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Bombyx mori Chitosan—Caffeine Nanocapsules:
Formation, Structural Features, and Physicochemical Properties

This study aimed to engineer Bombyx mori chitosan—caffeine nanocapsules via a self-assembly approach and
to comprehensively characterize their structural architecture, physicochemical properties, and release kinetics
under precisely controlled pH conditions. Chitosan—caffeine nanocapsules were synthesized in aqueous me-
dium at low temperature under controlled acidic conditions (pH 3.2 and 4.5), achieving yields of 91-94 %.
Their physicochemical properties were analyzed using UV and FTIR spectroscopy, X-ray diffraction, scan-
ning electron microscopy, and transmission electron microscopy. The results showed that hydrogen bonding
and electrostatic interactions between the protonated amino groups of chitosan and the carbonyl groups of
caffeine promoted the formation of spherical and oval nanostructures with diameters in the range of
100-400 nm. Spectroscopic analysis confirmed the intermolecular interactions responsible for encapsulation,
while X-ray diffraction indicated a decrease in caffeine crystallinity after incorporation into the polymer ma-
trix. SEM and TEM micrographs demonstrated efficient encapsulation of caffeine within the chitosan matrix
and confirmed the formation of stable core—shell nanostructures. Release profile analysis showed that approx-
imately 20 % of the total caffeine content was released from the chitosan nanocapsules over the monitored
period, confirming their controlled release behavior. These chitosan-caffeine nanocapsules hold potential for
future use in the development of drugs with prolonged release properties.

Keywords: chitosan, Bombyx mori, caffeine, nanoparticles, self-assembly, drug delivery systems, core-shell
structures, controlled release

Introduction

Caffeine (CF, CgHioN4O,) is a biologically active compound widely used in pharmaceutical,
nutraceutical, and cosmetic formulations due to its stimulant, antioxidant, and anti-inflammatory proper-
ties [1, 2]. However, its practical application is often limited by volatility, formulation-dependent solubility,
local irritancy at elevated concentrations, and rapid diffusion in biological media. These factors are particu-
larly critical in applications where stabilization and controlled release are required, such as topical, oral, and
mucosal delivery systems [1-4].

Encapsulation into nanoscale carriers has been shown to improve caffeine stability, mask bitterness, and
modulate release behavior [1-4]. Alongside polymeric nanoparticles and liposomal systems, supramolecular
approaches based on cyclodextrins and calixarenes have also been reported to enhance caffeine performance
through host—guest interactions [5, 6]. Nevertheless, multicomponent supramolecular systems often involve
overlapping interaction mechanisms, which complicates the interpretation of structure—property relationships
and limits systematic optimization [7, 8].

Chitosan (CS), a cationic polysaccharide obtained by deacetylation of chitin, is an attractive carrier ow-
ing to its biocompatibility, biodegradability, mucoadhesive properties, and suitability for controlled drug de-
livery [9-13]. Despite these advantages, chitosan-based systems face important challenges, including
pH-dependent solubility, aggregation under physiological ionic strength, and limited retention of small, wa-
ter-soluble molecules such as caffeine [14-17]. Various preparation techniques have been proposed, includ-
ing ionic gelation, emulsification—crosslinking, and self-assembly, each yielding distinct structural and re-
lease characteristics [16, 18-23].

In the self-assembly approach, chitosan macromolecules interact with drug molecules under defined pH
and ionic conditions, leading to the formation of nanocapsules in which the polymer constitutes the sur-
rounding shell. Compared with other encapsulation techniques, self-assembly offers several advantages for
chitosan—caffeine systems. The process is simple and environmentally friendly, as it does not require chemi-
cal crosslinkers or elevated temperatures, thereby preserving the chemical integrity and bioactivity of caf-
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feine. The resulting nanocapsules are stabilized by natural intermolecular interactions, which promote struc-
tural stability and effective drug retention. In addition, the intrinsic affinity between chitosan and caffeine
facilitates efficient drug loading, while modulation of formulation parameters enables control over capsule
size and structural organization. Owing to these features, self-assembly is a suitable approach for the fabrica-
tion of chitosan—caffeine nanocapsules [20-22].

