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Abstract: The nasal drug delivery route has distinct advantages, such as high bioavailability, a
rapid therapeutic effect, non-invasiveness, and ease of administration. This article presents the
results of a study of the processes for obtaining chitosan aerogel particles that are promising as nasal
or inhalation drug delivery systems. Obtaining chitosan aerogel particles includes the following
steps: the preparation of a chitosan solution, gelation, solvent replacement, and supercritical drying.
Particles of chitosan gels were obtained by spraying and homogenization. The produced chitosan
aerogel particles had specific surface areas of up to 254 m2/g, pore volumes of up to 1.53 cm3/g,
and porosities of up to 99%. The aerodynamic diameters of the obtained chitosan aerogel particles
were calculated, the values of which ranged from 13 to 59 µm. According to the calculation results, a
CS1 sample was used as a matrix for obtaining the pharmaceutical composition “chitosan aerogel—
clomipramine”. X-ray diffraction (XRD) analysis of the pharmaceutical composition determined the
presence of clomipramine, predominantly in an amorphous form. Analysis of the high-performance
liquid chromatography (HPLC) data showed that the mass loading of clomipramine was 35%.
Experiments in vivo demonstrated the effectiveness of the pharmaceutical composition “chitosan
aerogel—clomipramine” as carrier matrices for the targeted delivery of clomipramine by the “Nose-
to-brain” mechanism of nasal administration. The maximum concentration of clomipramine in the
frontal cortex and hippocampus was reached 30 min after administration.

Keywords: aerogel; chitosan; spraying; homogenization; particles; drug delivery systems;
pharmacokinetics; in vivo experiments

1. Introduction

The development of nasal drug delivery systems is a complex and promising area of
modern science due to their advantages. Nasal delivery systems provide a rapid therapeutic
effect, high drug stability, improved physicochemical properties (water solubility and
bioavailability), and the masking of taste or smell [1,2]. These advantages are associated
with the high permeability of the nasal mucosa and the extensive vascular system of the
nasal cavity [3]. Nasal drug delivery systems are suitable for both topical and systemic use.

Many articles describe the preparation of nasal delivery systems in the form of emul-
sions, sprays, liposomes, in situ gel systems, microemulsions, nanoemulsions [2], and
microparticles obtained using the emulsion polymerization technique, the spray drying
method, and lyophilization [3–5].

Dry nasal delivery systems, such as microparticles, delay mucociliary clearance,
thereby increasing the contact time between the drug delivery system and the mucosa
compared to liquid formulations [1,3]. This article presents the development of dry nasal
drug delivery systems based on biopolymer aerogels.

Biopolymer aerogels are highly porous materials with high surface area (up to 500 m2/g)
and porosity (up to 99%), as well as low density (up to 0.5 g/cm3) [6,7]. Supercritical drying
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(SCD) technology is used to preserve the nanoporous structure of the gel and prevent pore
collapse, protecting the dried aerogels from cracking and shrinkage [8].

Currently, the production processes and subsequent analysis of the structure, the
search for relationships between the type of polysaccharide used (agar-agar, alginate,
cellulose, pectin, lignin, starch, protein, chitosan, etc.), the parameters of the production
process, and the final properties of aerogels are widely studied [9]. Biodegradability and
biocompatibility are the distinguishing properties of polysaccharide-based aerogels [10]. It
is these qualities that make them promising materials for use in various fields of science.
The material that forms the solid framework of the aerogel determines the chemical affinity
for various drugs, which, in turn, defines the loading efficiency and the release pattern of
active substances [11]. Therefore, such a variety of initial materials used to produce aerogels
allows selecting the compositions of the “aerogel—active substance” for the development
of a drug delivery system with the desired final properties of the matrix.

Chitosan is a natural-origin linear polysaccharide usually derived from chitin by
alkaline deacetylation [12,13]. Chitin is the second most abundant polysaccharide [12].
Chitosan is a permeability enhancer, mucoadhesive, and is biocompatible [12,14]. The
structure of chitosan contains hydroxyl and amino groups, which allow chitosan to form
hydrogen and covalent bonds. The positive charge of chitosan provides ion–ion interaction
between the molecule and the negatively charged surface of the nasal mucosa, which leads
to a mucoadhesive effect [14]. A study of the composition “chitosan powder—insulin”
was carried out on sheep [15]. The bioavailability of insulin increased by 20%. These
properties make chitosan aerogels promising nasal, inhalation, and oral delivery systems
for active substances.

The shape of the resulting aerogels can be different, but biopolymer aerogels in the
form of particles are the most promising for applications in medicine, tissue and regener-
ative medicine, pharmaceuticals, and the food industry [9,10,16,17]. The introduction of
active pharmaceutical ingredients (APIs), enzymes, and vitamins into the aerogel matrix
makes it possible to produce “aerogel—active substance” compositions for use as drug
delivery systems or scaffolds for tissue engineering and wound dressing [10,17–19]. In
the study [20], it was shown that the loading of active substances in aerogel was higher
in spherical particles than in monoliths. The use of particulate chitosan aerogels as a
hemostatic agent has been investigated [17]. It was shown that primary hemostasis was
achieved in all in vivo experiments on laboratory animals using chitosan aerogel particles.

The main stages of obtaining aerogel particles based on polysaccharides are: the
preparation of the initial polymer solution, formation of solution droplets by various
methods, gelation, solvent replacement, and SCD [21].

There are two main groups of methods for forming drops of a solution [9].

1. Spraying. Drops of a polysaccharide solution are formed in a gaseous environment.
After that, they fall into a container with a solution of a cross-linking agent, which,
upon contact with, gelation occurs.

2. Homogenization. Drops of the polysaccharide solution are formed in the liquid phase.
An emulsion of a solution of a polysaccharide in oil is formed during stirring and
undergoes further gelation.

SCD is the only approach to obtaining aerogels. The peculiarity of this technology is
that during the drying process, there is no “gas-liquid” phase boundary in the pores of
the material. This allows the preservation of the developed structure of gels [1]. Thus, it is
possible to obtain aerogels with a high specific surface area.

Drying in a supercritical fluid environment is a clean and environmentally friendly
process that complies with the requirements of “green chemistry”. This technology can be
scaled up with the conditions specified in the protocols of good manufacturing practice [11].
The use of carbon dioxide, CO2, compared to other supercritical fluids (water, nitric ox-
ide, ethane, or propane) is safe for processing pharmaceutical and food products [11].
The advantages of using CO2 include low toxicity and environmental friendliness, non-
combustibility, and the possibility of recovery. Supercritical conditions are achieved at



Gels 2022, 8, 796 3 of 17

moderate pressure (73 bar) and temperature (31.1 ◦C), making the process more economical
than other supercritical fluids [22]. The low temperature also allows the processing of
thermolabile substances.

Over the past few years, both organic and inorganic aerogels have shown great promise
as drug delivery systems. The large specific surface area of aerogels contributes to the ability
to load and release bioactive agents, such as APIs or antibiotics [23]. Various methods are
used to load active substances into aerogels. The choice of the method is due to the physical
and chemical properties of the used active substances. There are several ways to introduce
active substances into the pores of the aerogel. The substance can be loaded at the stage of
preparing a polymer solution [24], at the stage of washing [20], at the last stage of solvent
replacement [8,25], during supercritical drying, or into an already prepared aerogel, using
supercritical adsorption or adsorption from a solution [19,25–27].

