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ABSTRACT

This thesis is focused on fabrication of hybrid (organic-inorganic)
nanocomposites using Silica-based particles for their application in medicine. For
that purpose, a detailed overview of the current state of art in the field of
nanocomposite materials, with a particular attention to the preparation,
characterization, biocompatibility of Silica-based nanocomposites, and
conventional issues related to that matter was performed. Besides that, the main
objectives have been addressed as follows: first, fabrication of Si-based carriers
modified with CS and chitosan grafted polylactic acid (CS-g-PLA) as controlled
drug delivery systems (DDS) were performed. After, preparation of Si particles
doped with Aluminium for as DDS for poor water-soluble drugs was
accomplished and potential of Si-PLA nanofibers for sustained relealse of
bioactive compounds was described. During the realization of this thesis, Silica-
based nanostructured materials were synthesized, characterized, tested on the
biocompatibility issues, loaded with a model drug, physical and chemically
modified on their surface, and preliminarily studied as potential medical tools
analysing their interactions with biological objects for their further medical
application.



ABSTRAKT

Tato prace je zaméfena na vyrobu hybridnich (organicko-anorganickych)
nanokompozitt, které jsou v podobé ¢astic na bazi kiemiku (Si) uréeny pro
budouci aplikace v medicin€é. Za timto ucelem byl proveden podrobny piehled
soucasného stavu v oblasti nanokompozitnich materialii, se zvlaStnim diirazem na
pfipravu, charakterizaci, biokompatibilitu nanokompozitl na bazi Si a otazky
tykajici se této problematiky. Hlavni cile byly feSeny nasledovné: nejprve byla
provedena pfiprava nosicli na béazi Si modifikovaného chitosanem (CS) a
chitosanem s kyselinou mlé¢nou (CS-g-PLA), jako systémy pro tfizené dodavani
léCiv. Dale za timto ucelem byly pfipraveny €astice Si s hlinikem pro lé€iva, které
maji Spatnou rozpustnost ve vode€. Pro trvalé uvoliiovani bioaktivnich sloucenin
byl popsan potencial nanovlaken Si-PLA. Béhem vyzkumu byla syntetizovana,
charakterizovana a testovana biokompatibilita nanokompoziti na bazi kiemikovy
Castic s modelovym léCivem (napf. methotrexate a Doxorubicine), byla
realizovana uprava (fyzicka a chemickd) jejich povrchl. Tyto nanokompozity
byly studovany pomoci analyzy jejich interakci s biologickym materiadlem pro
potencidlni vyuziti ve farmaceutickém pramyslu.
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1. INTRODUCTION

Drug delivery systems (DDSs) are hybrid materials comprising a carrier and
a drug, which control the biological active molecules release rate and reduce the
limitations occurred at the classical administration of therapeutics, especially by
minimizing the side effects and bioavailability improvement [1-3].

Bioavailability refers to the extent and rate at which the active moiety (drug or
metabolite) enters systemic circulation, thereby accessing the site of action.
Orally administered drugs must pass through the intestinal wall and then the portal
circulation to the liver; both are common sites of first-pass metabolism [4]. Thus,
many drugs may be metabolized before adequate plasma concentrations are
reached. Low bioavailability is most common with oral dosage forms of poorly
water-soluble and poorly permeable drugs [5,6].

A good delivery system should have high drug loading efficiency, which is
related to the biological active molecules — matrix interaction, in order to reduce
the amount of the carrier for administration, a good control of drug release and to
be able to target a specific tissue of the body [7].

Various physical and chemical formulation approaches have been studied to
enhance the solubility and bioavailability of BCS class Il and IV compounds such
as the modification of crystal habit, drug dispersion within carriers [10], lipid-
based formulations, salt and prodrug formulations, particle size reduction
(micronization/nanonization), and many others [8,9].