Chitosan—caffeine nanocapsules represent a promising platform for pharmaceutical delivery, and their
modular nature allows the potential incorporation of additional bioactive components, such as vitamins, min-
erals, or polyphenols, to develop multifunctional systems [19-21]. Despite numerous studies on caffeine en-
capsulation using liposomes, nanoliposomes, and simple polymeric carriers, and reports showing that chi-
tosan coating improves liposomal stability and mucoadhesion [23-28], several key limitations remain. Many
studies rely on a single encapsulation strategy, such as chitosan-coated nanoliposomes or basic ionic-gelation
particles, without systematically examining the influence of self-assembly parameters—particularly pH and
chitosan-to-caffeine ratio—on caffeine stabilization. Furthermore, controlled-release claims are often not
supported by detailed in vitro release analysis, and the physicochemical mechanisms governing the interac-
tion of weakly basic molecules like caffeine with chitosan matrices are still insufficiently clarified. In addi-
tion, co-encapsulation of caffeine with other bioactive compounds in chitosan nanocapsules has been only
rarely investigated with validated stability and release performance [29-37].

Based on the above, the aim of this study is to obtain nanocapsules based on chitosan Bombyx mori and
caffeine by the “self-assembly” technique, as well as to study their morphology, physicochemical, and pro-
longed properties.

Experimental

Bombyx mori chitosan (CS) with a molecular mass (MM) of 84,000 and a deacetylation degree (DD) of
86 % was used, synthesized in laboratory conditions. Caffeine (CF) was purchased from China (CAS: 58-08-
2). Additionally, 0.1 % analytical standard HCI and tetrahydrofuran (C4HgO) were used as the solvents. All
the above, the reagents were AR grade.

Preparation of Chitosan-Caffeine Nanocapsules. To obtain chitosan-caffeine nanocapsules, a 1.0 %
(w/v) solution of Bombyx mori chitosan in 0.1 N HCI and a 0.25 % (w/v) solution of CF in C4,HgO were pre-
pared. A homogeneous solution of chitosan was obtained at 25 + 1 °C and continuous stirring at 500 rpm for
~6h. A 1% (w/v) solution of caffeine in tetrahydrofuran (THF, C4HsO) was prepared for 50 min with vig-
orous stirring at 400 rpm. Nanocapsules were obtained at 35 + 1 °C, 600 rpm for 1.5 h, and the mass ratios of
the components were CS : CF = 1:0.3 and CS : CF = 1:0.03, respectively. The pH of the reaction mixture
was adjusted to pH 3.2+ 0.1 and pH 4.5+ 0.1 using 0.1 N NaOH. Nanocapsule formation was induced by
slowly adding 0.1 M Na,SO, solution at a rate of 1 mL min, which served as an ionic cross-linking and
precipitating agent.

The suspension was then kept for 16 hours at 20 °C to achieve structural stabilization of the
nanocapsules. The final product was separated by centrifugation for 10 min at 2000 rpm. The resulting pow-
der was then repeatedly washed with bidistilled water to pH 7 and freeze-dried at —50 °C and 0.03 mbar
(Christ Alpha 1-4 LDplus) for 24 hours to constant weight. All experiments were performed in triplicate to
ensure reproducibility. Selected synthesis parameters, such as polymer concentration, mass ratio, pH, tem-
perature, and stirring time, were optimized through preliminary screening to achieve encapsulation efficiency
and obtain monodisperse nanoparticles. The results are presented in Table 1.

Table 1
Effect of pH and mass ratios of the initial reaction components
on the production of CS-CF nanocapsules. T = 1.5 h; v =600 rpm
No Designation in the text Samples, mass ratio pH Reaction yield, %
1 Sample 1 CS-CF=1:0.3 3.2 91
2 Sample 2 CS-CF=1:0.3 45 94
3 Sample 3 CS-CF=1:0.03 45 92

Dynamic Light Scattering (DLS) Method. The size and distribution of particles in solutions were deter-
mined by dynamic light scattering (DLS) using a Photocor Compact-Z analyzer (Photocor Ltd., Moscow,
Russia) equipped with a helium-neon laser operating at A = 632.8 nm and 90° angle. The test solutions were
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maintained at a thermostatted temperature of 25 + 0.1 °C. The sample concentration was maintained at
0.05 mg/mL to minimize aggregation effects. Each measurement was performed for 3 minutes and repeated
at least three times.

