The interaction energy (AE, ) was calculated using
equation (7):

AEinleract = EChS-TTP_ (EChS + ETTP) + EBSSE’ (7)
where E ¢ . E. s and E ,, are the energy of the system for ChS-TPP, ChS and TPP,
respectively. E_ . is a BSSE that was calculated using the CP method. When a CP correction
is applied in combination with a solvent reaction field, any basis functions of the ghost
atoms lying outside the reaction-field cavity may artificially increase the outlying charge
and thus produce erroneous results. Therefore, the interaction energy was computed within
the solvation model, the CP method was performed in the gas phase and the interaction

energy was subjected to the calculated BSSE corrections.

3.  Results and Discussion

3.1. Preparation of Chitosan Nanoparticles

The purity and accurate characterisation of ChS is crucial. ChS is characterised by structural
and chemical heterogeneity even after processing under drastic chemical conditions
and contains a small amount of mineral and protein impurities, so it is necessary to pay
attention to its purification.

Generation of B. mori ChS NPs required several steps. First, the technical ChS was
pre-dissolved in 2% acetic acid, deposited and coagulated at a certain pH, washed in alcohol,
centrifuged and lyophilised [24]. Then, it was subjected to elemental analysis and FTIR
spectroscopy. The influence of concentration, the pH of the mediums and the NP synthesis
time during the preparation of ChS/TPP NPs was studied to minimise polydispersity
in size, to ensure stability and to control the average size of NPs. B. mori ChS samples
with different molecular weights (No. 1-3, Table 1) — all obtained from a technical sample
of ChS — were used to evaluate the production of ChS NPs via ionotropic gelation.

Table 1. Physicochemical characteristics of the Bombyx mori chitosan (ChS) samples.

No Samole Cleaning N zZ P Mn | DDA | DC

) p time [h] [%] | [%] | [%] | [kDa] | [%] | [%]

0 ChS technical - 7.83 | 7.17 | 8556 | 194 | 522 40

1 (;hS 6 720 | 143 | 96.7 | 130 | 85.8 25
purified-1

2 ChS 4 832 | 044 | 99.85| 152 | 96.5 32
purified-2

3 (;hS - 2 8.10 | 0.79 | 9836 | 165 | 944 30
purified-3

Note. Abbreviations: DC, degree of crystallinity; DDA, degree of deacetylation; Mmn, molecular
weight: P, solubility: N, nitrogen content; Z, ash content.
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The molecular weight of technical B. mori ChS, determined by the viscometric
method, was 194 kDa (Table 1). When purified, the molecular weight decreased slightly
to 130-165 kDa and the degree of deacetylation increased from 52.2% to 85.8%—96.5%.
As the degree of deacetylation increased, the solubility of the samples increased
from 85.56% to 99.85%. This increased solubility is due to a reduction in the number
of acetamide groups of chitin as they are converted into amino groups [25]. Thus, during
purification, ChS becomes more structurally homogenous.

As mentioned above, the molecular weight of ChS was determined by the viscometric
method (Figure 1). Intrinsic viscosity was calculated using the Huggins equation
(top line) and the Kremer equation (bottom line). Their applicability is due to the preservation
of the linear dependence of the reduced viscosity on the polymer concentration in solution
and the absence of strong intermolecular interactions between the macrochain units.
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Figure 1. Determination of the molecular weight of sample No. 1 (see Table 1)
by the viscometric method: [n] =2.48 dl/g, [n] = 1.40 x 10~ and Mn = 130 kDa.

The degree of deacetylation of sample No. 1 (see Table 1) was determined
with conductometric titration. It was 85.8% (Figure 2).
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Figure 2. Conductometric titration of sample No. 1 (see Table 1): Mn = 130 kDa
and degree of deacetylation = 85.8%.

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024, 199
https://doi.org/10.15259/PCACD.29.015



Rakiya Yunusovna Milusheva, llnar Nakipovich Nurgaliev, Sayora Sharafovna Rashidova

Sample No.l was also evaluated with FTIR spectroscopy (Figure 3). The intense broad
band at 3500-3100 c¢m™ indicates absorption of —OH and —NH, groups included
in hydrogen bonds. There are stretching vibrations of ~CH and —CH, groups at 2920
and 2980 cm™, respectively. There is almost complete absence of an absorption band
at 1640 cm™ (amide I) and an intense absorption band at 1579 cm™, corresponding
to the angular deformation of the —NH, (amide II). These changes indicate effective
purification of the original (technical) ChS. Absorption bands in the range of 900—1150 cm™
are from various deformation vibrations of =C-O-C=, —-NH and =C-C= groups.

% Transmillance

4000 3000 2000 1000
1

Wavenumbers, cm
Figure 3. Fourier-transform infrared spectrum of purified Bombyx mori chitosan
(sample No. 1, see Table 1).

