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Abstract

Encapsulation of insulin into alginate particles was carried out by the method
of ionotropic gelation. To protect against the acidic, alkaline environment of the
gastrointestinal tract, alginate particles were coated with gelatin. The optimal
concentration of the solution of the crosslinking agent — CaCl, was determined
during the optimization of the particle preparation method. The mechanism of
interaction between alginate and gelatin was investigated using FTIR spectroscopy,
FTIR spectra data confirm the formation of a polyelectrolyte complex between
alginate an-d gelatin. The roughness and morphology of samples were determined
by atomic force microscopy. The swelling of particles under simulated pH
conditions of various parts of the human gastrointestinal tract was studied. The
release of insulin from the particles was evaluated using UV spectroscopy, at pH

Ionotropic gelation method,
Encapsulation.

6.86; 9.18 the release of insulin reached 50%; 83% relatively.

1. Introduction

Diabetes is considered one of the most danger-
ous diseases in terms of the rate of spread and the
side effects it has on the body. According to the
World Health Organization, about three million
people a year in the world die due to diabetes [1].
The number of diabetic patients worldwide may
exceed 643 million by 2030 [2]. An effective and
frequently used drug in diabetes is insulin [3]. Ap-
proximately 20-30% of diabetic patients take in-
sulin injections daily to maintain normal glucose
levels [4]. There are some difficulties when using
insulin in the form of injections: physiological
stress, the need for injections, deviation of insulin
concentration from the physiologically necessary
norm, and infection [5]. In the initial stage of dia-
betes mellitus, one of the main obstacles to the use
of insulin is associated with the inconvenience of
the medication being administered, as well as the
inability of patients to take it. These barriers may
be removed when the oral form of insulin becomes
available [6].

*Corresponding author.
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Oral administration of peptide and protein
drugs requires their protection from dissolution
in the gastrointestinal tract [7]. To protect insulin
from changes in the acidic environment (denatur-
ation/degradation), pH-sensitive polymers were
used as a convenient carrier [8]. Several studies
have been conducted, such as the use of liposomes,
microemulsions, microspheres, and nanoparti-
cles to eliminate gastrointestinal barriers during
oral insulin delivery [9]. In the study [10], lipid
nanoparticles were prepared for the oral delivery
of insulin and insulin analogs. Ex vivo and in vivo
studies were performed with fluorescently labeled
peptides. The results of in vivo studies showed the
absolute bioavailability of the drug substance. Ac-
cording to ex vivo results, penetration has reached
up to 30% dose/ml. The possible use of magneto-
somes in the treatment of diabetes was studied in
the work [11]. Over a long period, magnetosomes
have shown efficacy in controlling blood glucose
levels in diabetic rats and protecting insulin from
acidic environments. For the treatment of insulin
resistance in the study [12] a system of self-assem-
bling micelles from a complex of polygalacturonic
and oleanolic acids was developed. The complex

© 2022 The Author(s). Published by al-Farabi Kazakh National University.
This is an open access article under the (http://creativecommons.org/licenses/by/4.0/).


https://creativecommons.org/licenses/by/4.0/

352 Encapsulation of Insulin in Biodegradable Polymers

is of plant origin, overcomes gastrointestinal bar-
riers, and maintains the concentration of the me-
dicinal substance and the level of glucose in the
blood. It is a simple, effective strategy for insu-
lin-resistant treatment. Zwitterionic micelles with
an ultra-low micelle concentration were used for
oral insulin delivery in the study [13]. The micellar
platform provided efficient epithelial absorption
and penetration of the drug through the mucus. The
bioavailability of insulin has reached >40%.

Microsized devices such as micro containers
were used for the oral delivery of insulin. When
loading peptides into micro-sized devices, the ab-
sorption area is limited due to unidirectional re-
lease and thereby absorption is enhanced. Despite
the absence of cytotoxicity when using micro con-
tainers, there was a deterioration in the condition
of cells when evaluating cell monolayers [14].

Recently, the use of natural polymers, especial-
ly polysaccharides, in the transportation of medi-
cines has been widely studied [15]. Natural poly-
mer hydrogels are biologically safe, do not require
organic solutions, and are inert to drugs [16]. Poly-
saccharides such as alginate, chitosan, and pectin
due to their long and persistent therapeutic effect
can be used to transport many drugs Chitosan and
alginate have mucoadhesive properties due to their
high charge density, thus they can extend the resi-
dence time of the capsule in the release zone. This
property explains another reason for their use in
the transportation of medicines [17, 18].