UV-Spectroscopic Studies. Measurements were performed on a SPECORD 210 spectrophotometer
(Analytik Jena AG, Germany) in the wavelength range of 190-1000 nm with a 1 nm step and a scan rate of
2 nm/s. The accuracy of UV photometry was studied using potassium dichromate in accordance with the re-
quirements of the European Pharmacopoeia, with an error of +£0.01. UV—-Vis spectra were recorded in a
guartz cuvette with an optical path length of 1 cm. Solutions of the studied samples were prepared in 2 %
acetic acid, where the concentration was 0.002 mol/L. The pH of the reaction system was determined using a
“pH-150".

Fourier Transform Infrared (FTIR) spectroscopy in the range of 400-4000 cm™ using a Bruker
INVENIO-S spectrophotometer (Bruker Optik GmbH, Ettlingen, Germany) was used to study the structure
of the samples. Samples were prepared as tablets containing potassium bromide (150-250 mg KBr), and the
solid sample (1.5-2 mg) was finely ground using a porcelain mortar. The sample mixture was placed in a
mold and maintained under vacuum conditions, then pressed under a pressure of 7x10® Pa for 2 minutes.

X-Ray Diffraction (XRD) analysis of the samples was performed on a DRON-3M (“Burevestnik”,
St. Petersburg, Russia) X-ray diffractometer using monochromatic Co Ka radiation at 16 mA and 22 kV.
Powdered samples were used for the study. The degree of crystallization (DC) of the samples was calculated
by evaluating the intensity of the maximum diffraction curve based on the following formula:

(I-1,)i-K
DC =T .
(1, -1,)i
where, I and |, are the intensities characteristic of the crystalline and amorphous regions, respectively [38].

Scanning Electron Microscope (SEM, JSM-IT 210, JEOL, Japan) was used to study the film morpholo-
gy. During measurements, the accelerating voltage (EHT—Extra High Tension) was applied in the range of
5kV to 15kV, and the working distance was 10.8 mm. Images at various scales were obtained using
InTouch Scope software. Energy dispersive spectroscopy (EDS) was used to determine the elemental com-
position of the synthesized samples, obtaining both spectra and elemental mapping images.

Transmission Electron Microscope (TEM, Talos F-200i from Thermo Fisher Scientific, USA)—a high-
resolution TEM was used to determine nanoparticle sizes and film morphology. The voltage range was 20—
200 kV. TEM images were obtained using samples deposited on standard carbon-coated copper grids.

In vitro Release Profile of Caffeine from Chitosan Nanocapsules (UV-Vis Spectroscopic Determina-
tion). The release profile of caffeine from chitosan nanocapsules was investigated using UV-
spectrophotometry under in vitro conditions. CS-CF nanocapsules were prepared and suspended in an aque-
ous medium, and their release behavior was monitored over a specified period [39—45]. Release measure-
ments were performed using a UV-Vis spectrophotometer with quartz cuvettes (optical path length of 1 cm).
Absorption spectra were recorded in the wavelength range of 230-310 nm at selected time intervals (0, 900,
1800, 3600, 5400, 7200, and 9000 s). The analytical wavelength was set at the maximum of A =242 + 2 nm,
which corresponds to the characteristic absorption band of caffeine. At each time point, the average absorb-
ance value was recorded on the display. To correct for background absorption, control spectra of a chitosan
solution in 0.1 N HCI in the absence of caffeine were recorded under the same conditions. Corrected values
were obtained by subtracting the control spectra from the spectra of the CS-CF sample, ensuring that the
measured intensity reflects only caffeine release.

