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Abstract

The degree of bovine serum albumin (BSA) released from particles based on chitosan
and hydroxyapatite prepared by encapsulation and chemisorption methods, crosslinked
by aldol condensation, was studied. The obtained materials’ composition was qualita-
tively determined by IR spectroscopy; phase identification and surface morphology were
analyzed by X-ray diffraction and scanning electron microscopy, respectively. A spec-
trophotometric method was used to quantitatively assess the loading and release degree
of encapsulated/chemisorbed BSA from polymer microspheres. To determine the release
mechanism, the data on the amount of BSA released were analyzed according to the zero-
and first-order, Higuchi, and Korsmayer-Peppas models.

Keywords: chitosan; bovine serum albumin (BSA); encapsulation; chemisorption; hydroxyapatite
(HA); microspheres

1. Introduction

Cancer is one of the most rapidly progressing diseases worldwide. The increasing
global cancer disease burden is a consequence of both population aging and demographic
growth and changes in people’s exposure to risk factors, some of which are related to the
level of socioeconomic development. Tobacco, alcohol, and obesity are key drivers of the
rising cancer rate. This trend leads to the need for accurate and rapid treatments, such as
through targeted therapies based on drug delivery systems.

Microsphere-based drug delivery systems have demonstrated many advantages in
cancer treatment such as good pharmacokinetics, precise targeting of tumor cells, reduction
of side effects, and drug resistance. Microspheres used in drug delivery systems are
usually designed or selected based on their size and characteristics according to the tumor
pathophysiology. They release drug substances into tumor cells to induce their death [1].

There are a number of encapsulation strategies for drug delivery. One strategy is
liposomal delivery. Liposomal doxorubicin encapsulates doxorubicin hydrochloride in
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PEGylated liposomes, which increases circulation time and reduces cardiotoxicity. Li-
posomes demonstrate high encapsulation efficiency and sustained release: studies have
shown over 90% drug loading in cancer treatment [2]. Another strategy, discussed in
this article, is loading into polymeric nanoparticles. Chitosan nanoparticles loaded with
doxorubicin demonstrated 50% higher absorption in cancer cells and a 2.5-fold increase in
efficiency compared to free doxorubicin, which is explained by pH-sensitive release in the
tumor microenvironment [3]. Another option is delivery using solid lipid nanoparticles.
Tetrodotoxin (TTX)-loaded solid lipid nanoparticles achieved encapsulation efficiency of
over 70% and sustained release for 48-72 h. High-pressure cold homogenization maintained
the stability of thermolabile drugs [4].

One of the most frequently used biologic carriers is chitosan: complexes with hy-
droxyapatite are often used as drug delivery systems [5]. However, most of the literature
describes the creation and properties of scaffolds based on these complexes without ad-
dressing the possibility of using the system for drug delivery to treat non-bone diseases.

Hydroxyapatite is a mineral with composition of Cas(PO4);0H, more commonly
written as Cajo(PO4)s(OH),. Since it is a mineral, it can be either synthetic or natural. In
nature, it is found in many bone structures: bones, tooth enamel, eggshells. It is also found
in some plants and aquatic organisms, such as coral and starfish. There are many methods
of synthesizing particles of this mineral; some of them are shown in Table 1.

Table 1. Methods of synthesizing hydroxyapatite particles and their characteristics.

Synthesis Method

Advantages Morphology and Size Reference

Co-precipitation

Simplest and most efficient
chemical method. Synthesis at
room temperature. Particle size can
easily be controlled by adjusting
pH and ionic strength of reaction
media. Structures have wide range
in size and morphology.

Irregular, sphere, rod, needle,
tube, fiber, filament, wire,
whisker, strip, platelet, flower.
Size range: 3 nm-1000 pm.

[6]

Sol-gel synthesis

Molecular-level mixing of reactants
improves the chemical
homogeneity of pure and hybrid
synthesized nanostructures at
low temperature.

Irregular, sphere, rod, needle,
tube, filament, whisker, platelet. [7]
Size range: 3 nm-1000 pm.

Hydrothermal synthesis

Irregular, sphere, rod, needle,
tube, fiber, wire, whisker, feathery [8]
structures.

Enhanced solubility of precursors.
Controlled growth dynamics.

Thermal decomposition

Good size control, narrow size
variation, and good crystallinity.

Irregular, flake, plate, sheet,
formless. Size range:
5 nm-200 pm.