In this context, mesoporous silica nanoparticles were identified as safe and
promising pharmaceutical excipients with significant potential for drug delivery,
primarily via the formation of therapeutic agent-nanoparticles based delivery
systems. Because of their unique properties: biocompatibility and non-toxic
behavior,biosafety, high adsorption capacity, and possibility of tailoring the
release profiles based on the interactions between the guest drug molecules and
silica pore surface they allow the formation of host-guest interaction with a wide
range of both hydro- and lipophilic molecules [10,11]. The high specific surface
area and pore volume, the ordered pore array with narrow size distribution, and
the possibility to modify their architecture in order to control the biological active
molecules adsorption and release kinetics. To obtain a desired matrix, the
Interaction between the drug and carrier must be tailored. This can be done by
modifying the structural and textural properties of the mesoporous supports by
using various synthesis conditions, especially different template agents, or
through the modification of pores surface with organic moieties via
functionalization procedures [12,13].

There are various approaches to apply SN addressing the challenge of
enhancing their solubility and bioavailability. The most common methods of
modifying the MSN properties include functionalization with organic groups,
doping the silica framework with different atoms, or changing the morphologic
and textural MSN properties [14].



Drug encapsulation: SN provide a large surface area and porous structure that
allows for high drug loading. The low soluble drug can be encapsulated within
the nanoparticle matrix, either by physical adsorption or by incorporating the drug
within the nanoparticle during the synthesis process. This encapsulation helps to
protect the drug from degradation and increases its solubility [15].

Surface modification: the surface of SN can be modified with hydrophilic
functional groups or polymers to improve the solubility of the low soluble drug.
These modifications increase the dispersibility of the nanoparticles and enhance
their interaction with water, facilitating drug release and dissolution [16,17].

Amorphous state Formation: SN can be employed to convert crystalline low
soluble drugs into their amorphous form. Amorphous drugs have higher solubility
than their crystalline counterparts due to the absence of well-defined crystal
structures. SN act as stabilizers, preventing drug recrystallization and maintaining
the drug in its amorphous state, thereby improving its solubility and dissolution
rate [10,16, 18, 19].

Controlled Release: SNs can be designed to achieve controlled release of low
soluble drugs, providing sustained and prolonged drug release. The porous
structure of the nanoparticles allows for the gradual diffusion of the drug,
overcoming its low solubility and maintaining therapeutic concentrations over an
extended period. [20].

Combination with co-solvents or surfactants: SN can be used in combination
with co-solvents or surfactants to enhance the solubility of low soluble drugs. Co-
solvents like ethanol or propylene glycol can be loaded within the nanoparticle
pores along with the drug to improve its solubility upon release. Surfactants can
also be adsorbed onto the nanoparticle surface, aiding in the formation of drug-
stabilizing micelles and increasing drug solubility [21].

SN offer a versatile platform for enhancing the solubility and delivery of low
soluble drugs. However, it is crucial to conduct comprehensive studies to
determine the optimal formulation, drug loading, release kinetics, and long-term
stability to ensure effective and safe drug delivery [22].

The most commonly used route for synthesizing silica nanoparticles is sol-gel
method due to its ability to produce monodispersed with narrow-size distribution
nanoparticles at mild conditions. However, a challenge in the preparation of
nanocomposites is the compatibility in the mixing between the filler and organic
components that could be improved through surface modification of silica with
polymers, namely chitosan and PLA, along with variable processing methods for
nanocomposite preparation [23].

Current work is an endeavour to investigate the capability of Si-based
nanocomposites to act as a typical nanoscale material with adjustable
physiochemical and biological properties, to facilitate interfacial processes
involved in the delivery of various active pharmaceutical ingredients via different
administration routes, thereby enhancing bioavailability [24, 25].



2. AIM OF THE DOCTORAL THESIS

The current thesis are done by emphasizing tasks on the synthesis of silica
nanoparticles, characterization on size- and surface-dependent properties mostly
by sol-gel technique and their impact on the loading and release of bioactive
compounds. Influence of microstructure on the drug release from silica particles
was in the focus of attention in the thesis.

The most commonly used route for synthesizing silica nanoparticles is sol-gel
method due to its ability to produce monodispersed with narrow-size distribution
nanoparticles at mild conditions. However, a challenge in the preparation of
nanocomposites is the compatibility in the mixing between the filler and organic
components that could be improved through surface modification of silica by
different routes along with variable processing methods for nanocomposite
preparation.

