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Abstract

A synthesis of nanochitosan from Bombyx mori chitosan with particle sizes
of 20 - 100 nm was carried out. The antibacterial and immunological proper-
ties of synthesized nanochitosan were first studied. It was revealed that prep-
arations based on nanochitosan have pronounced antibacterial activity, and
are also able to significantly increase the immune response of the living sys-
tem.
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1. Introduction

Chitosan and its derivatives are widely used in medicine due to a combination of
valuable biochemical properties: bactericidal, biocompatible, and biodegradable.
This allowed us to refer them to a group of parapharmaceutics—natural sub-
stances with a pronounced pharmacological activity [1] [2] [3]. The chemical la-
bility of this polymer allows, using relatively simple technological processes, to
obtain homologues and analogues with different variants of physicochemical
and biological properties. The compatibility of such compounds with biosys-
tems, biodegradability in the body with the formation of harmless low molecular
weight compounds, suggests of their practical use. So, for example, it has been
established that pronounced anti-radiation activity is characteristic of chitosan,
both in conditions of prophylaxis and in treatment. Intravenous administration
of it 10 - 15 minutes before irradiation (385 - 365 rad), which causes a bone
marrow form of radiation sickness, prevents the death of animals [4].

Chitosan is widely used to bind and excrete fats and cholesterol from the
body, the excessive accumulation of which leads to the development of atheros-

clerosis, coronary heart disease, hypertension, diabetes mellitus and other dis-
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eases. Chitosan binds fats 10 times more effectively compared to other glycans,
lowering the level of high density lipoproteins, resulting in weight loss. In medi-
cal practice, aminoglucan preparations were used for alimentary obesity, hyper-
cholesterolemia, biliary dyskinesia. A decrease in body weight was noted in pa-
tients who took chitosan by 8.7% for three weeks (dose 1.5 g) [5].

The main body of work on antibacterial activity is associated with chitosan,
[6] [7] [8] [9] and there are almost no studies on the biological activity of nano-
chitosan (nChs) and the relationship between the chemical structure of the po-
lymer and its biological effect on microorganism cells.

In addition, most studies of the biological activity of chitosan are carried out
with chitosan isolated from crustaceans. In our study, we use Bombyx mori chi-
tosan, which, unlike crab chitosan, is characterized by a low initial molecular
weight, which makes its use in medicine promising.

In the literature, there are no data on the study of the bactericidal activity of
chitosan Bombyx mori; the fact of using Bombyx mori chitosan is also impor-
tant, which we emit from local raw materials, which are waste products silk,
which annually accumulate in the amount of 10,000 - 15,000 tons [10] [11] [12].

The aim of this study was the synthesis of chitosan (Chs) Bombyx mori, the
production of nanochitosan based on it, the study of their physico-chemical
properties and the effect of polymer nanopreparations on the immune status,
antibacterial activity, as well as the preparation of the bioactive nanopolymer

coating for dentistry.

2. Data and Analyses

Chitosan is characterized by structural and chemical heterogeneity, since even
after processing under narrow chemical conditions it contains a small amount of
mineral and protein admixtures, and is also characterized by a wide molecular
weight distribution. The latter causes the formation of insoluble gel particles
when dissolving chitosan. These factors significantly limit its scope of using. Pu-
rification is needed to obtain chitosan nanoparticles.

The process of purified chitosan obtaining from pupae of the silkworm Bom-
byx mori includes successive stages of dissolution of technical chitosan in
aqueous acetic acid, precipitation at pH 8 - 9, coagulation, centrifugation for 10
min at 7000 rpm. After centrifugation, the precipitate was redispersed and again
sedimented via centrifugation twice and freeze drying using an ALPHA 1 - 2 LD
plus dryer at T = -50°C - 55°C, P = 0.3 - 0.5 mbar [13].

The physic-chemical properties of the initial chitosan were studied by ele-
mental analysis, IR -spectroscopy, X-ray diffraction analysis, degree of deacety-
lation (DDA), and molecular weight (MM). Samples were characterized by the
nitrogen content of 7.42%, ash content-3.37%, solubility-86.05%, and degree of
crystallinity-41%. Intrinsic viscosity and viscosimetric average molecular weight:
before purification [7] = 0.314 L/g, Mv = 170 x 10’ g/mol, DDA, determined
conductometrically-71.5%.