[]

Rod-like nanoparticles and single

Nanorods embedded to micron

Pyrolysis phase with h1gh cr.ystalhmty and form. Size range: 10 nm-1000 pm. [10]
good stoichiometry.
Irregular, filament, rod, needle,
Solid state Well-crystallized structure. whisker. Size range: [11]
5 nm-1000 pm.
Irregular, sphere, rod, needle,
Mechano-chemical No calcination is required. whisker. Size range: [12]

5 nm-200 pm.
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Hydroxyapatite usage can be divided into two large groups: medical and non-medical
applications. Non-medical applications include its use as a chromatographic sorbent, in
catalysis, laser host materials, fluorescent materials, and gas sensors [13]. In the medical
field, due to its mechanical properties and composition, it is used for bone defect treatment
and as a dental material, tissue engineering system, and bioactive coating on metal bone
implants [14]. A number of studies also show that hydroxyapatite particles inhibit the
growth of many types of cancer cells [15].

Hydroxyapatite usage as a drug delivery material has not been investigated for a long
time. From the current data, a number of advantages of this application can be concluded:

e Long biodegradation time to control drug release [16];

e  Slow drug release due to porous material structure [17];

e  Adsorbs both positively and negatively charged molecules [18];

e Maintains mechanical and physical properties even when internal factors such as
temperature and pH change [19];

e  Synthetic hydroxyapatite retains the composition, crystal structure, and size that it has
in target tissues (e.g., bone or teeth) [20].

Such advantages, as well as the development prospects of this material, enable its use
in drug delivery system synthesis. A more detailed comparison can be made between the
potential chitosan—-hydroxyapatite complex and its analogues. Chitosan—-hydroxyapatite
complexes are more stable in physiological environments and are less susceptible to acci-
dental dissolution in the presence of chelating agents or ion exchange compared to alginate
complexes [21]. Continuing the comparison with alginate complexes, it can be noted that
the combination of the mucoadhesive properties of chitosan and the large surface area
of HA leads to a significantly higher protein loading efficiency (usually >90% for CS-HA
versus 60-80% for alginate systems) [22]. Compared with another analogue, PLGA-based
systems from the same paper, it can be noted that the surface erosion mechanism of CS-HA
systems provides more linear release kinetics compared to the bulk erosion of PLGA, which
often leads to unpredictable burst release patterns. In this work we synthesized delivery
systems based on a complex of chitosan and hydroxyapatite.

Therefore, the aim of this research work is to obtain and investigate physical and
chemical properties of chitosan-hydroxyapatite microspheres.

2. Materials and Methods
2.1. Synthesis Techniques

The material was obtained according to our previous work [23,24]. In brief, the first
synthesis step was the preparation of 0.5% low molecular-weight chitosan solution in
0.5% aqueous acetic acid solution and 10% Na,HPO4*12H,0O solution. Then the acidified
chitosan solution was slowly added to the Na;HPO4*12H,0O solution. After mixing, the
prepared solution was adjusted to pH 10 and stirred for 20 min. In the second step, particle
activation was carried out by aldol condensation using terephthalic aldehyde. Therefore,
an aqueous solution of terephthalic aldehyde with a concentration of 2.5 mg/mL was
prepared by heating and constant stirring and then introduced into the alkalinized chitosan
solution. The obtained colloidal solution was washed 4 times with distilled water and
filtered on a vacuum unit.

BSA incorporation was carried out by two methods: encapsulation and chemisorption.
Encapsulation was carried out by introducing 7.5% aqueous solution of BSA into inactivated
chitosan solution (after the first step), followed by its activation. Chemisorption was carried
out by soaking the prepared filtered particles (after the second step) in 3.75% aqueous
BSA solution.
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A wet chemical method was used to deposit hydroxyapatite (HA) on the chitosan mi-
crospheres surface. Firstly, the chitosan microspheres were soaked in 0.5M CaCl, aqueous
solution for 10 min to adsorb Ca®* since the large number of amino functional groups on
the chitosan molecules could chelate calcium ions, which were then soaked in deionized
water for 10 min to remove the CI~ excess on the chitosan particles surface. Secondly,
the chitosan particles were soaked in 0.3M Nap,HPO, aqueous solution for 10 min, and
they were soaked in deionized water for 10 min to remove the excess Na* on the chitosan
microspheres’ surfaces. The Na;HPO;, solution’s pH was adjusted and kept at 11.0 by
adding ammonia hydroxide. The whole dipping process was carried out in one cycle. The
dipping process was performed twice.