The ability of alginate to constrict at low pH
(gastric environment) may be useful in the devel-
opment of an oral drug delivery system, as the re-
lease of encapsulated drugs is significantly reduced
in low pH solutions [19].

Chitosan is a cationic polysaccharide. It is con-
sidered a safe and effective enhancer of intestinal
absorption of therapeutic macromolecules [20].
Chitosan is also known as an antimicrobial agent
against Escherichia coli bacteria [21]. For the
treatment of diabetes, insulin—loaded nanoparticles
were prepared by self-gelation based on mucin-chi-
tosan complexes. The results of toxicity studies
showed no signs of toxicity regarding the viability
of the liver and cells, presenting a safe, biocompat-
ible composition of nanoparticles. The efficiency
of insulin encapsulation reached 89-93%, and the
release of insulin was observed for 8 h. The results
of in vivo and in vitro studies showed a pronounced
hypoglycemic effect in diabetic rats [22].

In the work of S. Sajeesh and C. Vauthier et al.
hydrogel microparticles based on thiol-functional-

ized polymethacrylic acid, a copolymer of polyeth-
ylene glycol and chitosan were used to develop an
oral insulin delivery system. The results of insulin
encapsulation efficiency and swelling of thiolated
hydrogel microparticles showed lower values com-
pared to unmodified particles. In turn, the lower
swelling of thiolated particles than the swelling of
non-thiolated particles may affect the efficiency of
drug administration into microparticles [23]. In the
study [24], thiolated chitosan was synthesized and
nanoparticles with sodium alginate were prepared
for the delivery of eye preparations. The results of
the study indicate that due to the higher positive
charge and mucoadhesive properties, the stability
and effectiveness of thiolated chitosan-alginate
nanoparticles are higher than chitosan particles.
It should be emphasized that thiolated chitosan
derivatives are synthesized using some toxic re-
agents, such as mercapto carboxylic acids and car-
bodiimide. In the study [25], the synthesis of thio-
lated chitosan nanoparticles includes two reaction
stages. The first stage proceeds with the formation
of mercapto carboxylic acid ester, which further
interacts with the amino groups of chitosan.
Solubility of chitosan only at acidic pH (pH <6),
and mucoadhesiveness only at limited pH values
are problems of chitosan in drug delivery through
mucous membranes [26]. Since many proteins and
peptide-based drugs are unstable at a low pH val-
ue, decreasing the pH of chitosan carriers limits
their use in drug delivery [27]. The high solubility
of chitosan in gastric fluids leads to a rapid release
of the drug in the stomach, limiting chitosan in
targeting drugs to the intestine. The solubility of
chitosan in an acidic environment can be reduced
ed by the chemical crosslinking of microspheres
with aldehydes, but it is ineffective in preventing
the release of encapsulated drugs [28].
Biopolymers are a good substitute for synthet-
ic polymers, many of the side effects associated
with synthetic polymers can be improved by using
natural polymers. The development of multifunc-
tional release systems based on biopolymers can
support the functionality of biological molecules.
An advantage of biopolymer composites for med-
ical applications is the similarity between the hu-
man body and polymer composites [29]. Multiple
emulsions stabilized with albumin, together with a
natural permeability enhancer — piperine can be a
potentially significant system for the oral adminis-
tration of insulin [30]. Insulin was encapsulated in
the internal dispersed phase of the emulsion, as it
has a hydrophilic nature. Albumin can be used as a
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substrate for degrading enzymes and will improve
the hypoglycemic effect. The lipophilic part of the
emulsifier works as a protective layer against pro-
teolytic enzymes.

In the study [31], composites of sodium alginate
and gelatin were used to obtain micron-microparti-
cles with the dispersion of the microbial fungicide
Bacillus subtilis SL-13 by the emulsification/inter-
nal gelation method. With the addition of gelatin to
sodium alginate, the swelling degree, biodegrada-
tion, and the size of microcapsules increased. Gel-
atin was used to encapsulate curcumin and stabi-
lize the silver nanoparticles to form the therapeutic
composite GelCurAg. The results of the research
showed that the composite synthesized from a 1%
gelatin solution has strong bactericidal and antioxi-
dant properties [32]. In the study [33], the aromatic
powder was encapsulated in multi-core capsules
using gelatin, and gum arabic. The results of the
study showed that gelatin binds to the aroma of
pandanus better than gum arabic. In general, en-
capsulation with gelatin significantly improves the
stability of the aromatic powder.