This doctoral thesis is an endeavour to investigate the capability of Si-based
nanocomposites to act as a typical nanoscale material with widely adjustable
physiochemical and biological properties, either commercially available or
custom-made to facilitate interfacial processes involved in the delivery of various
active pharmaceutical ingredients via different administration routes, thereby
enhancing bioavailability.

To accomplish these tasks, the following objectives were established:
e Preparation of Si particles in different experimental conditions.

¢ Investigation of an impact of microstructure on the drug release from Si
particles.

e Preparation of Si-based carriers modified with chitosan and chitosan
grafted polylactic acid (CS-g-PLA) as controlled DDS.

e Preparation of Si particles doped with Aluminium for as DDS for poor
water-soluble drugs.

e Fabrication of Si-PLA nanofibers for potential medical application.



3. EXPERIMENTAL SECTION

3.1 Preparation of Si-based carriers modified with chitosan (Si-
Cs) and chitosan grafted polylactic acid (Si-Cs-g-Pla) as
controlled DDS.

Nanoparticles such as SNs has been considered a promising material in the
engineering of targeted drug delivery carriers due to delivering drugs in a
controlled manner as a result of their large surface area, quantity of pores,
adjustable diameter of such pores, and modifiable surface. However, unmodified
silica particles have exhibited potential toxicity, initial large burst of drug release.
To overcome such limitations, hybrid carriers based on mesoporous silica and
polymers could be used as stimuli-responsive, controlled-release systems [26,
27].

Thus, synthesis of carriers comprising silica (Si) coated with pristine chitosan
(Si-Cs) and chitosan grafted with polylactic acid (Si-Cs-g-PLA) and investigation
of their possibility to load and release a model drug (Doxorubicin (Dox) has been
performed with this potential in mind that protective effect of the Cs-PLA
copolymer coated to Si surface would effectively negate any premature release of
the anticancer drugs prior to reaching the targeted site (mostly in intestine) [28,
29].

The novelty herein is that the authors report for the first time the synthesis and
application of silica coated with chitosan that is crosslinked with polylactic acid
(Si-Cs-g-PLA) as an effective drug carrier, and discuss the feasibility of taking
advantage of the dispersion effect of porous silica, the swelling of chitosan, and
the hydrophobicity, erosion and degradation of polylactic acid to postpone the
drug release rate.

The aim of this work was to study the effects the surface specificity of the
adsorbents and the medium pH had on the kinetic parameters of Dox adsorption,
and to identify the mechanisms of the process. To reveal effect pH had on the
kinetic parameters of drug adsorption, our studies were carried out at pH 4.5, 7.0,
and 8.0.

3.2 Synthesis and characterization of Si, Si-Cs and Si-Cs-g-PLA
particles

Si particles for drug encapsulation and further development of the drug carriers
were synthesized using a sol-gel method based on a cationic CTAB-template and
NH4O0H catalyst in alkaline pH, under highly dilute and low surfactant conditions
[19, 40, 72, and 85]. Sol-gel synthesis of mesoporous Si required a template agent
due to the necessity for direct polymerization of silicates from a precursor (e.g.,
an ester of orthosilicic acid). To this end, tetra-alkyl oxide of silane could be
applied as a source of silica. Formation of liquid-crystalline meso-phases of
amphiphilic surfactant molecules served as templates for in situ polymerization

10



of orthosilicic acid. CTAB was removed by extraction with HCI and calcination
in order to create pores on the surface of the Si spheres. This method provided
synthesis of Si particles with adequate surface properties in a time-efficient
manner, while also permitting lesser requirements for excipients.

The most popular means for preparing Si-Cs and Si-Cs-g-PLA particles is post-
synthetic grafting of modified or unmodified Si with polymers. This is the so-
called “grafting to” method, permitting in situ monomer polymerization with the
growth of polymer chains from immobilized initiators [32, 46]. Grafting is
commonly carried out by silylation on free (=Si—OH) and geminal silanol
(=Si(OH)2) groups. If high surface coverage with functional groups is desired, it
Is important to maintain a large amount of surface silanol groups after removing
the surfactant.