In the case of BSA encapsulation, hydroxyapatite was injected after the finished
particles were obtained. In case of BSA chemisorption, hydroxyapatite was injected before
soaking the particles in aqueous BSA solution.

The full synthesis methodology described above is summarized in Figure 1.

Figure 1. Scheme for preparation of chitosan microspheres with encapsulated and chemisorbed BSA
with HA incorporation into the structure.

2.2. Materials Analysis

The materials were analyzed by four physicochemical methods: infrared spectroscopy,
X-ray diffraction analysis, scanning electron microscopy, and spectrophotometry.

IR spectra of the obtained materials and pure chitosan were taken on an Agilent Cary
630 FTIR spectrometer.

X-ray diffraction analysis of obtained particles was carried out on a diffractometer
(Rigaku Smartla, CuKa emission) by powder method with 26 = 3 + 100°, step 3° /min.

The obtained material’s surface morphology was investigated on a HITACHI TM-
3000 electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) at an
accelerating voltage of 5 kV for all samples, in low-vacuum mode at magnification of 500,
1000, 3000.

The BSA loading degree with encapsulation and chemisorption methods was de-
termined by the spectrophotometric method, and the BSA release degree from chitosan
matrices was quantified on a Spectr-2000 spectrophotometer. Thus, the BSA loading degree
was evaluated by the study of flushing waters during synthesis. The BSA release degree
from chitosan microspheres was estimated from samples taken at certain intervals from
solutions of phosphate buffers in which the particles were located. This study was carried
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out for 7 days at 37 °C and pH 5.0 (simulation of the extracellular matrix during metastasis
and angiogenesis), pH 6.5 (simulation of tumor cell extracellular space environment), and
pH 7.4 (simulation of blood flow environment). For this purpose, a series of phosphate
buffers were prepared according to the pharmacopoeia monograph GPM.1.3.0003.15:

e  Phosphate buffer solution pH 5.0: 2.72 g potassium dihydrophosphate dissolved in
800.0 mL water. Adjust to pH 5.0 potentiometrically with 1 M potassium hydroxide
solution and bring the volume of the solution with water to 1000.0 mL.

e  Phosphate buffer solution pH 6.5: dissolve 1.79 g dihydrophosphate, 1.36 g potassium
dihydrophosphate and 7.02 g sodium chloride in water and bring the volume of the
solution to 1000.0 mL with water.

e  Phosphate buffer solution pH 7.4: 393.4 mL of 0.1 M sodium hydroxide solution is
mixed with 250.0 mL of 0.2 M potassium dihydrophosphate solution.

3. Results
3.1. IR Spectroscopy Analysis of Particle Structure

Figure 2 shows the IR spectra of pure chitosan (A), particles with encapsulated BSA
(B), and particles with chemisorbed BSA (C).
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Figure 2. IR spectra of pure chitosan (A), particles with encapsulated BSA (B), and chemosorbed BSA
particles (C).

Thus, vibrations were detected for chitosan of the free amino group (~3414 cm™!
and 1637 cm 1), hydroxyl group (~3414 cm™1), tertiary hydrocarbon bond (1618 cm™1),
the triplet of the bound methyl group (1417 cm~!, 1383 cm ™! and 1323 cm™!), and the
cyclic backbone triplet consisting of carbonyl (1151 cm™1!), nitrile (1076 cm~!) groups
and carbon o-bond (1026 cm~!). Obviously, the particles’ IR spectra with two types of
BSA deposition will have similar characteristic peaks to pure chitosan and BSA. Thus, we
observe a narrowing of the peak observed in the region of 3500 cm ! due to the bonding of
free amino groups due to aldol condensation, the appearance of the tertiary hydrocarbon
bond peak (2918 cm~!), a narrowing and decrease in the intensity of the peaks of the amino
group (1637 cm™1), tertiary hydrocarbon bond (1618 cm™!), and the bound methyl group
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triplet (1417 em~!, 1383 cm~! and 1323 cm ™) due to the decrease in the concentration of
chitosan in the system. The shape and intensity of the peaks related to the cyclic backbone
of the chitosan molecule (1151 ecm~1, 1076 ecm™1, and 1026 cm’l) also change due to the
decrease in the concentration of chitosan in the system and partial overlapping of the
duplex of the tertiary hydrocarbon bond of BSA (1100~! and 1000 cm~!). A small signal
in the region of 657 cm ™! refers to the phosphate groups of hydroxyapatite, indicating its
incorporation into the matrix structure.