3.2. Effect of the Chitosan Concentration on the Average Size of Nanoparticles
The ChS concentration is an important determinant regarding the finite size of NPs
that are formed. The influence of this parameter was studied with the aim of obtaining
a narrow NP size distribution and to ensure their stability in solution (Figure 4).

®
HOH-C NH;
\;ﬁ\ o N
H()H C NH; HOH ¢
o N
\p/O/ \O
N\
\\ ra o
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Figure 4. A schematlc illustration of negatlvely charged sodium tripolyphosphate
connecting two positively charged chitosan chains.
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Figure 5. Atomic force micrographs of chitosan nanoparticles (ChS NPs), prepared using
sample No. 1 (see Table 1): (a) 10 mg/ml ChS, 1 mg/ml sodium tripolyphosphate
(TPP) and a ChS-to-TPP ratio of 1:1 yielded NPs with a size of 283 nm;
(b) 1 mg/ml ChS, 1 mg/ml TPP and a ChS-to-TPP ratio of 1:1 yielded NPs
with a size of 192 nm; and (c) 0.5 mg/ml ChS, 1 mg/ml TPP and a ChS-to-TPP
ratio of 1:1 yielded NPs with a size of 108 nm.

AFM was performed on various samples of purified ChS. With a ChS-to-TPP ratio
of 1:1, NPs were a maximum of 283, 333 and 166 nm with a ChS concentration
of 10, 1 mg/ml and 0.5 mg/ml (Figure 5, Table 2). The ChS concentration greatly influenced
the size of ChS NPs when studying the kinetic aspects of the size distribution of NPs
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depending on the degree of nonequilibrium of the synthesis process by the method
of ionotropic gelation (Table 2). When the ChS concentration increased from 0.5 mg/ml
to 10 mg/ml, the size of the NPs increased from 166 to 283 nm while maintaining all other
parameters of the reaction.

Consequently, a high ChS-to-TPP ratio due to a high ChS concentration corresponds
to a lower cross-linking density, which ensures a slow NP formation rate and the formation
of large ChS/TPP associates. This makes it possible to control the size of NPs with TPP,
consistent with previous studies [26, 27].

Table 2. The dependence of the size of chitosan nanoparticles (ChS NPs) on the ChS

concentration.
Figure 5 | ChS-to-TPP | ChS concentration TPP . Mmlfnum—
anel ratio [mg/ml]| concentration maximum
p [mg/ml| NP size [nm]
Sample No.1 (Mn = 130 kDa)
(a 1:1 10 1 50-283
(b) 1:1 1 1 192-333
(©) 1:1 0.5 1 108-166

Note. See Table 1 for details on sample No. 1. Abbreviation: TPP, sodium tripolyphosphate.

3.3. Effect of pH During the Production of the Average Chitosan Nanoparticle Size
Experiments were carried out with ChS with Mn = 165 kDa (sample No. 3, see Table 1)
to establish how the pH of the production medium affected the ChS NP size distribution.
The ChS and TPP concentrations were kept constant at 0.5 and 1 mg/ml, respectively.
With a ChS solution pH of 3.8, the NPs were a maximum of 123 nm and oval in shape
(Figure 6a, b, Table 3). At pH 4.1, the NPs were a maximum of 239 nm and both oval
and irregularly round in shape (Figure 7a, b, Table 3). At pH 4.7, the NPs were a maximum
of 388 nm (Figure 7c, Table 3). The results showed that the size of ChS NPs depends
on the pH of the solution: the lower the pH of the solution, the smaller the NPs.
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Figure 6. (a) An atomic force micrograph of chitosan nanoparticles prepared at pH 3.8;
the NPs were a maximum of 123 nm in size and oval in shape. (b) A topography
image of ChS NPs formed at pH 3.8.
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Table 3. The dependence of the size of chitosan nanoparticles (ChS NPs) on the pH
of the solution.

pH of the ChS . Chitosan Mn Ml{umum—
No. | Sample . concentration maximum NP
solution [kDa] .
[mg/ml] size [nm]
NChS-1 3.8 0.5 165 1.34-123
3 | NChS-2 4.1 0.5 165 1.66-239
NChS-3 4.7 0.5 165 0.721-388
nm
225 g
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Figure 7. (a) An atomic force micrograph of chitosan nanoparticles (ChS NPs) prepared
at pH 4.1; the NPs were a maximum of 239 nm in size. (b) A topography image
of ChS NPs formed at pH 4.1. (¢c) An atomic force micrograph of chitosan
nanoparticles prepared at pH 4.7; the NPs were a maximum of 388 nm in size.
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34. Effect of Time During the Production of Chitosan Nanoparticles
on the Average Size

Experiments were carried out using ChS with Mn = 152 kDa (sample No. 2, see Table 1)
to determine the effect of the amount of time given to form NPs on their size. The maximum
size of ChS NPs was 363 nm for a reaction time of 4 h (Figure 8a, Table 4), 564 nm
for a reaction time of 8 h (Figure 8c, Table 4) and 642 nm after a reaction time of 24 h
(Figure 9a, Table 4). The ChS NP formation is influenced by the reaction time. Apparently,
as the synthesis time increases, it is necessary to increase the ChS-to-TPP ratio.