The preparation of pharmaceutical compositions based on alginate aerogels with
loaded ketoprofen, nimesulide, and loratadine, using supercritical adsorption, was de-
scribed [19]. During the study of the dissolution test (in vitro dissolution tests), the rate of
release and dissolution of the API increased several times. Thus, the authors noted that the
preparation of pharmaceutical compositions made it possible to reduce the time required
for the release and dissolution of 50% API up to 6.6 times. Improved pharmacokinetic
properties would lead to a faster therapeutic effect.

Various approaches can be used to overcome the blood–brain barrier (BBB) [28,29].
One of these approaches is nasal administration. Aerogel particles may be useful as nasal
drug delivery systems. The advantages of the nasal delivery route include non-invasiveness,
ease of use, high bioavailability, rapid onset of the therapeutic effect, and reduced side
effects [30,31]. The main feature of nasal delivery is delivery by the “Nose-to-Brain” mecha-
nism, which allows drugs to be delivered to the central nervous system (CNS) through the
olfactory and trigeminal nerves, bypassing the BBB [12,31,32]. This delivery method can
be effective in the treatment of diseases such as Alzheimer’s disease, Parkinson’s disease,
migraines, cardiovascular diseases, for pain relief, or in emergency situations, for example,
epilepsy [31,33,34]. The distinguishing advantages of drug delivery systems based on
chitosan aerogels include high mucoadhesive properties and high permeability [35].

The study [36] showed that the optimal particle size of nasal dry sprays to ensure the
greatest adhesion to the mucous membrane was a diameter of 50–100 µm. It was noted
that particles with a diameter of less than 20 microns can provide delivery to the lungs, so
such particles can be used to create inhaled drug delivery systems.

Based on the reviewed articles, it was concluded that pharmaceutical compositions
based on chitosan aerogels in the form of particles, as well as the study of their effectiveness,
are a perspective, promising, and relevant research topic. The main purpose of this work
was to obtain chitosan aerogel particles by spraying and homogenization methods for use
as nasal drug delivery systems and to evaluate the effectiveness of the pharmaceutical
composition “chitosan aerogel—clomipramine” for nasal administration on a model of
depressive-like state in rats.

2. Results and Discussion
2.1. Study of the Internal Structure of Chitosan Aerogel Particles

SEM images of the inner surface of chitosan aerogel particles are shown in Figure 1.
The morphology of chitosan aerogel particles obtained by spraying and homogenization

was represented by a developed globular fibrous structure. Based on the data, the dispersion
method did not affect the inner surface of the samples at the selected preparation parameters.

Table 1 lists the main characteristics used in describing the structure of the aero-
gels: specific surface area (S), average pore volume (VBJH), pore diameter (Dpore), skeletal
density (pskeletal), bulk density (pbulk), porosity (P), average particle size (dav), and mean
aerodynamic diameter (daero).
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Figure 1. SEM images of the inner surface of chitosan aerogel particles: (a) CS1 sample obtained by
spraying; (b) CH1 sample obtained by homogenization.

Table 1. Results of analytical studies of chitosan aerogel particles obtained by two methods.

Sample S, m2/g VBJH, cm3/g Dpore, nm pskeletal, g/cm3 pbulk, g/cm3 P, % dav, µm daero, µm

CS1 254 1.49 24 2.050 0.017 99.2 292 49

CS2 253 1.50 24 2.368 0.017 99.3 296 51

CS3 224 1.35 26 1.676 0.017 99.0 132 22

CS4 237 1.44 25 1.909 0.021 98.9 317 59

CH1 225 1.33 25 1.909 0.026 98.6 92 19

CH2 212 1.21 25 1.909 0.022 98.8 93 26

CH3 240 1.45 26 1.843 0.018 99.0 89 15

CH4 250 1.51 24 1.843 0.016 99.1 83 13

Analytical studies showed that all samples were mesoporous materials, since the value
of the average pore diameter lay in the range of 24–26 nm. It can be concluded that the
materials were obtained with similar values of characteristics: specific surface area varied
from 212 to 254 m2/g, and the average pore volume ranged from 1.21 to 1.51 cm3/g. It
should be noted that the porosity of the samples reached 99%.

Since chitosan aerogel particles are highly porous materials, the aerodynamic diameter
was additionally estimated. The aerodynamic diameter means a diameter of a sphere with
a density of 1 g/cm3, which has the same settling velocity as a considered particle, due to
the force of gravity [37]. Thus, the concept of aerodynamic diameter successfully describes
the aerodynamic behavior of particles in air and in many other systems, considering the
shape and density of particles.

Gel particles with an average diameter of 130 to 300 µm and an average aerodynamic
diameter of 22 to 59 µm were obtained by spraying, using a Glatt GmbH nozzle with
an inner diameter of 0.5 mm and an overpressure of 0.1 bar applied to the nozzle. Gel
particles with an average diameter of less than 95 µm and an aerodynamic diameter of
less than 26 µm were obtained by homogenization on an IKA T25 ULTRA-TURRAX at a
homogenization speed of 6000 rpm.

Obtained chitosan aerogel particles can be used for various purposes. For example,
aerogel particles obtained by spraying with the described parameters can be used to create
nasal delivery systems, since their aerodynamic characteristics allow them to be deposited
in the nasal cavity. Aerogel particles obtained by the homogenization method with the
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selected parameters have a smaller aerodynamic diameter and therefore can be used for
inhalation delivery [35,36].

For example, these materials can be used as drug delivery systems. Currently, the
number of articles describing the successful introduction of active substances, such as APIs,
vitamins, antibiotics, and vaccines, into aerogels is increasing [11,19,35,38]. The study [39]
showed that surface area, average pore volume, and pore diameter affect the amount of
API mass loading during the preparation of compositions. Large values of specific surface
areas allow more APIs to be adsorbed inside the pores. The presence of a large number
of mesopores (2–50 nm) in the aerogel structure presumably minimizes the appearance of
crystalline forms of APIs [19,38]. Therefore, it is possible to obtain APIs predominantly in
the amorphous state, which improves the pharmacokinetic properties of the pharmaceutical
composition “aerogel—API”, since the dissolution of substances in the amorphous state
does not require energy and time to destroy the crystal lattice [19].

2.2. The Results of Measuring the Amount of Adsorbed Substance by HPLC

A calibration line for known concentration solutions of clomipramine was constructed.
The amount of adsorbed API was further determined from this calibration line.

Sample preparation was carried out for the obtained sample. A weighed portion of
aerogel with loaded API was dissolved in the mobile phase. The sample was then filtered
and detected three times. The API concentration was recalculated according to the obtained
equation of the calibration line. The mass loading of the API into the aerogel matrix was
calculated using the formula:

ω =
mAPI

mPC
× 100%, (1)

where mAPI is the API mass calculated according to the equation of the calibration curve, g,
and mPC is the mass of the dissolved pharmaceutical composition, g.