The corrected absorbance values at each time point were normalized to the value at the final time point
(9000 s), which was defined as 100 % release. The cumulative release percentage (%R) was calculated using
the following equation:

%R(t) _ A=A g0,
Afinal - Ablank
A is the absorbance at time t, Apank 1S the absorbance of the blank solution, and Asi,y IS the absorbance at the
final time point (9000 s).
The release data were further analyzed using standard kinetic models. The Higuchi model was applied
to evaluate diffusion-controlled release (MJ/M.,= kH,), and the Korsmeyer—Peppas model (M/M., = k") was
used to determine the release exponent n. An exponent value close to 0.5 indicates Fickian diffusion, while
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higher values suggest anomalous (non-Fickian) transport. Regression fitting was performed to estimate kinet-
ic parameters and interpret the release mechanism [39-45].

According to the Higuchi model, the release is proportional to the square root of time (t), which serves
as the diffusion controller. The results deviate from the model at the initial points due to the “burst”, but in
the range of 1800-5400 s, they fit the Higuchi line relatively well. Also, according to the Korsmeyer—Peppas
model, M/M,, = k£". If n= 0.5 — Fick diffusion; if n > 0.5 — anomalous (erosion + diffusion) mechanism.
Accordingly, n is approximately in the range of 0.45-0.55, which indicates diffusion-controlled
release [39-40].

For statistical analysis of the experimental results, particle size and encapsulation efficiency measure-
ments were performed in triplicate, and the results are expressed as mean =+ standard deviation (SD). The sta-
tistical significance of differences between groups was assessed using a one-way analysis of variance
(ANOVA) followed by a Tukey post-hoc test to determine pairwise differences between the different formu-
lations. A significance level of p <0.05 was considered statistically significant. This approach ensures the
reliability and reproducibility of the obtained results, as is widely reported in nanomaterials and pharmaceu-
tical research [46, 47].

Results and Discussion

Hydrodynamic Sizes of Chitosan—caffeine Samples

A suspension of the obtained CS-CF samples was prepared, and the hydrodynamic particle sizes were
studied using DLS (Fig. 1).
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Figure 1. Hydrodynamic diameters and particle size distribution
for samples of sample 1 (1), sample 2 (2), and sample 3 (3)
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For samples 1 and 2, the predominant size range corresponded to average hydrodynamic diameters of
400-600 nm, while the histogram for sample 3 demonstrated comparatively larger particles with average siz-
es in the range of 500-700 nm. Overall, the results in Figure 1 demonstrate that the CS-CF samples exhibit a
high degree of size polydispersity, ranging from approximately 20 nm to 1.5 um. The polydispersity index
(PDI) values ((Standard Deviation/Mean)?) are 0.580 for sample 1, 0.604 for sample 2, and 0.477 for sam-
ple 3 [48]. It appears that the formation of nanoparticles under the selected conditions for producing chi-
tosan—caffeine nanocapsules is regulated by self-assembly mechanisms. That is, nanostructures are formed
through electrostatic interactions between the protonated amino groups of chitosan and the polar regions of
caffeine, supplemented by hydrogen bonds between the -NH groups of chitosan, as well as the C=0 and het-
erocyclic —-N atoms of caffeine. These non-covalent interactions promote the cooperative association of
components, suppress the crystallization of caffeine, and stabilize the nanoscale structures.

UV-Spectroscopy

In spite of chitosan lacking a chromophore with high absorbance, its UV spectrum shows an absorption
peak corresponding to m— transitions in the range with a maximum at A = 198-204 nm. In addition, a broad
absorption band at A = 280-310 nm is due to electronic transitions associated with amine and amide groups,
as well as electronic transitions of conjugated structures (n—=*) [49]. In caffeine, the absorption band ob-
served around 205 nm can be attributed to m—n* transitions associated with the conjugated ring system and
carbonyl groups, while the band near 272 nm corresponds to n—r* transitions of the carbonyl moieties [50].
The expansion at 280-294 nm has been shown to be a result of their interaction with other mole-
cules (Fig. 2) [51].
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Figure 2. UV-spectra samples of chitosan (1); sample 1 (2); sample 2 (3); sample 3 (4), and caffeine samples (5)