Herein, the polymeric coating of the Si particles was performed through post-
synthesis grafting of pristine Si particles with polymers, the intention being to
cause different types of interaction (Figure 1), i.e. electrostatic, covalent
interaction and H-bonding. The Cs-g-PLA co-polymer was prepared via modified
EDC/NHS chemistry, through conjugation of low-molecular-weight PLA to Cs
in order to obtain the Cs-g-PLA co-polymer.

Q
ﬁ%ﬁ» an (32)
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Figure 1 Schematic representation of Si particles formation.

Morphology of the particles was explored by FE-SEM and TEM analysis
(Figure 2,3), which established the existence of particles with regular shape, size
and surface morphology. The Si-based particles (Figure 3) exhibited a non-
aggregated spherical (Si) and misshapen (Si-Cs, Si-Cs-g-PLA) morphology at an
average size of 180, 200, 480 and 270 nm, respectively.

The internal structure of the carriers was investigated by TEM (Figure 3),
which revealed a highly organized mesh of regular arrays of mesoporous channels
and pores; these were derived as a consequence of CTAB removal during Si core
synthesis. The Si-Cs carriers possessed a rough, spherical morphology of
increased size, due to the polymer coating applied, while the Si-Cs-g-PLA carriers
exhibited particles which were rough, irregular in shape and of enlarged size. The
core shell of the polymer is visible in Figure 18, in C, D, E and F, as a compacted
outer layer of different width arising though the varied amount of organic
compounds grafted to the Si surface. A mesostructure is apparent, slit-like in
shape and homogeneously distributed on the surface of the spheres, especially the
pristine Si carrier.
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Figure 2 SEM-images of silica-based nanoparticles (Silica (A), APTES-modified Si (B),
Si-Cs (C) and Si-Cs-g-PLA (D).

Different types of elemental analysis, both involving TGA, were used to prove
that a polymeric coating existed on the silica surface. Additionally, elemental
analysis proved that the core shell coating on the carriers was present. DLS
measurements were applied to verify physical interaction took place, due to
variation in surface charge, while FTIR-ATR spectroscopy was conducted to
check for chemical linkage.

DOX was chosen as the model drug due to its gastro toxicity and
hydrophilicity with the aim to investigate protective properties of the carriers. It
was loaded into the carriers by adsorption, after optimum conditions for dosing
the drug into each carrier had been established. Moreover, the ideal time frames,
pH levels and concentration conditions were discerned for loading the drug. An
acidic medium was found to be the most favorable option for drug entrapment
within the polymeric coated carriers and subsequent release of their contents,
while a neutral or acidic medium was more suitable for release from a pristine Si
carrier. Under the same conditions (pH 4.5), the Si-Cs carrier shared the exact
same adsorption capacity as the Si-Cs-g—PLA carrier, despite the fact that the
amount of polymer coated on the two surfaces differed. These findings to a certain
extent contradicted previously published results, the latter stating that
immobilized Cs exhibits a higher adsorption capacity than PLA-crosslinked Cs,
this being due to the greater number of accessible adsorption sites on the Si-Cs
composite and its large surface area.
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Figure 3 TEM images of silica-based particles Silica (A),‘Si+Dc7>x (Bi, Si-Cs-g-PLA (C,
D), Si- Cs (E, F, G, H).

The Si carrier demonstrated rapid and full release, achieving a high level of
delivery. Its encapsulation at a different pH level and favorable release rate were
characterized by the absence of an initial burst in the Si-Cs carrier, which
eventually occured after 5 h, thereby indicating that Cs played an important role
in delaying the release of the drug; the absence of an initial burst effect also
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proved that DOX was located inside the system and was well protected from the
external medium.

Delayed release from the Si-Cs-g-PLA carrier was dependent on pH;
furthermore, the ratio of DOX encapsulated and released was the same, which
makes the carrier suitable for administering drugs and achieving the desired
postponed effect.