The average mass loading was determined as the arithmetic average of three measurements.
The chromatogram of the pharmaceutical composition “chitosan aerogel—clomipramine”

is shown in Figure 2.
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Figure 2. Chromatogram of clomipramine loaded in chitosan aerogel.

The results of the analysis showed that the mass loading of clomipramine in the CS1
sample was 35 wt.%. Thus, obtaining the pharmaceutical composition by adsorption from
the solution is an effective way to load the API.



Gels 2022, 8, 796 6 of 17

2.3. The Results of the Study by XRD Analysis of the Pharmaceutical Composition “Chitosan
Aerogel—Clomipramine”

Diffractograms of the sample were obtained using the method of XRD analysis. The
analysis was carried out using an InelEquinox 2000 X-ray powder diffractometer. Diffrac-
tograms of pure clomipramine and the pharmaceutical composition “chitosan aerogel—
clomipramine” are shown in Figure 3.
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Figure 3. Diffractograms of pure clomipramine and pharmaceutical composition “chitosan
aerogel—clomipramine”.

The peaks corresponding to the crystalline state of clomipramine are absent in the
diffractogram of the pharmaceutical composition “chitosan aerogel—clomipramine”. Thus,
it can be concluded that clomipramine is predominantly in the amorphous state in chitosan
aerogel particles. This can provide an improvement in its properties, such as solubility (less
energy is spent on the destruction of the amorphous structure than on the destruction of
the crystalline form) and stability (the API cannot be oxidized longer due to being in an
amorphous form). There are studies in the literature that reflect an increase in the solubility
kinetics of drugs included in aerogels [19,40].

Therefore, studies on rats were carried out to determine the effectiveness of the
obtained pharmaceutical composition “chitosan aerogel—clomipramine”.

2.4. Animal Experiments

The animal experiment was performed to study the accumulation of clomipramine,
which was adsorbed in chitosan aerogel particles, in brain regions of rats, as well as
the dynamics of its elimination from the rats’ blood. In addition, the effect of chronic
administration of clomipramine in a depression-like state model was evaluated. The
experiments were performed at the National Medical Research Centre of Psychiatry and
Narcology, named after V.P. Serbsky.

2.4.1. Behavioral Experiment

Statistically significant differences were shown in a sucrose preference test (F = 6.4;
p = 0.006), new object recognition test (F = 9; p = 0.001), and forced swim test (χ2 = 21;
p < 0.001). The results of the experiments are shown in Figure 4.
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Figure 4. The results of testing the behavior of rats in the sucrose preference test (A), new object
recognition test (B), and forced swim test (C). Control—control group, S—chronic stress group, and
S+Chi—group of rats exposed to chronic stress with intranasal treatment. **—p < 0.01; ***—p < 0.001.

Significant differences between groups were demonstrated by the new object recogni-
tion test (F = 9; p = 0.001). Chronic stress lowered the discrimination index compared to
the control group (p = 0.004). However, this disorder was completely neutralized with the
pharmaceutical composition “chitosan aerogel—clomipramine” therapy. The discrimina-
tion index in the therapy group recovered to the control level and significantly differed
from the stress group (p = 0.003) (Figure 4B).

Finally, significant differences were observed in the forced swim test (χ2 = 21; p < 0.001).
Chronic stress increased the level of immobility in rats compared to the control group
(p < 0.001). However, the therapy reduced the level of immobility compared to the stress
group (p = 0.009), but the animals in the treatment group still froze more than those in the
control group (p = 0.005) (Figure 4C).

2.4.2. Distribution of Drugs in Blood and Brain Tissue

Different regularity was observed when the pharmaceutical composition “chitosan
aerogel—clomipramine” was administered intranasally to rats. The concentration of
clomipramine decreased already after 1 h to minimum detectable values in the frontal cor-
tex, hippocampus, and plasma (Figure 5). However, when the pharmaceutical composition
“chitosan aerogel—clomipramine” was administered, this ratio was approximately 6 for
the hippocampus and 30 for the frontal cortex.
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The maximum concentration of clomipramine in the hippocampus and in the frontal
cortex was reached 30 min after intranasal administration of the composition. The peak
concentration of the API was observed in plasma after 10 min. Thus, the use of this
composition allows quickly and efficiently delivering API to the brain and blood, which
can contribute to a rapid therapeutic effect.

3. Conclusions

The study of the processes of obtaining organic aerogels based on chitosan in the form
of particles by various methods, spraying and homogenization, was carried out in this
work. The results of experimental and analytical studies showed that gel particles with an
average diameter of 200 µm, by the spray method, and 90 µm by the oil-emulsion method,
were obtained. It was shown that by using these methods for obtaining gel particles, it
is possible to obtain aerogels with a wide range of characteristics. These characteristics
can be controlled and varied through process parameters depending on the end use of
the material.

Experiments were carried out to obtain the pharmaceutical composition “chitosan
aerogel-clomipramine” for targeted delivery by the nose-to-brain mechanism for the treat-
ment of depressive disorders. It was shown that the mass loading of clomipramine is more
than 30 wt.%. The results of XRD analysis showed that the API is predominantly in the
amorphous state, which increases its solubility.

Experiments in vivo on male mice were carried out. The pharmaceutical composition
“chitosan aerogel-clomipramine” partially reversed behavioral responses in rats that had
been impaired by chronic stress. The main test showing stress response was the forced
swimming test. This is the main test for testing antidepressants. In our study, the time
of immobility in rats decreased in all experiments with the use of the pharmaceutical
composition “chitosan aerogel-clomipramine“, which indicates a greater resistance in rats
treated with this drug to chronic stress. There was also an improvement in the cognitive
functions of the rats that were impaired after the stress. Cognitive decline is one of the
symptoms of depression in humans and depressive-like behavior in animals. Considering
the positive results on the effect of the pharmaceutical composition “chitosan aerogel-
clomipramine” on behavior, the distribution of the drug in the tissues should be investigated
further. It should be noted that the method of administration should be modified.

These results demonstrate that chitosan aerogel particles are promising carrier matrices
for targeted API delivery by the “Nose-to-brain” mechanism, as they have a therapeu-
tic effect on depressed rats. Thus, the pharmaceutical composition “chitosan aerogel-
clomipramine” is an effective drug for the treatment of depressive disorders.

4. Materials and Methods
4.1. Materials

In this work, acid-soluble chitosan, with a molecular weight of 111 kDa (Sigma Aldrich,
Saint Louis, MO, USA), was used. Chemically pure acetic acid (99.8 wt.%, Ruschim,
Moscow, Russia) was used as the acid. Pure sodium hydroxide (Ruschim, Moscow, Russia)
was used as a cross-linking agent. Sunflower oil (pharmaceutical secondary standard,
Sigma Aldrich, Saint Louis, MO, USA) was used to prepare the oil emulsion. Isopropyl
alcohol (>99.8 wt.%, Ruschim, Moscow, Russia) was used as a solvent. The drying agent
was carbon dioxide (purity 99.99%). Clomipramine hydrochloride powder (>98 wt.%,
Sigma Aldrich, Saint Louis, MO, USA) was used to obtain the pharmaceutical composition
“chitosan aerogel—API”. Acetonitrile (>99.5%, Sigma-Aldrich, Saint Louis, MO, USA),
tetramethylethylenediamine (Sigma-Aldrich, Saint Louis, MO, USA), and triethylamine
(Sigma-Aldrich, Saint Louis, MO, USA) were used to determine the amount of adsorbed
substance in the aerogel matrix. Tween 80 (Sigma-Aldrich, Saint Louis, MO, USA) was
used as a surfactant.
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4.2. Preparation of Chitosan Aerogel Particles

Main stages of obtaining chitosan aerogel particles:

1. Preparation of the initial solution of chitosan in acetic acid;
2. Gelation of gel particles, based on chitosan, by various methods;
3. Step-by-step solvent replacement;
4. Supercritical drying.