The UV spectra of the chitosan—caffeine samples show the interaction of chitosan macromolecules with
caffeine. The caffeine peak at A = 266-273 nm is slightly shifted toward lower wavelengths, indicating the
encapsulation of caffeine through the formation of hydrogen bonds (-NH;" ... O=C) between the protonated
form of the amino groups of chitosan (-NH;") and the carbonyl groups of caffeine (C=0) [52]. Such a bond
partially “strains” the m-electron system of caffeine, and the energy required for electron transfer increases,
which leads to a shift of A toward shorter wavelengths. It is evident that an additional absorption band at
304 nm appears in the spectrum of sample 2, which is explained by the presence of conjugated structures in
the chitosan molecule [53-54]. Thus, the UV analysis confirms the encapsulation of caffeine in the chitosan
matrix.
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FTIR Spectroscopy

The IR spectrum of chitosan exhibits a broad absorption band at 3400-3200 cm™*, which is associated
with the stretching vibrations of hydroxyl (OH) and amino (NH) groups. The absorption band at 2920-
2850 cm* corresponds to the stretching vibrations of CH in the aliphatic groups (CH, CH,, CH3) of chitosan.
Vibrations in the absorption band at 1650-1600 cm* are very important and are related to the complex struc-
ture; in particular, the absorption band at 1600 cm* is characteristic of the stretching vibrations of the prima-
ry amine (NH,). Stretching vibrations corresponding to C—N bonds were also observed at 1420 cm™, and
deformation vibrations of —CH groups at 1380 cm . The absorption band at 1150-1000 cm™ is the “saccha-
ride” absorption band, which corresponds to the stretching vibrations of glycosidic bonds. The absorption
bands at 1070 cm* and 1030 cm* are characteristic of the C=0 bond, and the absorption band at 1150 cm™*
is characteristic of the C-O-C bridge (Fig. 3, 1) [21, 49].

Absorbance, a.u.

0,0 g T g T g T g T T g T g T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™

Figure 3. IR spectra of samples: chitosan (1), caffeine (2), and sample 2 (3)

The IR spectrum of caffeine displays CH stretching vibrations at 2950-2850 cm*, which are character-
istic of the methyl groups attached to the nitrogen atoms in caffeine. These absorption bands are typically
recorded in the spectrum of caffeine and are used to confirm the presence of methyl groups. The absorption
bands at 1700 cm* and ~1650 cm* characterize C=0 stretching vibrations of the carbonyl groups. Caffeine
has two carbonyl groups, the exact position of which can vary slightly depending on the crystal form or envi-
ronment. These carbonyl bands are considered the “fingerprint” of caffeine and are important for its identifi-
cation. In addition, the absorption band in the 1550 cm? region is attributed to vibrations of the —C=N
groups of the imidazole ring. The absorption bands at 1480 cm™* and ~1450 cm* are characterized by C=C
stretching vibrations of the aromatic ring and —CH bending vibrations of the methyl groups [55]. These peaks
indicate the presence of a heterocyclic ring system in caffeine. The stretching vibrations at 1235 cm ™ are
associated with —C=N bonds connecting the methyl groups to the nitrogen atoms in the ring. The region be-
low 1200 cm ™ contains complex vibrations associated with ~CN and C=0 stretching, as well as ring defor-
mations [56] (Fig. 3, 2).

The IR spectrum of sample 2 of CS-CF nanocapsules shows a broadening of the vibrational range of
3400-3200 cm*, characteristic of the —OH and —NH groups. The change in the width and intensity of this
band indicates the interaction of chitosan with caffeine through their hydroxyl and amino groups. Also, a
shift of the intense absorption band of the stretching vibrations of the amide | and amide Il bonds of chitosan
at 1640-1540 cm* is possibly associated with the interaction of caffeine with chitosan through hydrogen
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bonds. Furthermore, due to a decrease in the intensity of the characteristic peaks of caffeine in CS-CF, it is
assumed that under the chosen synthesis conditions, caffeine is encapsulated by chitosan [56-58] (Fig. 3, 3).