The results show that the surface functionalization of Si can serve as a simple
tool for controlling the loading and release of water-soluble, weak electrolyte
drugs like DOX. These data mean that Si, Ci-Cs, and Si-Cs-g-PLA carriers are
perspective candidates for fast (Si), sustained (Si-Cs), and delayed administration
of DOX.

3.3 Preparation of functionalized Si particles in different
experimental conditions and investigation of an impact of
its microstructure on the drug bioavailability.

In this study, Al-doped mesoporous supports were synthesized by the slight
modification of existing procedures [24,28], in the presence of CTAB, TTAB and
DTAB as structure-directing agent. Typically, 700 mg of CTAB were dissolved
in 120 mL of deionized water followed by the addition of 3.5 ml 2M aqueous
NaOH solution at 120°C. Then, 35 mL of TEOS were slowly dropped for 0.5 h,
under magnetic stirring in the solution containing the template agent
(CTAB_MSN). In the case of the Al CTAB_MSN, a mixture of TEOS and the
desired amount of AI[OCH(CHs),]s was wused. A molar ratio
TEOS:Al:.CTAB:NaOH:H,O of 0.166:0.003:0.002:0.35:6.67 was used. The
reaction mixture was stirred for 2 h to perform the precursor hydrolysis. After the
white gel was hydrothermal treated for 24 h at 120°C (5 atm of Ar added). Then,
the solid was filtered off, intensely washed with ethanol, deionized water, and
dried at room temperature for 24 h. All the synthesized mesoporous samples were
annealed at 550°C for 5 h, in air to remove the organic compounds, using a heating
rate of 2°C/min. In order to evaluate the influence of various structural and
textural features of the mesoporous carriers towards the adsorption and
dissolution of Meth, besides the three synthesized supports, other three Al-free
supports were also employed.

A fraction of the Al MSNs was treated in order to extract the surfactant
template by Soxhlet extraction with ethanol/HCI for 24 hours. RhB and Bodipy
molecules were attached covalently on the extracted samples doped with Al.

Meth was loaded on different nanoparticles supports, both silica and
aluminosilicate with different Al content. We studied the influence of the textural
features and the acidic nature of the mesostructured supports towards the Meth
adsorption, in vitro delivery and membrane permeability.

AI-MSN-Meth solid dispersion was prepared using adsorption from solution
method. X-Ray diffraction (XRD), energy-dispersive spectroscopy (EDX),
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Fourier transform infrared spectroscopy analysis (FTIR) were utilized to
characterize nanoformulations. In-vitro dissolution and membrane permebaility
examinations were applied to investigate bioavailability of the immobilized
medicine.

B
E

C D

Figure 4 Micrographs of the Al-dopped MSNs: MSN-AITAB (a, d), MSN-AI-CTAB (b),
MSN-AI-DTAB (c).

Spherical SN were synthesized by sol-gel method with further hydrothermal
treatment with certain modifications of Al/Si ratio to ensure that the resulting
particles are of spherical shape. After template removal, the morphology and
structure of the obtained pristine spherical MSN and Al- MSNs were investigated
with electron microscopy, as shown in Figure 4.

The synthesized carriers were characterized by small-angle XRD, FTIR
spectra, N2 adsorption/desorption isotherms, and TEM. Both the pristine carriers
and drug-loaded samples were characterized in order to determine the relevant
properties affecting the drug release process.

The following types of spherical AI-MSNs were obtained, as illustrated
in Figure 4: unmodified (pristine) MSNs (TTAB-MSN, DTAB-MSN, and
CTAB-MSN) and MSNs doped with Al (AI-MSN-TTAB, Al-MSN-DTAB, and
Al-MSN-CTAB).
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SEM images of Meth-loaded Al-dopped MSNs confirm that they are of equal
and uniform spherical shape with the size of a single particle of 45, 74 and 160
nm. Introduction of Al did not drastically distorted shape and size of particles
(Table 1).