Figure 6 shows the main stages in the formation of chitosan aerogel particles.
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Such parameters as the concentration of the acetic acid solution, concentration of the
chitosan solution, and concentration of the sodium hydroxide solution varied during the
preparation of the chitosan aerogel particles. The concentrations of the reagents during
sample preparation are shown in Table 2.

Table 2. Concentrations of all reagents in obtaining samples of chitosan aerogel particles.

Cch, wt.% Cacetic acid, M CNaOH, M

1 0.1 1
1 0.2 1
1 0.2 0.1
1 0.1 0.1

The samples obtained by the spraying method were named CS1–CS4. The excess
pressure of compressed air supplied to the nozzle was 0.1 bar for all experiments. In this
work, a Glatt GmbH nozzle with a nozzle diameter of 0.5 mm was used.

The samples obtained by the homogenization method were designated as CH1–CH4.
The volume ratio of chitosan solution to oil was 1 to 3, and the volume ratio of sodium
hydroxide solution to oil was also 1 to 3 for all experiments performed. Tween 80 was
used as a surfactant, similarly, in this study [41]. The use of surfactants makes it possible
to reduce the surface tension of droplets formed and thereby obtain particles of a smaller
diameter. This surfactant is used as a pharmaceutical excipient in drug formulation [42].
The homogenization speed was 6000 rpm in all experiments.

4.2.1. Preparation of Chitosan Solution

Chitosan, in powder form, was added to an acetic acid solution with constant stirring
on a magnetic stirrer at 250 rpm. The prepared solution was continuously stirred for 24 h



Gels 2022, 8, 796 10 of 17

at room temperature at a constant speed to completely dissolve the chitosan and to obtain
a homogeneous solution of chitosan.

4.2.2. Preparation of Chitosan Gel Particles by Spraying

An installation was used to implement the spraying process. A schematic diagram of
the installation is shown in Figure 7.
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with chitosan solution; 2—peristaltic pump; 3—nozzle; 4—air supply line; 5—receiving container
with a stirring device.

The liquid flow rate during each experiment was selected to obtain a stable spray
jet, which was necessary for fine spraying and ensuring uniform droplet formation in
the solution at the selected pressure. Gelation and formation of gel particles occurred
when drops fell into the sodium hydroxide solution. Stirring using a magnetic stirrer was
organized in receiving container, 5, to prevent the agglomeration of the resulting particles.
The mixture was kept for 24 h with slow stirring to form the final structure and ensure the
completeness of the chemical reactions.

4.2.3. Preparation of Chitosan Gel Particles by Homogenization

An emulsion of a chitosan solution and an emulsion of a sodium hydroxide solution
were prepared to obtain chitosan gel particles by homogenization. The emulsion of the
chitosan solution in oil and the emulsion of the sodium hydroxide solution in oil were
homogenized on an IKA T25 ULTRA-TURRAX at a constant speed of 6000 rpm. After that,
the emulsion of the chitosan solution was added, dropwise, to the emulsion of the sodium
hydroxide solution with stirring on a disperser.

The particles of the dispersed phase were formed in the process of continuous mixing.
Further, an additional amount of sodium hydroxide solution was added to the reaction
mixture and kept for 12 h to ensure the completeness of the chemical reactions.

4.2.4. Solvent Exchange

After the gelation step, the particles were repeatedly washed with distilled water.
After that, the stage of replacing the aqueous solvent with isopropyl alcohol was carried
out. In this study, a stepwise solvent exchange was used (30%, 60%, 90%, 100%, and 100%).
There needed to be at least 2 h between each replacement. Such a scheme was necessary
so that the deformation of the gel structure did not occur. Thus, the chitosan gel particles
were prepared for supercritical drying.

4.2.5. Supercritical Drying

Supercritical drying is the final stage in the production of chitosan aerogel particles.
SCD was carried out in a high-pressure apparatus, similarly to [17,19]. The installation
scheme for supercritical drying is shown in Figure 8.
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Carbon dioxide (CO2) was supplied from a cylinder, 1, to a heat exchanger, 2. CO2
was cooled to 5 ◦C in the heat exchanger, 2, to avoid carbon dioxide phase transition.
The pressure was pumped up by a pump, 3. CO2 entered a thermostat, 4. After which,
supercritical carbon dioxide (scCO2) entered the high-pressure apparatus, 5. A temperature
controller, manometer, and temperature sensor were installed in the high-pressure appara-
tus. The process of heating the apparatus came from a heating jacket attached to the body.
Regulation of the carbon dioxide flow was carried out by a system of valves at the outlet of
the apparatus. The consumption of gaseous carbon dioxide was displayed on a rotameter.

4.2.6. Obtaining the Composition “Chitosan Aerogel—API”

Sample CS1 was used to prepare pharmaceutical compositions based on chitosan
aerogel as a matrix. This sample had the largest specific surface area (254 m2/g) and
an optimal mean aerodynamic diameter (49 µm). Clomipramine was used as the API.
Clomipramine is a highly water-soluble compound [43]. Clomipramine is a tricyclic
antidepressant used in the treatment of obsessive-compulsive disorder, according to the
FDA [44].

The preparation of the pharmaceutical composition “chitosan aerogel—clomipramine”
was carried out using the method of adsorption from a solution. Chitosan aerogel particles
were contacted with a solution of clomipramine at a concentration of 150 × 10−4 g/mL.
During the adsorption process, clomipramine diffused into the pores of the aerogel. Thus,
the pharmaceutical composition “chitosan aerogel—clomipramine” was obtained.

4.3. Analytical Research

During this study, analytical studies, such as nitrogen porosimetry (at −196 ◦C) on an
ASAP 2020MP specific surface and porosity analyzer, were carried out to determine the
specific surface area, volume, and pore diameter. According to the results of this study,
the specific surface area was determined by the Brunauer–Emmett–Teller (BET) method;
pore volume and their average diameter were measured according to the Barrett–Joyner–
Halenda (BDH) method. The pycnometer method was carried out on a helium pycnometer
“AccuPyc II 1340” (Micromeritics) to determine the skeletal density.
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The bulk density of the particles was defined as the ratio of the mass of the particles to
the volume occupied and was calculated by the formula:

pbulk =
mparticles

Vparticles
(2)

where pbulk is the bulk density, g/cm3; mparticles is the mass of the particles, g; and Vparticles

is the volume of the particles, cm3. Each measurement was carried out three times. The
bulk density value was determined as the arithmetic mean of three measurements.