Gelatin is a soluble protein compound obtained
from collagen by hydrolysis. Due to its biocom-
patibility and biodegradability in the physiological
environment, gelatin is widely used in medicine
and pharmaceuticals as a gel-forming agent [34,
35]. Gelatin shows good biocompatibility, and ma-
trix metalloproteinase degradation in tissue engi-
neering [36]. Gelatin peptide sequences facilitate
cell adhesion and enzymatic degradation. Safety in
medicine as a blood volume expander, lack of im-
munogenicity, and low cost allows the use of gel-
atin for cell delivery [37]. The presence of arginyl
glycyl aspartic acid (RGD sequence) in the gelatin
structure distinguishes the biological characteris-
tic of gelatin from other synthetic polymers since
these amino acid sequences can recognize cells
and modulate cell adhesion [38]. Encapsulation of
drugs in gelatin increases stability, ensures the de-
livery of the drug to certain places, and controls
its release [39]. Gelatin is also used to improve the
properties of alginate for controlled drug release.
The addition of gelatin to the alginate film in the
study [40] contributed to the homogeneous disper-
sion of the drug.

This study aims to obtain particles for creating
an oral form of insulin based on widely distribut-
ed, biodegradable polymers such as alginate and
gelatin. The composition of the particle should
protect insulin from the aggressive environment of
the stomach and ensure it enters the intestines. For

this purpose, the effect of gelatin on the stability
of alginate particles in acidic and alkaline environ-
ments was investigated. To evaluate the behavior
of the obtained particles in various parts of the
gastrointestinal tract, the degree of swelling of the
particles was investigated. The release of insulin
from particles was evaluated in simulated gastro-
intestinal solutions to control the bioavailability of
the drug. The mechanism of interaction between
alginate and gelatin was investigated using FTIR
spectroscopy. The roughness and morphology of
the samples were determined by atomic force mi-
croscopy to confirm the appropriate morphology of
the particles for the release of insulin.

2. Experimental
2.1. Materials

Sodium alginate (19-40 kDa, Sisco Research
Laboratories, Turkey), gelatin (GOST 11293-89,
Russia), calcium chloride (Sinopharm Chemical
Reagent Co., Ltd, China), insulin-isophane (human
genetically engineered, Novo Nordisk A/S, Den-
mark).

2.2. Preparation of sodium alginate particles by
ionotropic gelation

To obtain alginate particles by ionotropic ge-
lation, 1% aqueous solution of sodium alginate is
prepared. The sodium alginate solution is dropped
from a height of about 15 cm through a TopPette
pipette (DLAB Scientific Co., Ltd., China) into
the crosslinker solution. CaCl, solution was used
as a crosslinking agent. To optimize the method
of particles preparation, various concentrations
(0.5%; 1.0%; 1.5%; 2.0%) of the cross-linking
agent CaCl, were prepared and studied. The so-
dium alginate particles are kept in the crosslinker
solution for 30 min, after 30 min of polymeriza-
tion, the formed particles are collected by filtration
and washed with deionized water.

2.3. Swelling under simulated gastrointestinal
conditions

The kinetics of particle swelling was determined
by the rate of increase in their weight over time.
The particles were placed in simulated gastric flu-
ids and the weight of the particles was measured
every 30 min for 180 min. Simulated gastric fluids
and their pH values used during the experiment are
shown in Table 1.
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Table 1
Simulated gastric fluids and their pH values

# Simulated gastric fluids pH value
1 0.1 N HCl solution 1.0
2 Saturated solution of potassium 401
hydrogen phthalate at 25 °C )
3 Phosphate buffer 6.86
4 0.01 mol/kg of sodium tetraborate 918
solution )

The degree of swelling was calculated by the
equation:

K =24 (1)

where m, — is the weight of particles at time t, mg;
m, — is the weight of particles at time 0, mg.

2.4. Coating alginate particles with gelatin

To cover the particles with a protective mem-
brane of gelatin, 8% aqueous solution of gelatin is
prepared. The obtained alginate particles are added
to the gelatin solution and kept for 30 min. After
30 min, the particles are removed from the gelatin
solution by filtration and washed with deionized
water.