Table 1 Composition of the samples with the diferent Si/Al initial ratio versus acidity
and a particle size.

Samples Particles Acidity, | Si/Al
size, nm UM ratio
TTAB-MSN 45 - -
DTAB-MSN 140 - -
CTAB-MSN 70 - -

AlI-TTAB-MSN | 45 175 85
Al-DTAB-MSN | 160 596 164
Al-CTAB-MSN | 74 409 143

Drug loading: As shown in Table 2, the drug loading was correlated with the
structural parametewrs of the obtained materials and content of Al.
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Figure 5 Acidity and morphology (size and shape) of the investigated samples
(MSN_AI__DTAB, MSN_AI_CTAB and MSN_AI_TTAB)
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Table 2 Methotrexate storage capacities of MSNs and MSNs modified with Aluminium
after interaction with Methotrexate solution

Sample Encapsulation Loading capacity, mg

efficiency at 1mg/ml of Meth/mg of carrier
MSNs

MSN_TTAB 0.31 0.04

MSN_CTAB 0.47 0.10

MSN_DTAB 0.18 0.03

Al-MSNs

Al_MSN_TTAB 0.73 0.09

Al_ MSN_CTAB 0.77 0.15

Al MSN_DTAB 0.69 0.12

Pure MSNs (MSN-CTAB, MSN-TTAB, MSN-DTAB ) showed lower
adsorption capacity toward Meth than al-modified one as well as samples ( MSN-
CTAB, MSN-TTAB) with with bigger pores, which are easily accessible for Meth
molecules. It is worth to mention that the sorption capacities of AI-MSNs towards
Meth increase with increasing pore volume (AI-MSN-CTAB with 0.87 cm®g*
and 2.52 nm pore size with loading capacity 0.15 mg/mg of carrier and AI-MSN-
TTAB with 0.56 cm3g™ and 2.23 nm pore size with loading capacity 0.09 mg/mg
of carrier ) and percentage content of Al (gradually decreases in the line MSN-
CTAB, MSN-DTAB, and MSN-TTAB), which indicates the electrostatic
interactions arising between the negatively charged pore surface and the
positively charged model drug molecules as well as chemical interaction between
Al and Meth with formation of supramolecular organometallic complexes takes
place. The ability of AI-MSNs to take complexes with Meth follows from the
amphiphilic structure of Meth due to the presence of -COOH and —NH2 groups,
thus facilitating its uploading at certain pH and, potentially, release and
permeability.

The current loading capacity for all carrier was established only for
concentration of carrier Img/ml, loading volume 3 ml and amount of carrier 20
mg. Another proportins of the adsorbent and adsorbat could drive to different
values. Hovewer, the purpose of a current reaserch is focused not on the quantitive
assessment of the maximal loading capacity, but on the establishment differences
that happens in drug loading while MSNs are doped with Al.
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Figure 6 Dissolution profiles of Meth from Meth-loaded Al-MSN-170nm, Al-MSN-70nm
and AI-MSN-35nm and crude Meth at pH 2.0 and 8.0. Each data point represents the
mean = SD of three determinations.of Meth dissolution from Al-doped MSNs. Standard
deviation was within 5% range

In vitro dissolution: The effect of the prepared Meth-loaded AI-MSNs
formulations on the Meth dissolution rate in enzyme-free simulated intestinal (pH
8.0) and gastric (pH 2.0) fluid is shown in Figure 6. The Meth dissolution profiles
were obtained at pH=2.0 and 8.0, 37°C for all samples, using the dialysis bag
method and compared with the crude drug dissolution in similar conditions
(Figure). The MTP dissolution through the dialysis membrane is relatively fast,
reaching 90% cumulative release after 2.5 h. In contrast, the drug release kinetics
from the Al_MSNs carriers is slower, signifying the fact that these mesoporous
materials can control the drug delivery. However, the dissolution rate of Meth
from a Meth-loaded Al_MSN carriers was significantly improved, which is of
aprticular importance in the case of poor water-soluble drugs like Meth. The
dissolution improvement may be largely attributed to the pore channels of the two
carriers changing the crystalline state of Meth to an amorphous state, which is
known to improve the drug solubility and dissolution rate (amorphous state of
Meth after incorporation into Al_MSNs is shown on XRD). The increased
dissolution rate of Meth was mostly resulted also from the reduction of drug
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particle size and the improved wettability due to the interaction of drug molecules
with silica surface. The formation of the less ordered drug crystals and the
reduction of drug particle size were due to the spatial confinement of the pores in
Al_MSNs matrix [Effect of pore size of three-dimensionally ordered
macroporous chitosan-silica matrix on solubility, drug release, and oral
bioavailability of loaded-nimodipine]