The porosity of the chitosan aerogel particles was calculated by the formula:

P = (1 − pbulk
pskeletal

)× 100 (3)

where P is the sample porosity, %; pbulk is the bulk density, g/cm3; and pskeletal is the skeletal
density, g/cm3.

The laser diffraction method was used to study the particle size distribution. The
analysis was carried out on an Analysette 22 Nano Tec instrument for the chitosan gel
particles in distilled water. The value of the average diameters of the gel particles was
calculated by the formula:

Dav = ∑i
ni

∑i ni
di = ∑i fnidi (4)

where Dav is the average diameter, mk; ni is the number of particles in the i-th fraction
(diameter di); ∑

i
ni is the total number of particles in the system; and fni = ni/∑i ni is the

numerical fraction of the i-th fraction.
The values of the aerodynamic diameters were calculated according to the formula

according to [37,45]:
Daero =

√
ρparticle × Dav (5)

where Daero is the aerodynamic diameter, µm; Dav is the average diameter, µm; and ρparticle

is the density of the particles, g/cm3.
The particle density was determined through the layer porosity, ε. For particles, it is

customary to consider the porosity of the layer to be 0.38–0.42 [46]. For the calculation,
the average porosity was taken as equal to ε = 0.4. The particle density was calculated by
the formula:

ρparticles =
ρbulk
1 − ε

(6)

where ρparticles is the particle density, g/cm3; ρbulk is the bulk density, g/cm3; and ε is the
layer porosity, cm3/cm3.

All experimental points were measured at least three times. The average results of
analytical studies are presented in Table 1.

The surface morphology of the obtained particles was studied by scanning electron
microscopy (SEM) on a JEOL 1610LV instrument. Studies by helium pycnometry and SEM
were carried out at the Center for Collective Use of the D.I. Mendeleev Russian University
of Chemical Technology.

The amount of adsorbed clomipramine in the pores of the chitosan aerogel particles
was determined by high-performance liquid chromatography. This study was carried out
using an Agilent 1220 Compact LC chromatograph. A method for determining the API
was selected according to the literature data [47]. The mobile phase was a buffer system
consisting of acetonitrile and distilled water containing 0.05 vol% tetramethylethylenedi-
amine and 0.01 vol% triethylamine. The pH value of 6.5 was adjusted with acetic acid.
Acetonitrile and the buffer system were in a ratio of 370:630. The volumetric flow rate of
the mobile phase was 1.5 mL/min, the decoration wavelength was 254 nm, and the sample
volume was 20 µL [47].
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Qualitative XRD analysis was used to determine the presence of the crystalline or
amorphous phases of clomipramine in the pharmaceutical composition “chitosan aerogel—
clomipramine”. This study was carried out on an InelEquinox 2000 X-ray powder diffractometer.

4.4. Animal Studies
4.4.1. Animals

The experiment involved male Wistar rats that were obtained from the Laboratory
Animal Breeding Station (Pushchino RAS, Moscow Region). The rats were two months
old and weighed 200–250 g. The animals were housed in individual polycarbonate cages
(42 cm × 26 cm × 15 cm) during stress. After stress, the rats were placed in cages in groups
of no more than eight animals. Normal housing conditions were observed for all animals:
free access to water and food, a constant ambient temperature of 23 ◦C, and regulated
direct light (12/12 h). All procedures with the animals were maintained in accordance with
Directive 2010/63/EU of 22 September 2010. The animal study protocol was approved by
the local ethical committee of V.P. Serbsky National Medical Research Centre of Psychiatry
and Narcology (protocol No. 2, 17 February 2022).

4.4.2. Experiment Design with Behavior

The experiment included three experimental groups of rats: control animals (n = 8);
rats exposed to chronic stress (n = 8); and rats exposed to chronic stress with pharmaceutical
composition “chitosan aerogel-clomipramine” intranasal treatment (n = 8). After the end of
the chronic stress protocol, the first sucrose preference test was performed one day later.
The behavioral tests were performed in the following order, with an interval of at least
two days: the sucrose preference test, object recognition test, and forced swimming test.

4.4.3. Distribution of Drugs in Blood and Brain Tissue

A separate step in the experiment was performed to determine the distribution of
clomipramine in the blood and brains of rats. Brain and blood tissue samples were taken
from the animals at the following time points after intranasal injection of the drug: 10 min,
30 min, 1 h, 2 h, and 4 h. Each time point of the experiment included samples from
four individual animals. Blood was collected after decapitation, and brain sections were
taken from the same rats. The blood was collected in tubes with EDTA and centrifuged at
2000× g for 10 min; then, plasma was collected and stored at −20 ◦C. After brain extraction,
brain slices were made under certain conditions, which included cold. The isolated tissue
samples were frozen in liquid nitrogen and then stored at −20 ◦C until analysis.

4.4.4. Chronic Stress

The experiment involved an ultrasound model of depression-like state in rats, which
was induced by the action of an ultrasound with variable wave frequency. This model
consisted of the animals being alternately exposed to ultrasound frequencies in the range
of 20-45 kHz continuously for three weeks. An ultrasound generator, Weitech (Wavre,
Belgium), was used for this purpose. Frequency ranges were alternated and replaced every
ten minutes. Short frequencies, 20–25 kHz, medium frequencies, 25–40 kHz, and high
frequencies, 40–45 kHz, were used. The total duration of exposure to short and medium
frequencies of ultrasound was 35%, and high frequencies, 30%. The sound pressure was
50 dB ± 5 dB (fluctuations ± 10%). During exposure to variable frequency ultrasound, the
rats were housed in individual cages at a distance of 1.5 m from the ultrasound generator,
with the location of the cages varying daily. The drugs were administered to the animals
during chronic stress daily for three weeks [48–50].

4.4.5. Drug Administration

The weight of the powdered composition for intranasal therapy, “chitosan aerogel-
clomipramine”, was determined for each animal according to the body weight of the
animal. The pharmaceutical composition was weighed immediately before administration
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to each rat separately. The dose was divided equally between the two nostrils, i.e., the
drug was injected twice into each animal, once in each nostril. The following intranasal
administration protocol was used: (1) the drug was poured into a cone-shaped tip, which
was connected to an air supply tube from a compressed air cylinder; (2) the free end of the
cone-shaped tip was placed in the rat’s nostril; (3) at the same time, air from the balloon
was supplied by pressing a push-button. The scheme of the intranasal administration of
the drug is illustrated in Figure 9.
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The S and control groups received intranasal saline in a volume of 30 µL for 21 days.
Clomipramine was administered daily at 10 am in the same dose once to study the drug
distribution in the blood and brain [51].

4.4.6. Sucrose Preference Test

Rats were placed in individual cages and presented with two drinkers, one with pure
water and the other with 1% sucrose solution, for one day under free-choice conditions.
The drinkers were swapped every six hours to eliminate site preference. After 24 h, the
volume of fluid drunk from both drinkers was measured, and the sucrose preference index
was calculated using the formula: Vs/(Vs + Vw) × 100%, where Vw is the volume of pure
water drunk, and Vs is the volume of 1% sucrose solution drunk [49]. Rats in the normal
state perceived sweetened water as more pleasant than pure water and preferred it.