2.5. Immobilization of insulin in gelatin-coated
alginate particles

To obtain particles with insulin, 50 ml of 1%
sodium alginate solution containing 0.13 mg/ml
insulin was added drop by drop into 1.5% solution
of CaCl,. After 30 min, the formed particles were
collected by filtration, washed with deionized wa-
ter, and covered with a gelatin membrane.

2.6. FTIR spectroscopy

IR spectra of samples (sodium alginate, gelatin,
insulin) were recorded on the Cary 660 Agilent
IR Fourier spectrometer (Agilent Technologies,
USA), spectral range 7900-375 cm, signal-to-
noise ratio 10000:1

2.7. Atomic force microscopy
AFM images were taken using the atomic force

microscope Ntegra Therma (NT-MDT, Russia) in
semi-contact mode.

2.8. Release of insulin from particles

Insulin release was assessed using a UV-spec-
trophotometer UV-7504 (Shanghai Hansom Tech-
nology & Sales Limited, China), range 200-1000
nm, at a wavelength of 280 nm.

Particles loaded with insulin were placed in
20 ml buffers with different pH values (1.0; 4.01;
6.86; 9.18), simulating the conditions of various
parts of the gastrointestinal tract, and incubated at
37 °C with stirring (100 rpm). Aliquots of the buf-
fer solution were taken at a certain time and the
concentration of insulin was analyzed. The volume
of aliquots was compensated by the same volume
of fresh buffer.

3. Results and discussion

The most important property of alginate is the
ability to form gels when interacting with divalent
cations such as Ca**. Alginate particles are obtained
by adding an alginate solution drop by drop into a
crosslinking agent solution [41]. Ionic crosslinking
of alginate with counterions leads to the formation
of alginate beads cured with Ca*" ions [42].

When taken orally, alginate is non-toxic and
has a protective effect on the mucous membranes
of the upper gastrointestinal tract. Alginate-based
particles can be used for a controlled drug release
system since dried alginate particles have the prop-
erty of re-swelling [43]. Therefore, sodium algi-
nate was chosen as a matrix for the immobilization
of insulin.

To optimize the method of obtaining particles
by ionotropic gelation, solutions of various con-
centrations of the crosslinking agent CaCl, were
used (0.5%; 1.0 %; 1.5%; 2.0%). The effect of Ca**
ions on sodium alginate particles was significant.
With an increase in the concentration of Ca*" ions,
particles began to form stable aggregates. Particles
with high stability were obtained using solutions of
1.5%; 2% cross-linking agent CaCl,.

With homogeneous dispersion of the drug into
a polymer matrix, the final product can be in the
form of swelling microspheres or conventional tab-
lets. The release of the drug from such systems oc-
curs by diffusion through swelling and dissolution
of the matrix [44]. Since alginate is a hydrophilic
polymer, calcium alginate gel swells and dissolves
in an aqueous medium [45].

The degree of swelling of alginate particles ob-
tained by ionotropic gelation was studied to ob-
serve their changes in the gastrointestinal tract.
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Fig. 1. Swelling of alginate particles under simulated gastrointestinal conditions: 1 — CaCl, (0.5 %); 2 — CaCl, (1%);

3 — CaCl, (1.5%); 4 — CaCl, (2%).

Various concentrations (0.5%; 1.0%; 1.5%; 2.0%)
of the crosslinking agent CaCl, were taken and
their effect on the degree of swelling of the algi-
nate particle was evaluated.

The degree of swelling (K) of particles based on
sodium alginate at pH values (1.0; 4.01; 6.86; 9.18)
of the simulated gastrointestinal tract is shown in
Fig. 1.

The data in Fig. 1 show that at pH=1.0, the algi-
nate particles swelled for 60 min, then the degree
of swelling decreased, indicating the partial disso-
lution of the particles. When using a 1.5% solu-
tion of CaCl,, an increase in swelling is observed
within 120 min, then a decrease in the degree of
swelling occurs, which is associated with the onset
of dissolution of the particles.

When the particles were exposed to solutions at
pH=4.01 and pH=6.86, the alginate particles con-
tinued to swell for 180 minutes at all CaCl, con-
centrations, but the degree of swelling of the algi-
nate particles when using 1.0%; 1.5% CaCl, was

0.33-0.69 conventional units higher at pH=4.01; at
pH=6.86, the degree of swelling showed 0.26-0.55
conventional units higher than that of alginate par-
ticles when using 0.5%; 2.0% CaCl, solution.