On the IR-spectra of the native chitosan (Figure 1(a)) it could be seen an in-
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tense broad absorption band with a peak at 3460 cm™ (valent vibrations of OH-
groups included in the hydrogen bonds and the absorption bands at 2900 - 3120
cm™', which correspond to valent vibrations of CH- and CH, - groups). On the
right side of the peak of OH - groups is visible the superposition of the absorp-
tion band of NH - groups at 3220 cm™". IR-spectrum of purified chitosan (Figure
1(b)) is also characterized by absorption bands of Amide - I (1665 cm™) and
Amide - II (1600 cm™), due to the valent vibrations of C = O and NH - groups,
as well as several bands associated mainly with the deformation vibrations of
CH,-methyl, =CO-carbonyl, -COC-ether group, and -C=C-double bonds in the
range of 1300 - 1450 cm™' and 1000 - 1260 cm ™.
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Figure 1. IR-spectra: (a)-native; (b)-purified chitosan, N4-8.48%, ash-1.58,
solubility-98.8%, I,-36%.
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On the diffractogram of purified chitosan, the degree of crystallinity of the
samples decreased from 41% to 36% - 39%, which indicates the increased
amorphization of the obtained chitosan samples. Nitrogen content and solubility
of the obtained samples significantly increased and reached 8.48% and 98.8%,
respectively. A decrease in the ash content of the samples was almost twofold,
indicating an increasing of the purity of sample. The degree of deacetylation of
the purified samples was 75%, the molecular weight of the purified chitosan
samples decreased and waved from 120 x 10’ g/mol to 130 x 10’ g/mol.

The formation and use of polymer nanomaterials is widely demanded in
science, industry, biotechnology and medicine in connection with the ability to
achieve a significant improvement in the physicochemical, mechanical, barrier
properties of polymers and use them as carriers of drug substances, which is es-
pecially promising for biodegradable polymers such as chitosan and their deriv-
atives. Extremely important and relevant is the development of experimental
methods for creating nanoparticles (NPs) and nanostructures in such polymers,
determining the possibilities of their chemical and physical modification, the
characteristics of molecular and supramolecular organization and obtaining po-
lymer materials with unique properties on their basis. Owing to their unique
features, such as a large specific surface of nanoparticles, they exhibit properties
different from ordinary polymers. This opens up great opportunities for using
them in various fields of science and technology, in particular when creating
medicinal substances. As a result, we synthesized NPs based on chitosan Bom-
byx mori.

Synthesis of nanochitosan from purified chitosan was carried out by the me-
thod of fractional precipitation in the presence of a surface modifier [14]. The
proposed method for the preparation of nanoparticles of Bombyx mori chitosan
includes the preparation of a solution of pre-purified chitosan in 2% acetic acid,
the addition of solutions of alkali metal hydroxides (Na or K) to pH 9 - 10 at the
temperature of 20°C - 25°C in the presence of a surface modifier preventing ag-
gregation of nanoparticles of chitosan, fractionation of the dispersion obtained
by settling in a separatory funnel into fractions with different nanoparticle sizes.
To stabilize chitosan nanoparticles the surface modifier polyoxyethylene sorbitol
monooleate (TWEEN-80) has been selected from the group of non-ionic surfac-
tants. The dispersion is then centrifuged at 6000 - 7000 rpm. The resulting pre-
cipitate was washed with distilled water to neutral pH. Then, the precipitate was
freeze-dried using an ALPHA 1 - 2 LD plus instrument at - (50 - 55)°C and P =
0.3 - 0.5 mbar. Chitosan nanoparticles were obtained as a light-creamy friable
powder with a particle size of 20 to 800 nm.

When nanochitosan is produced from the initial purified chitosan, the mole-
cular weight decreases more than twice, and the solubility of nano-Chs reaches
99%. The production of nano-Chs was confirmed by the AFM method. The par-
ticle size of nano-Chs without ultrasonic dispersion was in the range of 90 - 200
nm. The method of ultrasound provided nano-Chs-P with sizes from 20 to 100
nm (Figure 2).
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Figure 2. Nano-Chs Bm with stabilizer + UZD: Dimensions of nano-Chs-P: length—120
nm, width—7 nm.

The obtained polymers of chitosan and its nanostructured form of various
concentrations were tested for the sensitivity of various strains of microorgan-
isms in vitro. The sensitivity test of microorganism strains was carried out with 3
groups of microorganisms: gram-positive, gram-negative and fungi. It was
shown that depending on the concentration of Chs it has an antibacterial effect
on the microorganisms Klebsiella and Actinomyces at 0.1%, on Proteus vulgaris
at 0.5% concentration. It should be noted that with an increasing of chitosan
concentration to 1%, an antibacterial effect is also observed on the anaerobic
bacteria Pseudomonas aeruginosa.

Tests for antibacterial activity of nano-Chs found that the drug had a pro-
nounced effect on almost all groups of microorganisms: Staphylococcus sapro-
phyticus, Streptococcus pyogenes, Enterococcus faecalis, Escherichia coli LP,
E.coli LN, Proteus vulgaris, Klebsiella, and Actinomyces regardless of concentra-
tion.