4.4.7. Forced Swim Test

This test was used to evaluate despair behavior, which is an indicator of a depressive-
like state in rats. The test was performed in a transparent cylinder (with a diameter of 31 cm
and a height of 40 cm) filled with water (at temperature of 23 ◦C) to the mark at the height
of 30 cm from the bottom of the cylinder. The animal was placed in the cylinder with water
for eight minutes. During the last six minutes, the total immobility time (immobile freezing
in the water column), which is the main indicator of despair behavior, was recorded using
RealTimer software (OpenScience, Moscow, Russia) [49].

4.4.8. Object Recognition Test

This test was used to evaluate long-term memory. A square arena (45 cm × 45 cm × 40 cm)
was used for the test. The test was performed in three stages with a 24 h break. On the first
day of testing, the rat was placed in an empty arena for 5 min for habituation. On the second
day, two objects of similar shape and size were placed in the arena, the rat was placed in the
center of the arena, and the total time the rat explored each object was recorded for 5 min.
On the third day, one of the objects in the arena was replaced by a new object, different in
shape and size. The rat was placed in the center of the arena, and the total examination
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time of the old and new objects was recorded. In the data analysis, the total exploration
time of both objects during training and the test was estimated. Animals that examined the
objects during training or the test for less than 10 s were excluded; then, the discrimination
index was calculated according to the formula: (Tn − To)/(Tn + To) × 100, where Tn is
the total time to examine the new object at the third stage of the test, and To is the total
time to examine the old object at the third stage of the test [52]. The discrimination index
allowed us to evaluate the level of remembering the old object and recognizing the new
one in the animals.

4.5. Sample Preparation for the Determination of Clomipramine in Blood Plasma and Brain Tissues

The article [53] described the sample preparation of rat blood plasma and rat brain
tissue, as well as a detailed description of the detection technique. A tandem SCIEX
4500QTRAP mass spectrometer, combined with a Shimadzu 30ACMP liquid chromato-
graph, was used for the analysis. Chromatographic separation of the components of the
test sample was carried out in RPLC mode using a chromatographic column Phenomenex
Phenyl-Hexyl 2.1 × 50 mm 2.6 um. The detection conditions were chosen according to [53]:
phase A (water; 5 mM Ammonium Formate); phase B (Acetonitrile; 5 mM Ammonium
Formate); a flow rate of 0.45 mL/min; and a sample input volume of 1 µL.
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Polyurea-Crosslinked Biopolymer Aerogel Beads. RSC Adv. 2020, 10, 40843–40852. [CrossRef]
8. García-González, C.A.; Alnaief, M.; Smirnova, I. Polysaccharide-Based Aerogels—Promising Biodegradable Carriers for Drug

Delivery Systems. Carbohydr. Polym. 2011, 86, 1425–1438. [CrossRef]
9. Ganesan, K.; Budtova, T.; Ratke, L.; Gurikov, P.; Baudron, V.; Preibisch, I.; Niemeyer, P.; Smirnova, I.; Milow, B. Review on the

Production of Polysaccharide Aerogel Particles. Materials 2018, 11, 2144. [CrossRef] [PubMed]
10. Quraishi, S.; Martins, M.; Barros, A.A.; Gurikov, P.; Raman, S.P.; Smirnova, I.; Duarte, A.R.C.; Reis, R.L. Novel Non-Cytotoxic

Alginate–Lignin Hybrid Aerogels as Scaffolds for Tissue Engineering. J. Supercrit. Fluids 2015, 105, 1–8. [CrossRef]

http://doi.org/10.3390/computation10080139
http://doi.org/10.1016/j.ijpharm.2021.120994
http://www.ncbi.nlm.nih.gov/pubmed/34390810
http://doi.org/10.1023/A:1018869601502
http://doi.org/10.1016/s0168-3659(00)00258-3
http://www.ncbi.nlm.nih.gov/pubmed/10925129
http://doi.org/10.1002/anie.201709014
http://doi.org/10.1039/D0RA07337G
http://doi.org/10.1016/j.carbpol.2011.06.066
http://doi.org/10.3390/ma11112144
http://www.ncbi.nlm.nih.gov/pubmed/30384442
http://doi.org/10.1016/j.supflu.2014.12.026


Gels 2022, 8, 796 16 of 17

11. García-González, C.A.; Sosnik, A.; Kalmár, J.; de Marco, I.; Erkey, C.; Concheiro, A.; Alvarez-Lorenzo, C. Aerogels in Drug
Delivery: From Design to Application. J. Control. Release 2021, 332, 40–63. [CrossRef]

12. Paola, M.; Maestrelli, F.; Cirri, M.; Mennini, N. Multiple Roles of Chitosan in Mucosal Drug Delivery: An Updated Review. Mar.
Drugs 2022, 20, 335. [CrossRef]

13. Aranaz, I.; Alcántara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Heras Caballero, A.; Acosta, N. Chitosan: An Overview of Its
Properties and Applications. Polymers 2021, 13, 3256. [CrossRef] [PubMed]

14. Ways, T.; Lau, W.; Khutoryanskiy, V. Chitosan and Its Derivatives for Application in Mucoadhesive Drug Delivery Systems.
Polymers 2018, 10, 267. [CrossRef]

15. Hinchcliffe, M.; Illum, L. Intranasal Insulin Delivery and Therapy. Adv. Drug Deliv. Rev. 1999, 35, 199–234. [CrossRef] [PubMed]
16. Alnaief, M.; Obaidat, R.; Alsmadi, M. Preparation of Hybrid Alginate-Chitosan Aerogel as Potential Carriers for Pulmonary Drug

Delivery. Polymers 2020, 12, 2223. [CrossRef] [PubMed]
17. Lebedev, I.; Lovskaya, D.; Mochalova, M.; Mitrofanov, I.; Menshutina, N. Cellular Automata Modeling of Three-Dimensional

Chitosan-Based Aerogels Fiberous Structures with Bezier Curves. Polymers 2021, 13, 2511. [CrossRef]
18. López-Iglesias, C.; Barros, J.; Ardao, I.; Gurikov, P.; Monteiro, F.J.; Smirnova, I.; Alvarez-Lorenzo, C.; García-González, C.A.