Compared with pH=4.01 and pH=6.86, par-
ticles at pH=9.18 had a low degree of swelling,
0.29-0.76 conventional units lower. This confirms
that the particles should begin to dissolve when
they enter the small intestine.

Since, when alginate particles were obtained,
the degree of swelling of the particles using 1.5%
CaCl, solution was mainly higher compared to
other concentrations of the crosslinking solution,
1.5% CaCl, was chosen as the optimal crosslinking
solution for obtaining alginate particles.

Polyelectrolyte gels can swell intensely in an
aqueous environment [46] and their ability to reab-
sorb water is used in pharmaceuticals and cosmetics
[47]. Cross-linked polymer gels are more swellable
than neutral non-ionic polymer gels. They are also
subjected to intermittent volumetric phase transi-
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tions this ability is of particular interest in theoret-
ical and applied research. Such phase transitions in
polyelectrolyte gels are used to transport drugs and
genes into the cells of living organisms [48].

In many works, chitosan has been studied for
biomedical applications [7, 15, 49-56]. Chitosan is
obtained by the deacetylation of chitin in an alka-
line medium, therefore chitosan is a semi-synthet-
ic natural polysaccharide that is soluble in dilute
acetic acid [57]. Although chitosan is approved for
external use as one of the components of wound
coatings and is known as a non-toxic polymer [58],
in a study [59] chitosans with different character-
istics showed low cytotoxicity against CCRF cells
— CEM (leukemic lymphoblasts) and L132 (human
lung epithelial cell line).

One of the disadvantages of chitosan is its low
solubility at pH 5.5-7.4. Chemical modification
of chitosan aimed at increasing solubility may af-
fect the toxicity of the molecule, which will be an
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obstacle to its use in medicine. Therefore, natural
polymers such as gelatin, cellulose, agar-agar, pec-
tin, starch, and others are considered promising for
use in biomedicine, due to their ability to biodeg-
radation and biocompatibility.

To increase the stability of alginate particles
in acidic and alkaline environments, the particles
were covered with a gelatin membrane (2%; 5%:;
8% gelatin solutions) and the degree of their swell-
ing was studied (Fig. 2).

According to the results of the study, the de-
gree of swelling of gelatin (8%) — coated alginate
particles was higher by 0.52 units at pH=1.0; 0.74
units at pH=4.01; 1.66 units at pH=6.86; 1.38 units
at pH=9.18 than the degree of swelling of alginate
particles. At pH=1.0, the swelling of the particles
was less, the reason for this may be that alginate
has an acid-gel character (pK, = 3.5), and the
strength of the acid gel increases with increasing
proton concentration [60].
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2,0 4
3
1,51 2
¥ 1
1,0 1
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t, min
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4
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Fig. 2. Swelling of gelatin-coated alginate particles under simulated gastrointestinal conditions: 1 — alginate (1%);
2 — alginate-gelatin (2%); 3 — alginate-gelatin (5%); 4 — alginate-gelatin (8%).
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The particles continued to swell for 180 min at
pH=4.01 and pH=6.86. At pH=9.18, the particles
had a low degree of swelling compared to pH=4.01
and pH=6.86 by 0.05—1.84 conventional units low-
er. The decrease in the degree of swelling of the gel
alginate-gelatin in an acidic medium is due to the
suppression of the dissociation of carboxyl groups
of alginate macromolecules in the presence of H"
ions.

The decrease in the swelling coefficient in the
area of pH=9.18 is associated with the suppression
of dissociation —COONa groups of sodium algi-
nate in the presence of Na' ions of sodium hydrox-
ide added to the medium to increase pH.

These data may be confirmation that the par-
ticles will begin to dissolve when they enter the
small intestine. The reason for the dissolution of
particles may be the competition of monovalent
salts in gastric juice with calcium binding to car-
bon groups inside the particle [61]. The particles
must be stable, and insoluble in an acidic environ-
ment. Because this is a guarantee that they will
not release immobilized insulin in the acidic en-
vironment of the stomach at an early stage. Con-
sequently, gelatin-coating reduces the solubility
of alginate particles in an acidic environment and
increases resistance to the aggressive environment
of the gastrointestinal tract.