It is worth noting that a faster Meth release of the drug-loaded samples was
observed from the Meth-loaded Al_MSN_35 and Al_MSN_170nm carrier. The
difference in release rate,which is mainly attributed to the carrier pore size.could
appear weird because ot was found that bigger pore size facilitates release of
incorporated compounds with the pores [Effect of Aluminum Incorporation into
Mesoporous Aluminosilicate Framework on Drug Release Kinetics], but not
always. For instance, silica-based carriers with the largest pore size had the
release rate of the drug lower than that with smaller one [Effect of pore size of
three-dimensionally ordered macroporous chitosan-silica matrix on].  Such
controversial results could be related to the difference in the pore volume and thus
amount of loaded Meth, which was not considered as important. In our case the
Meth molecules adsorbed in the narrow Al_MSN_35 nm sample pores in less
amount comparing Al_MSN_170 nm have a greater chance of faster escaping
from the pores and diffusing into the release medium compared with those
adsorbed in the pores in bigger amount. The difference in the dissolution of Meth
from Al_MSN_70, which is the fastest, could be contributed to the fact that pore
size for this samples as well as pore volume is very low for succesfull loading of
Meth inside the pores. Thus there is a big chance that Meth is immobilized mainly
on the outer surface of the particles favouring faster release comparing with
accommodated with the pores. This effect could be understood as arising from the
reduced supramolecular interactions between drug molecule and the
aluminosilicate pore walls, as only a fraction of Meth Al_MSN_70nm can be
adsorbed directly within the pores.

The effect of pH on the dissolution profile of Meth from Al_MSNs at basic pH
results in dissolution fastening and increase comparing with acidic pH, which
could be due to protonating of -NH2 group of Meth resulting in positive charge
of a molecule and further decrewase of electrostatic interaction between the drug
and matrix.

Certain level of dissolution (obviously less than those at basic pH) could be due
to the fact that Meth is weak acid with pK. Thus, by reaching acidic pH, repulsion
between acidic sites of Al-doped MSNs and Meth increases resulting in little
Meth leakage.

Meth dissolution rate profile from AI-MSN-170 has two stages. During the
burst stage Meth from outer surface is probably released. The dissolution at the
second step is related to the drug-loaded amount inside of the pores of the carrier.
The sustained release rate was found to be correlated with the steric crowding of
the dissociated molecules inside the support mesopores.
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Methotrexate permeability: Calculations of the permeability of free Meth and
Meth-loaded Al-MSNs-Meth are represented in the Table 3.

Table 3 Cumulative amount of Meth transported from A to B and B to A in MDCK-
MDR cells. Experiment was performed in triplicates (n=3, p<1)

Papp(Meth)(BL—AP) 4.40 x 107

Papp(Meth)(AP—BL) 2.64 x 10

Paop(Al-MSNs-Meth) (AP—BL)|  9.86 x 102

Paop(Al-MSNs-Meth) (BL—AP)|  1.00 x 10°3

A 373

ER 98.6

The A to B transport represented by the Papp values of Meth and Al-MSNs-
Meth samples are comparable with 2.64 x 10™* cm/s and 9386 x 1072 cm/s,
respectively. However, both samples’ B to A transport (efflux) was significantly
higher as well comparing with their influx rate (A to B transport), in agreement
with previous assertions that Meth is subjected to P-glycoprotein (P-gp) mediated
efflux, resulting in lower systemic drug concentration. In particular, the efflux
ratio (B to A/A to B) of free Meth was substantially high (600). However, in
addition to increased drug solubility due to the inclusion of Meth in AlI-MSNs,
inhibition of the P-gp driven efflux system may have contributed to increased
systemic absorption, therefore enhanced permeability of Meth. Thus, SNs-based
formulations effectively inhibit the P-gp efflux system of poorly water-soluble and
low permeable molecules.