The mechanism of NP formation through ionic gelation has not been well described
in the literature. Maintaining the stability of NPs is a very important aspect in the field
of pharmaceutical nanotechnology. The NPs must be stable before use; otherwise,
the therapeutic efficacy will be lost. The chemical integrity of the drug in NPs is another
fundamental aspect of stability [28, 29].
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Figure 8. Atomic force micrographs of chitosan nanoparticles (ChS NPs) prepared
with ChS sample No. 2 (see Table 1) with (a) a 4-h reaction time, yielding NPs
with a maximum size of 363 nm, and (b) an 8-h reaction time, yielding NPs
with a maximum size of 564 nm. (c) The histogram shows the NP size
distribution for an 8-h reaction time.
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Figure 9. (a) An atomic force micrograph of chitosan nanoparticles (ChS NPs) prepared
with ChS sample No. 2 (see Table 1) with a 24-h reaction time, yielding
NPs with a maximum size of 642 nm. (b) The histogram shows the NP size
distribution after an 24-h reaction time. (c) The surface topography of ChS NPs
after a 24-h reaction time.

Table4. The dependence of the size of chitosan nanoparticles (ChS NPs) on the reaction time.

. Synthesis | Ultrasound | Mn ChS . Mn}lmum—
No. | Figure . . . concentration | maximum NP
time [h] | time [min]| | [kDa] .
[mg/ml] size [nm ]
1 | Figure 8a 4 2 152 0.5 319-363
2 | Figure 8b 8 2 152 0.5 0.445-564
3 | Figure9a 24 2 152 0.5 3.18-642

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024, (5
https://doi.org/10.15259/PCACD.29.015



Rakiya Yunusovna Milusheva, llnar Nakipovich Nurgaliev, Sayora Sharafovna Rashidova

Experimental work has shown that all ionic groups of TPP can interact with the amino
groups of ChS [30-34]. Density functional theory (DFT) calculations also consider
the effects of solvation, which is necessary for a correct and accurate quantitative theoretical
description of the interactions that occur both during the formation of ChS and TPP NPs
and their possible use as drug carriers [35—38]. In the final part of this study, we assessed
on aspects of NP formation by determining interaction sites, calculating the interaction
energy and searching for energetically favourable configurations between oligomers
and oligomer/polyanion complexes.

3.5. Calculation Results

We obtained models of ChS/TPP systems by optimising the geometry for a variety
of relative initial configurations, examining both perpendicular and parallel coordination.
We focused on the possible interactions between the oxygen and phosphorus atoms of TPP
and the amino and hydroxyl groups of ChS. Figure 10 shows four configurations, parallel
and perpendicular (Figure 10a, b, respectively), demonstrating the strongest interactions
between the completely deprotonated TPP anion (P,O, ) and the protonated TPP anion
(H,P,O,,), as well as ChS chains containing protonated amino groups (-NH,", Figure 10c, d).

(b)
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@

Figure 10. Calculated configurations for the interaction between the chitosan (ChS)
pentamer and (a, b) deprotonated sodium tripolyphosphate (TPP, PO *)
and (c, d) protonated TPP (H,P,O,): (a) a parallel interaction involving one
-NH," group and one —CH,OH group; (b) a perpendicular interaction
involving two —NH," groups and one —~CH,OH, the local energy minimum
with the ionic cross-linking configuration; (c) one —NH," group of ChS
is involved in the interaction; and (d) one —~NH," group and one ~CH,OH group
of ChS are involved in the interaction (both intra- and intermolecular hydrogen
bonds are shown). Hydrogen atoms are white, nitrogen atoms are blue, oxygen
atoms are red, carbon atoms are grey and phosphorus atoms are pink.

We calculated the interaction energy for the parallel interaction — the average distance
of the TPP oxygen atoms and the ChS nitrogen atoms (two —NH, " groups of ChS participate
in the interaction) — and for the perpendicular interaction — the oxygen and phosphorus
atoms of the TPP and amino and hydroxyl groups of ChS nitrogen (one —NH," group
of ChS participates in the interaction). Figure 11 shows the change in the interaction energy
as a function of the distance between the interacting atoms.
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Figure 11. (a) The change in the interaction energy of the deprotonated sodium
tripolyphosphate (TPP) polyanion (P,0,*) for the parallel approach
(red line) and the perpendicular approach (blue line) on the distance between
the outermost oxygen atom of TPP and the nearest nitrogen atom of ChS.
(b) The change in the interaction energy of the initially protonated TPP anion
(H,P,O,,") for the perpendicular approach depending on the distance between
the interacting atoms.