It is important to understand the release charac-
teristics of drugs to select the optimal dose of the
active substance and ensure the safety and efficacy
of these drugs.

The release of the drug can be achieved due to
degradation and swelling of the polymer or diffu-
sion of the drug. Degradation and swelling of the
polymer are the main mechanisms of drug delivery
based on the polymer matrix [62].

Particles during passage through the gastrointes-
tinal tract are first exposed to a low pH value in the
stomach, then when they enter, the intestine is ex-
posed to a higher pH value. The release of insulin
has been studied to determine the bioavailability of
insulin in various parts of the gastrointestinal tract.

The release of insulin was determined by the
rate of change in its concentration in the solution:

K :%XIOO% )

where C, — is the concentration of insulin released
at time t; C,, — the maximum possible concentration
of insulin.
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Fig. 3. Insulin release from alginate and gelatin-coated
alginate particles under simulated gastrointestinal
conditions: 1 — pH=4.01; 2 — pH=6.86; 3 — pH=9.18
for alginate particles; 4 — pH=4.01; 5 — pH=6.86; 6 —
pH=9.18 for gelatin-coated alginate particles.

The release of insulin at pH=6.86 reached 53%
for alginate particles, 50% for alginate-chitosan
particles, at pH=9.18 it reached 63% for alginate
particles, 83% for alginate-chitosan particles (Fig.
3). In a subacid medium pH=4.01, the insulin re-
lease was 39% for alginate particles, 31% for al-
ginate-chitosan particles. No insulin release was
observed at pH=1.0. The increase in insulin release
in an alkaline medium for alginate-chitosan par-
ticles can be explained by the assumption that at
pH>6 the polyelectrolyte complex of alginate and
gelatin is destabilized by deprotonation of gelatin
and thereby increases the release of insulin. The
particles must be stable at pH=1.0, and pH=4.01
without dissolving in the stomach, releasing in-
sulin early. Compared to alginate-gelatin parti-
cles, alginate particles cause a sudden release of
insulin into an acidic environment before entering
the intestinal solution. The gelatin-coated alginate
particles produced more controlled insulin release
during exposure to a pH 9.18 solution compared to
alginate particles. The reason for this may be the
reduction in the dissolution time of alginate when
coated with gelatin.

Polymers with oppositely charged groups form
polyelectrolyte complexes upon interaction, which
are the basis for drug delivery [63, 64] proteins
[65] and genes [66]. Encapsulation of proteins and
peptides in polyelectrolyte complexes is protection
against their degradation [67]. In this regard, to
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increase the stability of alginate particles, gelatin
was introduced into their composition. As a result
of the electrostatic interaction of the amino groups
of gelatin and carboxyl groups of alginate, polye-
lectrolyte complexes can be formed.

The data obtained during the experiment indi-
cate an increase in the turbidity of solutions in the
pH range of 2—-7, which indicates the presence of
polyelectrolyte complexes that can be formed be-
cause of the electrostatic interaction of gelatin ami-
no groups and alginate carboxyl groups.

This, in turn, plays one of the key roles in the
preparation of particles since the interaction of al-
ginate and gelatin must occur from the moment of
passage through the stomach (pH 2-7).

The FTIR spectra of the initial polymers were
studied: alginate, gelatin, and the spectrum of the
gelatin-coated alginate particle (Fig. 4).

The spectrum of sodium alginate showed im-
portant absorption bands concerning carboxyl
functional groups. Asymmetric and symmetric
stretching vibrations of carboxylate salt groups
(-COONa) were observed at 1603 cm™! and 1412
cm! [68]. Bands between 1122 and 949 cm™! were
attributed to C-O the stretching vibration of the
pyranose ring, as well as C-O stretching with con-
tributions from C-C-H and C-O-H deformation
[69]. Vibrations at 1086 cm™ and 1030 cm™ can be
attributed to glycosidic bonds (C-O-C stretching)
which explain its saccharide structure [70].

um

T T T T T T T T T T T T T T T T T T
2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumber

Fig. 4. FTIR spectrum of sodium alginate (1), gelatin
(2), gelatin-coated alginate particle (3).