3.2. X-Ray and SEM Analysis of Particle Morphology

The X-ray diffractograms (Figure 3) show signals related to the hydroxyapatite phase
(experimentally obtained reflexes), which were identified from the PDF-2 database, DB
card number 01-079-5683. Low-intensity and frequent reflexes are observed in the range of
20 =11-24°, 20 = 32-49° and 20 = 50-100°, indicating the presence of a small amount of
amorphous hydroxyapatite phase. Nevertheless, the region 20 = 25-33° is characterized by
acute, intense reflexes, which indicates the crystalline phase predominance in the samples,
which is consistent with the SEM images.

1000
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600 ]

Intensity
H
8

||

7 | | ‘l IntenSity
Lok (1) (2)

0 \L«J-" vi"' .u W " ’-,'M'-"‘Ww\..p
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£ 4004
‘ |
200 .
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0 L SWTHAN L T P
(‘) 2‘0 4‘0 6’0 8‘0 160
20,

Figure 3. X-ray diffractograms of the obtained materials.

Scanning electron microscopy (SEM) was used to evaluate the surface morphology
and measure the obtained particles size. Thus, Figure 4 shows SEM images of samples with
different protein applications.

From the SEM images, it can be seen that the material is a polycrystalline struc-
ture with a monomodal size distribution for encapsulated BSA (average particle size
0.421 + 0.015 um, PDI 0.385 + 0.014) and bimodal size distribution for chemisorbed BSA
(average particle size 0.493 £ 0.022 pm, PDI 0.578 £ 0.019). This variation is possible
due to the adding hydroxyapatite to already synthesized chitosan particles of different
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sizes. Images show that, depending on the protein application, the materials’ structures
will also be different. Thus, particles with encapsulated BSA are characterized by larger
crystallinity and pore formation in the matrix volume. For particles with chemisorbed

application, crystallinity is less distinct, and the material has a film-like morphology with
almost complete absence of pores.

PDI = 0.385+0.014

Range of sizes, um | Frequency
ov-os |
o6 -117 (O30
-1 e
171-225 (06%)
215-219 0
19-33 o
3338 o
387441 0
441-5.00 (0.3%)

PDI = 0.578+0.019

Range of sizes, pm | Frequency

om-o063 | NG
063-117 || (2359
17-171 (o2

17-225 (0%

225-279  |Qaae)

2719-3.33 || 29%)

333-387 || 24%)

387-441 || (1.5%)

441-50 (1.1%)

Figure 4. SEM images of 5 and 100 pm resolution of the particles surface with (A) encapsulated BSA;
(B) chemisorbed BSA.

3.3. Mathematical Model Selection of BSA Release from Particles

Two of the most important characteristics for drug delivery systems are the time and
extent of drug release. Taking into account the matrix structure as well as the nature of the
materials used, the delivery system described in this paper is pH-sensitive. To determine
the kinetic parameters, a kinetic experiment was carried out for BSA release from the
particles at different pHs. The release of encapsulated BSA is shown in Figure 5, and
chemisorbed BSA is shown in Figure 6.

Figures show that the release in both cases of BSA incorporation approximately rep-
resents or tends to represent a logarithmic shape. Thus, the whole curve can be divided
into two conditional stages. The first ranges from the introduction of particles into the
solution simulating biological fluids up to a day (24 h), and the second ranges from 24 to
144 h. Each of these sections is described by its own equation, which introduces additional
complexity in the description of kinetic parameters. The best release after one week is
achieved at pH 5.0 and is numerically equal to 67.4 &+ 1.3% for encapsulated BSA and
75.7 £ 1.5% for chemisorbed BSA. It is correlates with the chitosan particles’ sensitivity
(which comprise the whole matrix framework) to swelling pH. At pH 7.4, the particles
shrink due to chitosan’s low charge density, which prevents release. At pH 5.0, partial
dissociation of bonds and dissolution of the matrix can occur, resulting in rapid BSA release.



J. Compos. Sci. 2025, 9, 525

8 of 20

80

)
(e}

[*))
o
H

AN ()]

(e [w]

\
A

A

——pH 5.0
* pH 6.5
pH 7.4

BSA release, %

30

0
0 50 100 150

Time, h

Figure 5. Release curve of encapsulated BSA at different pHs.
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Figure 6. Release curve of chemisorbed BSA at different pHs.