Based on these studies, it can be concluded that Nano-Chs is a broad-based
drug. One of the positive actions of nano-Chs is its anti-staphylococcal effect. In
a concentration of 1.0% nano-chitosan has a pronounced effect on the entire
staphylococcal group: S. aureus, S. epidermidis, S. saprofiticus, and St. pyogens,
which, of course, will be important in the treatment of purulent-inflammatory
diseases [15].

The influence of chitosan and nanochitosan on immunological parameters
was determined: the immune response to the erythrocyte antibody titre of the
sheep, in the blood serum of mice, the number of cells in the central and peri-
pheral organs of immunity, the number of erythrocytes and leukocytes in peri-
pheral blood of mice.

The effect of Nano-Chs-P on the state of peripheral immune organs shown
that with the introduction of Nano-Chs-P the total number of thymocytes sig-
nificantly increased for 1.29 times (45.9 + 1.8) x 105 in control —-(35.7 + 1.4) x
10° cells. Thus, Nano-Chs-P is able to increase the number of cells in the central
body of immunity - thymus (Table 1).
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Table 1. Effect of nanopreparations on the number of cells in the central and peripheral immune organs in mice (M + m, n = 6).

Ne Group Dose, mg/kg Thymus cells x10° P Bone marrow cells x 10°  IP Lymphoidal cells x 10°  IP
1 Control - 422+21 - 9.7+0.4 - 26.7 £ 1.5 -
2 Chitosan 100.0 39.3+2.1 -1.07 18.8 £ 0.5° +1.94 263+ 14 -1.02
3 Control - 357+14 - 10.6 0.3 - 19.5+0.3 -
4 Nano-Chs 100.0 459 +1.8° +1.29 13.3+0.3° +1.25 25.7+0.4 +1.32

“significantly to 1 g.

Similar data were obtained in the study of the effect of Nano-Chs on another
central immune body—the bone marrow. In the control group, the number of
cells in the bone marrow was (10.6 + 0.3) x 10°% Under the influence of Na-
no-Chs, the number of cells in the bone marrow increased significantly by a fac-
tor of 1.25 (13.3 £ 0.3) x 10°. Consequently, the bone marrow, like the thymus,
was sensitive to the stimulating effect of Nano-Chs [16].

The influence of Chs and Nano-Chs on some hematological parameters of pe-
ripheral blood of mice (erythrocytes, leukocytes) was studied (Table 2).

In the control group, the number of blood leukocytes was (6.8 + 0.2) x 10/ml.
Under the influence of chitosan, the number of leukocytes significantly in-
creased for 1.38 times (9.4 £ 0.3) x 10°/ml, the number of erythrocytes signifi-
cantly increased for 1.45 times (7.1 £ 0.2) x 10°/ml, ie. chitosan increased the
proliferation of hematopoietic cells in the body of experimental mice. Nano-Chs
increases the number of erythrocytes for 1.08 times, and the number of leuko-
cytes for 1.09 times.

On the basis of the obtained data, it can be concluded that the studied systems
based on Chs and Nano-Chs possess of immunostimulating properties: they in-
crease the number of AFC (antibody-forming cells) in the spleen, the total
number of cells in the thymus, bone marrow, lymph nodes, and the level of
erythrocytes and white blood cells of mice.

Investigations on the creation of bioactive nanocoatings based on Bombyx
mori chitosan on titanium implants for dentistry have been conducted.

Calcium-phosphate coatings on dental implants are known to accelerate bone
growth and improve bone fixation [17] [18]. In addition, their low surface ten-
sion, as well as their high degradability, can help prevent delamination of the
coating under natural conditions [19] [20].

An increase in biocompatibility can be achieved by electrolytic coating due to
the introduction of certain biologically active agents, such as chitosan.

It was found that chitosan enhances the differentiation of oste (base) cells,
supports the expression of extracellular matrix proteins using human osteoblasts
and chondrocytes [21]. The inclusion of chitosan in electrolytically deposited
TCF will improve the biocompatibility of the coating, while retaining its original

mechanical properties.
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Table 2. Effect of chitosan and nanochitosan on leukocytes and red blood cells number of
the mice peripheral blood.