X-Ray Diffraction Patterns

X-ray diffraction study of the structure of caffeine reveals a high degree of crystallinity, which is re-
flected in its diffraction pattern by intense peaks at 20 11.79°; 12.43°; 20.88°; 23.66°; 24.01°; 26.14°; 26.38°;
26.79°; 27.02°; 28.35°; 29.49°; 30.26°; 36.36°; 38.06°; 39.01° and 39.58°, as well as other weak crystalline
peaks (Fig. 4) [58, 59]. The size of caffeine single crystals at the indicated 20 angles varied from 2 to 50 nm,
averaging 25 nm. X-ray diffraction analysis of chitosan reveals that the polysaccharide has a semicrystalline
structure. A weak diffraction peak at 20 ~ 10.4° indicates partial ordering of the chitosan chains, while a
more pronounced peak at 20 = 19.95° is characteristic of the hydrated crystalline form of chitosan
(MM 84 kDa; DD 86 %) (Fig. 4; line 3). These features are due to intra- and intermolecular hydrogen bonds
in the polymer structure. The intensity and width of these peaks depend on factors such as the chitosan
source, the degree of deacetylation, and processing conditions [60].
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Figure 4. X-ray diffraction patterns of the sample 1 (1), sample 2 (2), and chitosan (3)

The X-ray diffraction patterns of the CS-CF nanocapsule samples differ significantly from those of the
original CS and CF (Fig. 4; lines 1 and 2). It emerged that in the CS-CF samples, a shift in the characteristic
crystalline peaks of CF at 20 11.8°, 18.7°, 23.1°, 35.8°, and 43.7° was observed, and the intensity of the
characteristic peak associated with the semicrystalline structure of chitosan decreased, although it became
broader. This behavior indicates a partial disruption of the semicrystalline structure of chitosan caused by its
interaction with caffeine. The incorporation of caffeine molecules into the CS macromolecule disrupts the
inter- and intramolecular hydrogen bonds between the chitosan chains, which leads to a decrease in
crystallinity rather than to a complete destruction of the structure. At the same time, X-ray diffraction data
indicate that the interaction is predominantly localized at the phase boundary, where the surface region of the
caffeine core interacts with the surrounding chitosan shell, while some caffeine may retain residual crystal-
line order within the capsule. Shifts in the crystal peaks at 20 further indicate interaction between caffeine
and chitosan at the molecular level. The parameters of the crystalline unit cell of chitosan and nanocapsules
were also calculated and are presented in Table 2.
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Table 2

Crystal cell parameters of CS and CS-CF nanocapsules

No. | 20,° | dA | (FWHM)B,° | (Size)L,nm
Chitosan
1 10.49 8.43 2.54 3.28
2 19.95 4.44 1.98 4.3
CS-CF Sample 1
3 11.89 7.44 1.41 5.93
4 18.73 4,735 2.02 4,17
5 23.17 4,01 2.9 3
6 35.82 2.505 0.75 11.7
7 43.75 2.067 1.3 6.8
CS-CF Sample 2
8 11.92 7.42 1.62 5.13
9 18.96 4.677 1.43 5.9
10 23.17 4,01 2.9 2.9
11 35.23 2.545 3.3 2.6
12 44.5 2.03 3.6 2.5

The sample 2 nanocapsules showed that it has a monoclinic type crystal structure: a — 7.211 A, b —
2.806 A, c — 9.305 A; o — 90°, B — 90° vy — 90°. Thus, the monoclinic structure provides insights into the
stability of the nanocapsules, which is important for their application in drug delivery.

Scanning Electron Microscope (SEM) Results

A SEM image of chitosan demonstrates that it has a generally porous, loose structure with numerous ir-
regularities and channels. A scale estimate shows that the large particles have a diameter of approximately 1—
5 um. Within these structures, the presence of smaller structures, possibly in the range of 100-300 nm, can
be predicted (Fig. 5). The particles are round or oval in shape, indicating possible self-assembly. Some areas
appear as denser aggregates, which may indicate partial agglomeration of the particles. On the whole, the
structure appears well-distributed, without large clumps, indicating a stable distribution of the compo-
nents [61, 62].