Jet Cutting Technique for the Production of Chitosan Aerogel Microparticles Loaded with Vancomycin. Polymers 2020, 12, 273.
[CrossRef]

19. Lovskaya, D.; Menshutina, N. Alginate-Based Aerogel Particles as Drug Delivery Systems: Investigation of the Supercritical
Adsorption and In Vitro Evaluations. Materials 2020, 13, 329. [CrossRef]

20. Veronovski, A.; Novak, Z.; Knez, Ž. Synthesis and Use of Organic Biodegradable Aerogels as Drug Carriers. J. Biomater. Sci.
Polym. Ed. 2012, 23, 873–886. [CrossRef]

21. Soorbaghi, F.P.; Isanejad, M.; Salatin, S.; Ghorbani, M.; Jafari, S.; Derakhshankhah, H. Bioaerogels: Synthesis Approaches, Cellular
Uptake, and the Biomedical Applications. Biomed. Pharmacother. 2019, 111, 964–975. [CrossRef]

22. Tabernero, A.; Martín del Valle, E.M.; Galan, M. Supercritical Fluids for Pharmaceutical Particle Engineering: Methods, Basic
Fundamentals and Modelling. Chem. Eng. Process. Process Intensif. 2012, 60, 9–25. [CrossRef]

23. García-González, C.A.; Jin, M.; Gerth, J.; Alvarez-Lorenzo, C.; Smirnova, I. Polysaccharide-Based Aerogel Microspheres for Oral
Drug Delivery. Carbohydr. Polym. 2015, 117, 797–806. [CrossRef] [PubMed]

24. Ulker, Z.; Erkey, C. An Emerging Platform for Drug Delivery: Aerogel Based Systems. J. Control. Release 2014, 177, 51–63.
[CrossRef] [PubMed]

25. Mehling, T.; Smirnova, I.; Guenther, U.; Neubert, R. Polysaccharide-Based Aerogels as Drug Carriers. J. Non-Cryst. Solids 2009,
355, 2472–2479. [CrossRef]

26. Qin, L.; He, Y.; Zhao, X.; Zhang, T.; Qin, Y.; Du, A. Preparation, Characterization, and In Vitro Sustained Release Profile of
Resveratrol-Loaded Silica Aerogel. Molecules 2020, 25, 2752. [CrossRef]

27. Obaidat, R.; Tashtoush, B.; Bayan, M.; Bustami, R.; Alnaief, M. Drying Using Supercritical Fluid Technology as a Potential Method
for Preparation of Chitosan Aerogel Microparticles. AAPS PharmSciTech 2015, 16, 1235–1244. [CrossRef]

28. Serralheiro, A.; Alves, G.; Fortuna, A.; Falcão, A. Direct Nose-to-Brain Delivery of Lamotrigine Following Intranasal Administra-
tion to Mice. Int. J. Pharm. 2015, 490, 39–46. [CrossRef]

29. Chen, W.; Lu, F.; Chen, C.-C.V.; Mo, K.-C.; Hung, Y.; Guo, Z.-X.; Lin, C.-H.; Lin, M.-H.; Lin, Y.-H.; Chang, C.; et al. Manganese-
Enhanced MRI of Rat Brain Based on Slow Cerebral Delivery of Manganese(II) with Silica-Encapsulated MnxFe1−xO Nanoparticles.
NMR Biomed. 2013, 26, 1176–1185. [CrossRef]

30. Kim, D.; Kim, Y.H.; Kwon, S. Enhanced Nasal Drug Delivery Efficiency by Increasing Mechanical Loading Using Hypergravity.
Sci. Rep. 2018, 8, 168. [CrossRef]

31. Keller, L.-A.; Merkel, O.; Popp, A. Intranasal Drug Delivery: Opportunities and Toxicologic Challenges during Drug Development.
Drug Deliv. Transl. Res. 2022, 12, 735–757. [CrossRef]

32. Kapoor, M.; Cloyd, J.; Siegel, R. A Review of Intranasal Formulations for the Treatment of Seizure Emergencies. J. Control. Release
2016, 237, 147–159. [CrossRef] [PubMed]

33. Djupesland, P.; Messina, J.; Mahmoud, R. The Nasal Approach to Delivering Treatment for Brain Diseases: An Anatomic,
Physiologic, and Delivery Technology Overview. Ther. Deliv. 2014, 5, 709–733. [CrossRef]

34. Bitter, C.; Suter-Zimmermann, K.; Surber, C. Nasal Drug Delivery in Humans. Curr. Probl. Dermatol. 2011, 40, 20–35. [CrossRef]
[PubMed]

35. Khalil, A.; Yahya, E.B.; Jummaat, F.; Adnan, A.; Olaiya, N.; Rizal, S.; Abdullah, C.; Pasquini, D.; Thomas, S. Biopolymers Based
Aerogels: A Review on Revolutionary Solutions for Smart Therapeutics Delivery. Prog. Mater. Sci. 2023, 131, 101014. [CrossRef]

36. Baldelli, A.; Boraey, M.A.; Oguzlu, H.; Cidem, A.; Rodriguez, A.P.; Ong, H.X.; Jiang, F.; Bacca, M.; Thamboo, A.; Traini, D.; et al.
Engineered Nasal Dry Powder for the Encapsulation of Bioactive Compounds. Drug Discov. Today 2022, 27, 2300–2308. [CrossRef]

37. Vanbever, R.; Mintzes, J.D.; Wang, J.; Nice, J.; Chen, D.; Batycky, R.; Langer, R.; Edwards, D.A. Formulation and Physical
Characterization of Large Porous Particles for Inhalation. Pharm. Res. 1999, 16, 1735–1742. [CrossRef]

38. Gurikov, P.; Smirnova, I. Amorphization of Drugs by Adsorptive Precipitation from Supercritical Solutions: A Review. J. Supercrit.
Fluids 2018, 132, 105–125. [CrossRef]

39. Smirnova, I.; Suttiruengwong, S.; Seiler, M.; Arlt, W. Dissolution Rate Enhancement by Adsorption of Poorly Soluble Drugs on
Hydrophilic Silica Aerogels. Pharm. Dev. Technol. 2004, 9, 443–452. [CrossRef]

http://doi.org/10.1016/j.jconrel.2021.02.012
http://doi.org/10.3390/md20050335
http://doi.org/10.3390/polym13193256
http://www.ncbi.nlm.nih.gov/pubmed/34641071
http://doi.org/10.3390/polym10030267
http://doi.org/10.1016/s0169-409x(98)00073-8
http://www.ncbi.nlm.nih.gov/pubmed/10837698
http://doi.org/10.3390/polym12102223
http://www.ncbi.nlm.nih.gov/pubmed/32992662
http://doi.org/10.3390/polym13152511
http://doi.org/10.3390/polym12020273
http://doi.org/10.3390/ma13020329
http://doi.org/10.1163/092050611X566126
http://doi.org/10.1016/j.biopha.2019.01.014
http://doi.org/10.1016/j.cep.2012.06.004
http://doi.org/10.1016/j.carbpol.2014.10.045
http://www.ncbi.nlm.nih.gov/pubmed/25498702
http://doi.org/10.1016/j.jconrel.2013.12.033
http://www.ncbi.nlm.nih.gov/pubmed/24394377
http://doi.org/10.1016/j.jnoncrysol.2009.08.038
http://doi.org/10.3390/molecules25122752
http://doi.org/10.1208/s12249-015-0312-2
http://doi.org/10.1016/j.ijpharm.2015.05.021
http://doi.org/10.1002/nbm.2932
http://doi.org/10.1038/s41598-017-18561-x
http://doi.org/10.1007/s13346-020-00891-5
http://doi.org/10.1016/j.jconrel.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27397490
http://doi.org/10.4155/tde.14.41
http://doi.org/10.1159/000321044
http://www.ncbi.nlm.nih.gov/pubmed/21325837
http://doi.org/10.1016/j.pmatsci.2022.101014
http://doi.org/10.1016/j.drudis.2022.04.012
http://doi.org/10.1023/A:1018910200420
http://doi.org/10.1016/j.supflu.2017.03.005
http://doi.org/10.1081/PDT-200035804