The spectrum of gelatin showed characteris-
tic peaks in three regions: at 1637 cm™' (amide 1),
1541-1450 cm™! (amide IT), and 1242-1030 cm’!
(amide IIT) [71]. Absorption of amide I occur due
to stretching of the carbonyl C=0 (peptide) bond.
The absorption of amide II occurs due to the bend-
ing mode of the N-H bond and the valence vibra-
tion of the C-N bond. C-N stretching vibrations
combined with N-H planar bending vibrations
from C-C and C=0 bond stretching at planar bend-
ing cause absorption of amide III [72].

(b)

(d)

Fig. 5. AFM images of gelatin-coated alginate sample: alginate (a); alginate-gelatin (b); alginate-gelatin pH=6.86 (c);

alginate-gelatin pH=9.18 (d).
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The FTIR spectrum of the gelatin-coated algi-
nate particle showed vibration at 1082 cm™ and
1030 cm', which are attributed to glycosidic
bonds in the polysaccharide (C-O-C stretch). At
1412 cm’, vibrations of carboxylate salt groups
(-COONa) were observed, which are characteris-
tic of the spectrum of sodium alginate. Due to the
stretching vibration of the C-N bond, absorption
of amide II near the 1543 cm™! band was obtained,
which was also present in the FTIR spectrum of
gelatin. The peak at 1628 cm™ is attributed to the
absorption of amide I, which occurs due to the
stretching vibration of CO and relates to the spec-
trum of the protein.

After analyzing the FTIR spectra of alginate, gel-
atin, and gelatin-coated alginate particle, it can be
confirmed that when the alginate particle is coated
with gelatin, a polyelectrolyte complex is formed,
which is the basis for insulin immobilization.

The release of insulin from the gelatin-coat-
ed alginate particle at pH=6.86 and pH=9.18 was
clarified in the following study with the determina-
tion of the roughness and morphology of the gela-
tin-coated alginate sample by AFM. There is a dif-
ference in the surface morphology of the samples,
which appears on the AFM images (Fig. 5).

The sodium alginate sample is smoother than
the alginate-gelatin sample. Globules located in
the bulk of the sample are visible on the surface.
The size of globular particles is about 100 nm. The
surface of the gelatin-coated alginate samples at
pH=6.86 and pH=9.18 is very rough compared to
the initial sample, which indicates the dissolution of
the particle. On the AFM image of the gelatin-coat-
ed alginate sample (b), the surface roughness is
about 100—130 nm, while on the gelatin-coated
alginate sample at pH=6.86 (c) the roughness is
about 150 nm, on the gelatin-coated alginate sam-
ple at pH=9.18 (d) is about 200 nm. On the AFM
image of the gelatin-coated alginate sample, glob-
ular formations can be observed, which are in the
volume of the sample. On the images of samples of
gelatin-coated alginate at pH=6.86 and pH=9.18,
granules are observed, the sizes of which are from
80—100 nm and above. Porosity (porous structure)
is also evident in both samples, but in comparison
with pH=6.86, smaller porous formations can be
observed at pH=9.18. Porosity increases the sam-
ple, which eventually leads to its destruction in the
intestinal phase. Determination of the roughness
and morphology of the samples by atomic force
microscopy confirms the appropriate morphology
of the particles for the release of insulin.

4. Conclusions

As a result of the studies, gelatin-coated algi-
nate particles loaded with insulin were obtained
by the ionotropic gelation method, and their de-
pendence under simulated gastrointestinal con-
ditions was studied. Particles with high stabil-
ity were obtained using 1.5%; 2% solutions of
cross-linking agent CaCl,. Since, when alginate
particles were obtained, the degree of swelling of
the particles using 1.5% CaCl, solution was main-
ly higher compared to other concentrations of the
crosslinking solution, 1.5% CaCl, was chosen as
the optimal crosslinking solution for obtaining al-
ginate particles.

According to the results of the experiment, the
degree of swelling of gelatin-coated alginate par-
ticles was 0.52; 0.74; 1.66; 1.38 units higher than
the degree of swelling of alginate particles. Conse-
quently, gelatin-coating decreases the solubility of
alginate particles in an acidic environment.

The mechanism of interaction between alginate
and gelatin was investigated using FTIR spectros-
copy, and the data of FTIR spectra confirm the for-
mation of a polyelectrolyte complex between algi-
nate and gelatin.

When studying the release of insulin from gela-
tin-coated alginate particles, the release of insulin
reached 50%; 83% at pH values of 6.86; 9.18 re-
spectively.
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