The hydroxyapatite incorporation into the matrix structure also plays a role. In the
case of protein encapsulation, when the chitosan matrix is disrupted, the dynamic release—
precipitation equilibrium shifts, and the protein is deposited on newly formed chitosan
conglomerates and /or on undissolved hydroxyapatite particles. In the case of chemisorbed
protein application, this dependence is less distinct because the film-like structure of
chitosan particles is “protected” by hydroxyapatite and is less susceptible to dissociation.

The constructed cumulative kinetic curve gives an indication of the release rate and
profile (the profile is the kinetic curve shape). A change in profile is associated with a change
in the release mechanism. For example, the application of an additional coating may change
the release from controlled to delayed release when the concentration at the beginning of
the process increases very slowly. The release curve analysis involves mathematical data
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processing to determine the functional dependence of the change in drug concentration in
the medium over time: obtaining the function equation or the coefficients’ numerical value
in the equation that have a physical meaning. Otherwise, “prediction” of the dependence
value between experimental points is performed by connecting them by a regression
line (trend line). The choice of mathematical model depends on the delivery system’s
composition and structure, as well as on the resulting release curve. The mathematical
model adequacy criterion are the correlation coefficient (R) and the determination coefficient
(reliability of approximation, R?). The correlation coefficient and determination coefficient
are important factors and measures of the extent to which the regression line represents
the actual experimental data. When the regression line passes exactly through every
point on the relationship graph, it will be able to predict the change in one variable when
the other variable changes. The farther the line moves away from the points, the lower
the accuracy. The best model describing the drug release profile is identified using the
determination coefficient (R?) to assess the model equation fit. Typically, this value tends
to increase as more parameters are added, regardless of the model variable’s significance.
When comparing models with different numbers of parameters, the adjusted determination
coefficient (adjusted R?) is more appropriate. Thus, the experimental drug release data
mathematical processing consists of the following steps:

(1) Construction of a dot plot of the drug concentration dependence in the test liquid on
time or the released substance fraction on time.

(2) Initial estimation and selection of the mathematical model. For example, if the depen-
dence is close to linear, then linear approximation by the first-order model (zero order
release) is first used.

(8) Calculation of the adjusted determination coefficient (R2). The closer R? is to unity, the
higher the reliability of approximation and the more the mathematical model reflects
the real experiment.

(4) Use the model coefficients to describe the release mechanisms.

3.4. Mathematical Model Chosen for BSA Release from Particles

Based on the release curves’ general appearance in Figures 5 and 6, a fairly clear
separation between stage 1 and stage 2 release can be observed. The appearance of the
first release stage is described by an explosive effect and can be described by a zero-order
model. The zero-order model is characterized by the following equation:

M;

Mo = kt, (1)
where M%; is the protein release fraction at time ¢; k is a constant accounting for the structural
characteristics of the matrix.

The description of the first step in the zero-order model of encapsulated BSA is
presented in Figure 7 and that of chemisorbed BSA in Figure 8.

The R? for each release is above 0.9, indicating a high accuracy of description by this
model. A similar dependence is observed when describing the second stage of release by
the zero-order model.

The release of encapsulated BSA is shown in Figure 9 and that of chemisorbed BSA in
Figure 10.
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Figure 7. Zero-order mathematical model of the first stage of encapsulated BSA release.
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Figure 8. Zero-order mathematical model of the first stage of chemisorbed BSA release.

Figures 9 and 10 show that the zero-order model describes the second stage of BSA
release just as well. R? values in this case are also greater than 0.9 for all curves. However,
in the transition from the piecewise-defined function to the full release curve, the R? value
drops sharply, which corresponds to the physical meaning of the zero-order model.

The release in both stages of encapsulated BSA is shown in Figure 11 and for
chemisorbed BSA in Figure 12.
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Figure 9. Zero-order mathematical model of the second stage of encapsulated BSA release.
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Figure 10. Zero-order mathematical model of the second stage of chemisorbed BSA release.

This pattern, with a characteristic drop in R? for the curves with the largest burst effect,
is explained quite well by the physical meaning of the zero-order model. This model is
mainly used for osmotic pump systems as well as for transdermal systems, matrix tablets
with poorly soluble drugs, and coated dosage forms.
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Figure 12. Zero-order mathematical model of chemisorbed BSA release.