Gels 2022, 8, 796 17 of 17

40. Lovskaya, D.; Lebedev, A.; Menshutina, N. Aerogels as Drug Delivery Systems: In Vitro and in vivo Evaluations. J. Supercrit.
Fluids 2015, 106, 115–121. [CrossRef]

41. Baudron, V.; Taboada, M.; Gurikov, P.; Smirnova, I.; Whitehouse, S. Production of Starch Aerogel in Form of Monoliths and
Microparticles. Colloid Polym. Sci. 2020, 298, 477–494. [CrossRef]

42. Schwartzberg, L.S.; Navari, R.M. Safety of Polysorbate 80 in the Oncology Setting. Adv. Ther. 2018, 35, 754–767. [CrossRef]
[PubMed]

43. McTavish, D.; Benfield, P. Clomipramine. An Overview of Its Pharmacological Properties and a Review of Its Therapeutic Use in
Obsessive Compulsive Disorder and Panic Disorder. Drugs 1990, 39, 136–153. [CrossRef] [PubMed]

44. del Casale, A.; Sorice, S.; Padovano, A.; Simmaco, M.; Ferracuti, S.; Lamis, D.A.; Rapinesi, C.; Sani, G.; Girardi, P.;
Kotzalidis, G.D.; et al. Psychopharmacological Treatment of Obsessive-Compulsive Disorder (OCD). Curr. Neuropharmacol. 2019,
17, 710–736. [CrossRef]

45. de Boer, A.H.; Gjaltema, D.; Hagedoorn, P.; Frijlink, H.W. Characterization of Inhalation Aerosols: A Critical Evaluation of
Cascade Impactor Analysis and Laser Diffraction Technique. Int. J. Pharm. 2002, 249, 219–231. [CrossRef] [PubMed]

46. Propster, M.; Szekel, J. The Porosity of Systems Consisting of Layers of Different Particles. Powder Technol. 1977, 17, 123–138.
[CrossRef]

47. Palego, L.; Dell’Osso, L.; Marazziti, D.; Biondi, L.; Sarno, N.; Ciapparelli, A.; Giromella, A.; Giannaccini, G.; Lucacchini, A.;
Cassano, G.B. Simultaneous Analysis of Clozapine, Clomipramine and Their Metabolites by Reversed-Phase Liquid Chromatog-
raphy. Prog. Neuropsychopharmacol. Biol. Psychiatry 2001, 25, 519–533. [CrossRef]

48. Morozova, A.Y.; Zubkov, E.A.; Storozheva, Z.I.; Kekelidze, Z.I.; Chekhonin, V.P. Effect of Ultrasonic Irradiation on the Develop-
ment of Symptoms of Depression and Anxiety in Rats. Bull Exp Biol Med 2013, 154, 740–743. [CrossRef]

49. Zorkina, Y.; Zubkov, E.; Morozova, A.; Ushakova, V.; Chekhonin, V. The Comparison of a New Ultrasound-Induced Depression
Model to the Chronic Mild Stress Paradigm. Front. Behav. Neurosci. 2019, 13, 146. [CrossRef]

50. Abramova, O.; Ushakova, V.; Zorkina, Y.; Zubkov, E.; Storozheva, Z.; Morozova, A.; Chekhonin, V. The Behavior and Postnatal
Development in Infant and Juvenile Rats After Ultrasound-Induced Chronic Prenatal Stress. Front Physiol 2021, 12, 659366.
[CrossRef]

51. Abramova, O.; Zorkina, Y.; Syunyakov, T.; Zubkov, E.; Ushakova, V.; Silantyev, A.; Soloveva, K.; Gurina, O.; Majouga, A.;
Morozova, A.; et al. Brain Metabolic Profile after Intranasal vs. Intraperitoneal Clomipramine Treatment in Rats with Ultrasound
Model of Depression. Int J Mol Sci 2021, 22, 9598. [CrossRef]

52. Ushakova, V.; Zubkov, E.; Morozova, A.; Gorlova, A.; Pavlov, D.; Inozemtsev, A.; Chekhonin, V. Effect of Electroconvulsive
Therapy on Cognitive Functions of Rats with Depression-Like Disorders Induced by Ultrasound Exposure. Bull. Exp. Biol. Med.
2017, 163, 599–601. [CrossRef] [PubMed]

53. Lovskaya, D.; Bezchasnyuk, A.; Mochalova, M.; Tsygankov, P.; Lebedev, A.; Zorkina, Y.; Zubkov, E.; Ochneva, A.; Gurina, O.;
Silantyev, A.; et al. Preparation of Protein Aerogel Particles for the Development of Innovative Drug Delivery Systems. Gels 2022,
8, 765. [CrossRef]

http://doi.org/10.1016/j.supflu.2015.07.011
http://doi.org/10.1007/s00396-020-04616-5
http://doi.org/10.1007/s12325-018-0707-z
http://www.ncbi.nlm.nih.gov/pubmed/29796927
http://doi.org/10.2165/00003495-199039010-00010
http://www.ncbi.nlm.nih.gov/pubmed/2178909
http://doi.org/10.2174/1570159X16666180813155017
http://doi.org/10.1016/S0378-5173(02)00526-4
http://www.ncbi.nlm.nih.gov/pubmed/12433450
http://doi.org/10.1016/0032-5910(77)85051-1
http://doi.org/10.1016/S0278-5846(00)00184-6
http://doi.org/10.1007/s10517-013-2044-1
http://doi.org/10.3389/fnbeh.2019.00146
http://doi.org/10.3389/fphys.2021.659366
http://doi.org/10.3390/ijms22179598
http://doi.org/10.1007/s10517-017-3857-0
http://www.ncbi.nlm.nih.gov/pubmed/28948550
http://doi.org/10.3390/gels8120765

	Introduction 
	Results and Discussion 
	Study of the Internal Structure of Chitosan Aerogel Particles 
	The Results of Measuring the Amount of Adsorbed Substance by HPLC 
	The Results of the Study by XRD Analysis of the Pharmaceutical Composition “Chitosan Aerogel—Clomipramine” 
	Animal Experiments 
	Behavioral Experiment 
	Distribution of Drugs in Blood and Brain Tissue 


	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of Chitosan Aerogel Particles 
	Preparation of Chitosan Solution 
	Preparation of Chitosan Gel Particles by Spraying 
	Preparation of Chitosan Gel Particles by Homogenization 
	Solvent Exchange 
	Supercritical Drying 
	Obtaining the Composition “Chitosan Aerogel—API” 

	Analytical Research 
	Animal Studies 
	Animals 
	Experiment Design with Behavior 
	Distribution of Drugs in Blood and Brain Tissue 
	Chronic Stress 
	Drug Administration 
	Sucrose Preference Test 
	Forced Swim Test 
	Object Recognition Test 

	Sample Preparation for the Determination of Clomipramine in Blood Plasma and Brain Tissues 

	References