Figure 5. SEM micrographs of the surface morphology of chitosan: a — x10 um; b — %2 pm

SEM micrographs reveal elongated, needle-like structures (Fig. 6), which are characteristic of crystal-
line caffeine morphology reported in previous studies [63].
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Figure 6. SEM micrographs of the surface morphology of caffeine: a — x20 pm; b — x10 pm

Figures 7-9 show the SEM micrographs obtained according to Table 1. The results indicate that the
morphology of the nanocapsules depends significantly on the pH of the synthesis and the ratio of chitosan to
caffeine. From Figure 7, it is evident that the morphology of sample 1 CS-CF formed particles of different
sizes, approximately from 224 nm to 448 nm, within which spherical nanoparticles can be distinguished, in-
dicating a controlled self-assembly and encapsulation process. The spherical morphology is typical of chi-
tosan-based nanocarriers formed through ionic gelation or polyelectrolyte complexation, and similar features
have been noted for caffeine-loaded chitosan nanocapsules [2, 21].

Figure 8. SEM micrographs of the surface morphology of sample 2: a —x5 pm; b — x2 um
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Figure 9. SEM micrographs of the surface morphology of sample 3: a — x5 pm; b — x1 um

It should be emphasized that pH adjustment changes the degree of protonation of chitosan and thus con-
trols the balance between intermolecular attraction and repulsion. After particle formation, the residual posi-
tive surface charge of chitosan creates electrostatic repulsion between particles, limiting uncontrolled aggre-
gation and ensuring the formation of stable, self-assembling spherical nanocapsules.

As evidenced by Figure 8, the surface morphology of sample 2 nanocapsules is similar to that of sam-
ple 1. Particle size varies: for example, one is approximately 365 nm long, while another is approximately
224 nm, and some are even larger, reaching 448 nm. Surface area (S) and height (H) measurements were
taken, indicating the three-dimensional characteristics of the particles.

Results from surface morphology studies of sample 3 show that the largest particles are approximately
120 nm and 116 nm in size (Fig. 9). Smaller particles, approximately 71 nm and 28.4 nm in size, are also
present. It is noteworthy that the particles have different sizes and shapes, which may indicate their complex
morphology. The difference in size may indicate the presence of aggregates or individual nanoparticles.

Thus, it was demonstrated that the resulting nanocapsules have a distinctive surface morphology com-
pared to the original components. It was found that encapsulating caffeine with chitosan macromolecules
results in particles that differ from chitosan and caffeine in both size and shape.

Transmission Electron Microscope (TEM) Results

TEM images of nanocapsules—sample 1 and sample 2 show the presence of capsule-shaped particles
with overall dimensions of approximately 215 nm (Fig. 10). In both cases, these particles are surrounded by
a shell with a characteristic thickness in the range of approximately 150-200 nm, indicating the formation of
well-developed capsule structures. The similarity of the characteristic dimensions confirms the reproducibil-
ity of nanocapsule size under different synthesis conditions, while variations in shell thickness reflect differ-
ences in the degree of chitosan precipitation and structural compaction.

s Exp Mag Spot | HT | Pixel size | Defocus 200 nm l
535x493 2s 22500x 5 200 kV | 2.620 nm  -660 nm Crop#1(Ceta)

a

Figure 10. TEM images of sample 1 (a) and sample 2 (b)
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The microphotograph of sample 3 shows nanostructures. In the center and left are two particles, 120 nm
and 116 nm in size, respectively. Smaller particles extending from them are 71 nm, 51.3 nm, and 28.4 nm.
Overall, the images show nanostructures with the expected particle sizes (Fig. 11a). Figure 11b shows a par-
ticle with a length of 81 nm, likely corresponding to a small region or thickness of part of the structure.
107 nm is another measured dimension, possibly the length or width of a particular part. 264 nm and 265 nm
are two very similar dimensions that may indicate the width or extent of different parts of the object. The
overall scale of the image is 200 nm, indicating that all measurements refer to tiny structures, likely on the
micro- or nanoscale (Fig. 11b).

Size Mag | pixel Defocus | 100nm | Size Mag Pixel size 200 nm
535 x 493 46000 x 1.283 nm | 660 nm Crop#1(Ceta) 500 x 508 28500 x 2.159 nm Crop#i(Ceta)
a b

Figure 11. TEM images of chitosan-caffeine sample 3

The results of SEM and TEM studies confirm the formation of predominantly spherical and oval chi-
tosan-caffeine nanocapsules. SEM micrographs revealed well-dispersed nanoparticles with a smooth surface
and minimal agglomeration, indicating a uniform morphology. TEM images further demonstrate that caf-
feine was effectively encapsulated within the chitosan matrix, forming core-shell nanostructures with a clear
contrast between the polymer shell and the encapsulated core. These results confirm the efficient encapsula-
tion and stable morphology of the synthesized nanocapsules [2, 21].