We calculated the interaction energy within the framework of the gas phase model
of solvation and applied BSSE corrections. We set the charge of the ChS pentamer to Se,
that is, with fully protonated amino groups. The maximum interaction energy at the local
minimum of the perpendicular configuration is 50.4 kcal/mol. The interaction energy curve
becomes very steep at a close distance of interacting O---N atoms of < 3.3 A. At 2.75 A,
the transfer of a proton from the amino group of ChS to TPP reduces the interaction energy
to 28.3 kcal/mol. The configuration with a global maximum interaction has a maximum
interaction energy of 69.4 kcal/mol. This energy also decreases at a close distance
(O---N = 2.77 A) after double proton transfer, in this case to 33.5 kcal/mol. Each of these
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two proton transfers occurs between the TPP polyanion and one of the two interacting
amino groups (i.e. one transfer of the proton to ChS amino group). In both cases, the drop
in the interaction energy is due to proton transfer; hence, the interaction energy
is significantly higher than the corresponding value in the case of a perpendicular
configuration, but not twice as large as might be expected.

These findings can be explained by two facts. First, the electrostatic component
of the interaction decreases unevenly during sequential proton transfer by approximately
[25 —(5—n)?] for the n-th proton transfer. Second, structural relaxation occurs; in this regard,
the process corresponds to adiabatic proton transfer. In both cases, the final maximum
interaction energy is significantly higher than what would be expected from the formation
of a single O--*HN hydrogen bond. In addition to the electrostatic component, a high
interaction energy also results in part from long-range and weaker secondary interactions
that occur between the alternative oxygen atom of TPP and the nearby hydroxyl group
of ChS. We also considered the pH dependence when including the protonated TPP anion
in the calculation. To do this, in addition to PES scan calculations of the deprotonated
TPP anion, we also performed a similar calculation for the perpendicular approach
for the protonated TPP anion (H,P,O,~ Figure 11b). In contrast to the previous
calculation with the deprotonated TPP anion, the protonated TPP anion does not induce
the transfer of the proton from the protonated amino group at a close range. In addition,
the calculated maximum interaction energy is —12.8 kcal/mol, which is significantly lower
than in the previous case, but higher than what would be expected from the formation
of a single O---HN hydrogen bond [39].

Y

X
Figure 12. Cross-linked chitosan pentamers with initially deprotonated sodium
tripolyphosphate.

After identifying the maximum-interaction configurations and the corresponding
energies for the two TPP anions, we investigated two CS pentamers cross-linked
with the deprotonated TPP anion. Although the CS oligomers are initially oriented parallel
to each other, in every case their final orientation is such that the planes defined by their
chain axes and the TPP primary axis form a dihedral angle of 120—135°. This situation
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induces a bias in the orientation of the cross-linked CS pentamers that is expected to affect
the NP formation mechanism, especially at low TPP concentrations. Figure 12 shows
the optimal configuration for the ChS pentamers. The two planes correspond to a ChS chain
and the TPP anion as described above; they form a dihedral angle of 127.4°

4.  Conclusions

We showed that the ChS concentration (0.5—10 mg/ml) has a great influence on the size
of ChS NPs when synthesised using ionotropic gelation. When the concentration increases
from 0.5 to 10 mg/ml, the size increases from 100 to 300 nm while maintaining all other
parameters of the reaction. Thus, an increase in the ChS-to-TPP ratio corresponds to a low
cross-linking density and ensures slower kinetics of NP formation alongside the formation
of large ChS/TPP associates. The pH of the medium also greatly influences the kinetics
of NP formation: the size increases almost threefold, from 123 to 388 nm, when the pH
increases from 3.8 to 4.7. Finally, the synthesis time also affects the size of ChS NPs: there
is a slight agglomeration of NPs when increasing the time from 4 to 24 h. Apparently,
with an increase in the synthesis time, it is necessary to increase the ChS-to-TPP ratio.

We performed DFT calculations to quantify the intermolecular interactions responsible
for the ionic cross-linking of ChS with TPP and identified the functional groups
responsible for the interaction. Based on PES scanning, the maximum interaction energy
is 69.4 kcal/mol for the initially deprotonated TPP anion, decreasing to 33.5 kcal/mol after
the adiabatic transfer of the proton to the protonated TPP anion. We found a maximum
interaction energy of —12.8 kcal/mol for the initially protonated TPP anion. The electrostatic
interaction between ChS and TPP leads to a compound that can be used to obtain NPs
and surface modification of films.
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