Another model for describing release is the first-order model. It is described by the

following equation:
M;
In|1——) =kt 2
(13 @
However, this model did not prove to be a good fit either. First, it is more often used to

describe the release of water-soluble drugs from porous matrices. In this delivery system,
pores are only partially present in encapsulated proteins. The description by this model of
the first release step for encapsulated BSA is shown in Figure 13 and for chemisorbed BSA
in Figure 14.
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Figure 13. First-order mathematical model of the first stage of encapsulated BSA release.
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Figure 14. First-order mathematical model of the first stage of chemisorbed BSA release.

Quite high R? values are also shown for the second release step. Thus, the release
described the first-order model is shown in Figure 15, and the chemisorbed release is shown
in Figure 16.

However, this mathematical model cannot be used because its R? does not exceed 0.75,
and in the worst cases (for pH 5.0) remains below 0.35.

Another mathematical model is the Higuchi model. This model is used to describe
water-soluble and poorly water-soluble drugs incorporated in semi-solid and solid matrices.
Based on the definition, this model should fit best because it is applied to systems that are
synthesized. This model is described by the following equation:

M;

3 = k2, ®)
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Figure 15. First-order mathematical model of the second stage of encapsulated BSA release.
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Figure 16. First-order mathematical model of the second stage of chemisorbed BSA release.

This model cannot describe each of the release stages with reliable accuracy, but it is
well suited for describing the whole curve. The release according to Higuchi’s model for
encapsulated BSA is shown in Figure 17, and for chemisorbed BSA in Figure 18.

The small deviation in the case of chemisorbed BSA at pH 5.0 may arise from
the abrupt transition from explosive release to controlled release. As can be seen from
Figures 16 and 17, the Higuchi model is currently the best mathematical model for describ-

ing the release of BSA from synthesized particles.
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Figure 17. Higuchi mathematical model for encapsulated BSA release.
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Figure 18. Higuchi mathematical model for chemisorbed BSA release.

However, despite the high value of model approximation with real data, Higuchi’s
model still cannot give us enough information about the release kinetics of BSA. The
Korsmeyer-Peppas model described by the following equation can cope with this task:

ln% = nint + Ink, 4)

(09)

There is an extremely important parameter in this equation, n. This is the rate of release,
indicating the mechanism of release. The Korsmeyer-Peppas model was proposed to
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describe release from cylindrical tablets. Depending on the value of n, different mechanisms
are distinguished, as shown in Table 2.

Table 2. Dependence of the release mechanism on the value of .

Release Rate as a

Function of Time Release Mechanism

n Release Mechanism

Quasi-Fickian Diffusion from a

n
<05 diffusion ! non-swelling matrix
0.5 Fickian diffusion {05 D1ffu51op from 4
non-swelling matrix
05<n<10 Anomalous transport g1 Diffusion and/or
’ ’ (non-Fickian) relaxation
1.0 Case gi f(fr:;;?(;il)(:klan Time-independent Zero order
n>1.0 Supercase II -1 Relaxation (swelling)
' P or erosion

Fick diffusive release occurs by normal molecular diffusion of a substance due to
chemical potential difference. Relaxation release (case II) involves stresses and changes in
phase states in hydrophilic glassy polymers that swell in water or biological fluids. This
case also involves chain unraveling and erosion of the polymer. The release described
by the Korsmeyer-Peppas model for encapsulated BSA is presented in Figure 19 and for
chemisorbed BSA in Figure 20.

0
y =0.3596x — 2.2057
R2 = 0.8907 RS |
........ ¢"'9.8
-1 - B
| T y = 0.4456x — 2.6268
PR R2=0.8162
T LE
...-
g ®pH 5.0
S pH 6.5
© 3
& pH 7.4
£
—4
-5
-6
0 1 2 3 4 5 6
In(Time, h)

Figure 19. Korsmeyer—Peppas mathematical model for encapsulated BSA.
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Figure 20. Korsmeyer—Peppas mathematical model for chemisorbed BSA.

The Korsmeyer—Peppas model provided important information about the release
mechanism but still cannot be applied for calculation of kinetic parameters.

3.5. Calculation of Kinetic Parameters of BSA Release from Particles

As can be seen in Figures 18 and 19, the values of n are approximately equal, being in
the same range. Table 3 collects information on the mechanisms for each release analyzed.

Table 3. Mechanism of BSA release.