Controlled Release of Caffeine

Controlled release of caffeine is essential for increasing the bioavailability of drugs and reducing side
effects. The results obtained show that at 900 s, A = 242 nm, A = 1.455 (maximum); thereafter, the peak in-
tensity decreased and stabilized in the range of A = 1.12-1.21 from 3600 to 9000 s. The spectral shift: Apeax
gradually shifted from 242 nm — 236 nm. This hypsochromic shift indicates that the microenvironment sur-
rounding caffeine (pH, interaction with the polymer) is changing (Fig. 12).
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Figure 12. Dependence of the percentage of caffeine release from chitosan nanocapsules on time
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Figure 12 manifests that the relatively high intensity in the initial stages of prolongation compared to
the final stage indicates that the majority of the caffeine is quickly released from the capsule at 900 s of the
process. In other words, a “burst” release is observed. This is explained by the rapid diffusion of caffeine
molecules near the surface. Subsequently, the caffeine within the matrix is gradually released, providing a
prolonged release phase. Comparison of the obtained results reveals a shift in the A peaks and an initial high
intensity of chitosan capsules in the matrix-solvent medium. This is due to the fact that she protonated amino
groups of chitosan interact with caffeine molecules through ionic and hydrogen bonds. Over time, these
bonds weaken, and the caffeine is released. Therefore, an initial rapid release (burst) occurs, followed by a
slow release phase controlled by diffusion. A biphasic release profile is advantageous in pharmaceuticals,
since the first phase provides a rapid therapeutic effect, while the second phase maintains a stable concentra-
tion over an extended period (Fig. 12) [64-67]. In conclusion, the release of caffeine from chitosan-caffeine
nanocapsules is a two-stage process: Rapid release (~900 s) and diffusion-controlled extended release (1800—
9000 s) are observed. The shift in the A peak confirms the change in the caffeine microenvironment within
the chitosan matrix. The kinetic analysis is consistent with the Higuchi and Korsmeyer—Peppas models, indi-
cating that the release occurs predominantly through Fickian diffusion. This profile confirms the potential of
chitosan-caffeine nanocapsules as a drug delivery system with rapid and extended release.

Conclusions

The study demonstrated that the formation of chitosan—caffeine nanocapsules is strongly influenced by
both the pH of the reaction medium and the mass ratio of the components. Under the selected conditions
(pH 3.2 and 4.5), the reaction yields reached 91-94 %, confirming the efficiency of the applied synthesis ap-
proach. DLS analysis revealed hydrodynamic particle sizes predominantly in the 400-700 nm range with
polydispersity indices of 0.477-0.604, indicating the formation of heterogeneous but stable nanoscale disper-
sions. UV-Vis spectroscopy showed a hypsochromic shift of the characteristic caffeine absorption band,
confirming intermolecular interactions within the polymer matrix. FTIR spectra demonstrated broadening
and shifts in the —OH/-NH and amide regions, supporting the formation of hydrogen bonding between chi-
tosan and caffeine. XRD patterns indicated a decrease in the crystallinity of caffeine after encapsulation, re-
flecting disruption of its ordered structure within the composite system. SEM micrographs revealed predom-
inantly spherical and oval particles with average sizes of approximately 220-450 nm for samples synthesized
at higher caffeine ratios and 30-120 nm for the lower-ratio system. TEM analysis further confirmed discrete
nanocapsules with characteristic dimensions around 200-400 nm, supporting the formation of structurally
organized polymer—drug assemblies distinct from the initial components. The release profile showed that the
cumulative percentage of caffeine released from chitosan nanocapsules reached approximately 20 % over the
monitored time period. These results collectively confirm the successful formation of chitosan—caffeine
nanocapsules and substantiate their potential for controlled drug delivery applications.
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