Group Dose, mg/kg Red blood cells x 10°/ml IC  White blood cells x 10mn  IC
Control - 49+0.1 - 6.8 +0.2 -
Chitosan 100.0 7.1£0.2% +1.45 9.4 +0.3* +1.38
Control - 6.6+0.2 - 74%03 -
Nano Chitosan 100.0 7.1+0.2 +1.08 8.1+0.2 +1.09

Studies on the creation of bioactive nanocoats on the basis of chitosan Bom-
byx mori on titanium implants for dentistry have been carried out. An electro-
lytically deposited coating of tricalcium phosphate/chitosan on titanium plates
was prepared. A solution of chitosan was prepared for electrolytic deposition of
chitosan on a titanium plate, which is added to a supersaturated 0.2 M solution
of tricalcium phosphate (TCF) -Ca,(PO,),. Precipitation was made at 52°C for
15 hours in a supersaturated buffer solution with pH = 6.6 and a current of 2.0
mA/cm’.

The coating was examined by scanning electron microscopy (SEM). As can be
seen from Figure 3 the coating deposited on the surface of the titanium plate
consists of TCF beads with a diameter of 10 - 30 um. The chitosan film is aggre-
gated around the TCF beads. These aggregations of chitosan are integrated with
both calcium phosphate balls and with each other, forming cross-linked struc-
tures (Figure 3).

The quantitative spectrum of the content of elements in the titanium plate
showed its homogeneity, with a predominant content of elements of Ti-96.2%
and an insignificant content of other inorganic impurities in the form of Al, Mn
and the residual content of Ca elements (Figure 4(a)).

In Figure 4(b)-The spectrum of the Ca,(PO,), beads is shown. As can be seen
from the spectrum, the Ti content sharply decreased to 7.1% (almost 13.5 times),
which indicates an almost complete coverage of the titanium plate by the TCF
layer. The content of Ca was —25.5%, phosphorus-12.7% and O-53.7%, which
agrees well with the chemical formula of TCF.

In Figure 4(c), the spectrum of a chitosan film in which the appearance of
carbon in the amount of —9.9%, which indicates the presence of a polymer of
chitosan on this coating, and the presence of calcium-Ca, phosphorus-P and
oxygen, which characterize the presence of a combined coatings Chs-TCF

Results of histo-morphological studies of bone tissue are shown in Figure 5.
Figure 5(a)-Formation of bone tissue after application of osteoplastic material 1
month after implantation of dental implants with deposition of bioactive layer:
in the bone tissue of rabbits, a significant 40% - 50% filling of the implant sur-
face outside with a loose, sometimes dense connective tissue was noted. There
are fibroblasts with collagen fibers leaving from them.

Figure 5(b)-2 months after implantation: in the regeneration zone, a formed
lamellar bone tissue is found. On the periphery, active osteoblasts are deter-
mined. In the regeneration zone, active macrophages and osteoclasts are found.

In the interosseous cells, the elements of the bone marrow are determined.
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10 pm
(a) (b)

Figure 3. Chs-TCF coating image on a titanium plate, scale-10 microns. (a) CHS-Ca/P on
a titanium plate, scale-10 um; (b) SEM-image coating of the end of the plate: the outer
layer of Ca;(PO,),, the inner (dark) layer of chitosan.
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Figure 4. The quantitative spectrum of the content of elements in a titanium
plate (a); TCF coated titanium plate (b); Chs + TCF coated titanium plate (c).
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Figure 5. Results of histo-morphological studies of bone tissue: (a)-1 month after
implantation; (b)-2 months after implantation; (c)-3 months after implantation.

The osteoplastic material is gradually replaced by a connective tissue and
forming bone beams. In the interosseous cells, the elements of the bone marrow
are determined.

Figure 5(c)-mature bone, remote from the implantation zone after 3 months
of experiments: formation of bone beads of the lamellar bone is observed. Be-
tween the bone beams there are channels with loose unformed connective tissue

containing fibroblasts.

3. Conclusions

The synthesis of nano chitosan Bombyx mori, a particle size of 50 -200 nm was
carried out. It was revealed that preparations based on Chs and nano chitosan
have a pronounced antibacterial activity, which mainly refers to nano chitosan.
The nano chitosan had a pronounced effect on almost all groups of microorgan-
isms: St saprofiticus, Str. pyogens, Ent. faecalis, Esch. Coli LP, Esch. Coli LN,
Prot. vulgaris, Klebsiella, Aktinomitset, regardless of its concentration. Nano
chitosan has the ability to significantly increase the immune response of living
systems: it increases the number of cells in the central (thymus, bone marrow)
and in peripheral (lymph nodes) immune organs in mice.

Bioactive nanopolymer coating tricalcium phosphate + chitosan on dental ti-
tanium implants was created. Morphological analysis of bone tissue after im-
plantation of implants with a deposition of bioactive layer allowed to evaluate
the effect of coating on the process of reparative regeneration. Restoration of
defects in bone tissue occurs as complete healing.
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