System pH Value n Value Release Mechanism
5.0 0.3596 Diffusion from a non-swelling matrix
EncaBpgllixlated 6.5 0.7541 Diffusion and/or relaxation
74 0.4465 Diffusion from a non-swelling matrix
) 5.0 0.3204 Diffusion from a non-swelling matrix
Chenélsszrbed 6.5 0.3154 Diffusion from a non-swelling matrix
7.4 0.5690 Diffusion and/or relaxation

The heterogeneity of release at different pHs may be related both to the inaccuracy of
the Korsmeyer—Peppas model for these systems and to the premature achievement of a
dynamic release-relaxation equilibrium. Considering that the values at pH 6.5 and 7.4 are
distinguished, the option with dynamic equilibrium seems more plausible.

The calculated kinetic parameters are presented in Table 4.
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Table 4. Kinetic parameters of BSA release from the investigated systems.

System pH Value Rate Constant Order

5.0 0.0786 1.899

Encapsulated BSA 6.5 0.0575 0.194
74 0.0533 1.539

5.0 0.0588 1.943

Chemisorbed BSA 6.5 0.0520 2.298
7.4 0.0634 0.512

The drop-out values at pH 6.5 for encapsulated BSA and at pH 7.4 for chemisorbed
BSA are consistent with other release mechanisms. It is possible that the effect of matrix
swelling and relaxation leads to a strong decrease in the order of protein release due to the
appearance of an equilibrium between release and relaxation.

The obtained data on protein release can be compared with some other similar studies.
Thus, the particles considered in an article [25] did not have an intense burst release at
the initial stages without incubation at elevated temperatures, and the total release over
10 days at pH 5 was less than 50%. An article [26] showed a more active release, 80-90% for
pH 5.5, but with an increase in pH to 7.4, the release value rapidly drops to 20%, in contrast
to 60% for the complexes obtained in this article.

In the future, it is planned to consider the effect of crosslinking on the release mech-
anism and its kinetic parameters. At the moment, adipine and/or glutaraldehydes have
been selected as a soft crosslinking agent, with the chain length coinciding with the length
of the aromatic ring of terephthalic aldehyde. The choice was made for these aldehydes to
reduce spatial changes in the analysis of the release mechanism.

4. Conclusions

The crosslinking of chitosan particles with terephthalic aldehyde was confirmed by IR
spectroscopy, and the presence of hydroxyapatite in the chitosan matrix was also proved.
Absence of C=0 groups indicates the completeness of the aldol condensation.

According to the X-ray diffractograms and SEM images, the particles have a poly-
crystalline structure with slight incorporation of amorphous phases characterized by
monomodal size distribution for encapsulated BSA (average particle size 0.421 £ 0.015,
PDI 0.385 + 0.014) and bimodal size distribution for chemisorbed BSA (average particle
size 0.493 £+ 0.022, PDI 0.578 £ 0.019). Thus, the release of chemisorbed BSA is less control-
lable due to the higher number of amorphous inclusions and the more widely dispersed
crystallite size distribution.

This study of BSA release kinetics showed that the highest release degree is achieved
at pH 5.0 (67.4 £ 1.3% for encapsulated BSA and 75.7 £ 1.5% for chemisorbed BSA), which
corresponds to the conditions of the tumor cell microenvironment. At pH 7.4 (simulated
blood flow), release is slowed due to the contraction of chitosan particles.

The most suitable mathematical model for describing the kinetics of BSA release from
the particle matrix was selected. The most suitable model was the Higuchi mathematical
model. Using the Higuchi and the Korsmeyer-Peppas model, the release mechanism, the
rate constant and the reaction order for all analyzed systems were evaluated. Thus, the
Higuchi model provides the best description of BSA release kinetics, which is consistent
with the matrix system nature. The Korsmeyer—Peppas model allows us to determine
the release mechanisms: for most systems, diffusion from a non-swelling matrix prevails
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(n < 0.5), with the exception of cases at pH 6.5 (encapsulated BSA) and pH 7.4 (chemisorbed
BSA), where abnormal transport is observed (0.5 < n < 1.0).

The obtained materials have potential for clinical use in cancer treatment, when the
particles are modified on solid carriers, and as drug delivery vehicles to bone tissue in
orthopedics or dental surgery. In addition, the materials themselves can be used to deliver
drugs in ophthalmology as well as in absence of the internal contents, in particular, in
wound healing due to their hemostatic properties.
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