Herein, a promising carrier for enhanced Meth release and permeability has
been designed. The effects of Al doping and MSN textural parameters on the Meth
release Kinetics are established. The results of in vitro studies concerning
preparation, physicochemical characterization, cytotoxicity evaluation, and
transport across Madin-Darby canine kidney MDRI1-transfected cell line
(MDCKII-MDR1) of the Al-doped mesoporous silica particles are reported.

Nanoparticles uptake and permeability of AI-MSNs in vitro: Therapeutic
bioavailability of medicine is determined by two properties, dissolution profile
(which we could characterise by in-vitro dissolution test ) and permeability
through biological barriers, i.e. gemato-encephalic, gastro-intestinal, placental,
dermal etc. barriers. Since Meth is mostly administered orally, we designed barrier
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membrane permebaility examination mostly relevant to gastro-inetstinal
permeability. MDCK-cells are well known to be a model biological model for
gastro-intestinal and blood-brain permeability evalution of medicines. That is why
it was applied to investigate bioavailability of the immobilized Meth in cell culture
laboratory. Confocal microscopy was applied to investigate possible translocation
of AlI-MSNs through the cell layer.

To the best of authors knowledge there were a few studies on the permeability
of unmodified MSNs through MDCK-MDR cell line and no investigation on the
impact of Al doping on the permeability and cell uptake of MSNs and following
moderation of liberation of the drug immobilized6 and its interconnection with
permeability of BCS IV medicines. Therefore, we evaluated the permeability of
MDCK cell line for AI-MSNs and Meth permeability.

As nanoparticles in general are too large to pass through the tight cell junctions
of an intact BBB and GIT (paracellular route), the expected mechanism of
transport over a cell layer would rather be transcytosis (transcellular route). In
order for this to take place, the particles would first have to be taken up by the
cells via endocytosis, be translocated across the cell, and, ultimately, exocytosed.

90 —

| i- Donor kamera
80 i- Acceptor kamera
- i I Cell uptake

, %

C of AI_MSM

MSN_1Meth, 170 nm MSN_1Meth, 35 nm MSN_1Meth, 70 nm

Figure 7 Transport of different AI-MSNs across MDCK MDR1 monolayers in serum-
free medium. Dye-labelled Al-MSNs were applied at a concentration of 50 ug/ml. Data
represent the mean apparent permeability (Papp) of MSN (n = 3) at the time point 48
hours, corrected for the loss of AI-MSNs in the upper compartment (non-permeated Al-
MSNs) and associated (cellular uptake) with the cells.
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Figure 7 depicts transportation of different AI-MSNs across MDCK MDR1
monolayers in serum-free medium. MDCK-MDR1 monolayers were incubated
with 50 ug/ml MSNs in serum-free medium, with their subsequent detection in the
samples of the basolateral compartment. MDCK-MDRL1 cells were chosen as a
suitable biologial barrier permeability model in the transport study because of their
barrier properties. Detection was based on fluorescence emitted by the fluorescent
tag (Bodipy) used to label the AI-MSNSs. Transport of different AI-MSNs across
MDCK-MDR monolayer differed significantly at the studied concentration with
robust uptake of the nanoparticles of 70 nm size and almost all quantity of 170
nm nanoparticles stored either in donor or acceptor camera and almost no
permeation of nanoparticles of 45 nm size that were left either in donor camera or
associated to the cells. AI-MSNs of 70 nm size (sample MSNs-TTAB) was chosen
further for Meth release assessment because negligible amount of these
nanoparticles were left in donor camera within tested time.

Figure 8 Confocal images of MDCK-MDR1 cells incubated for 24 hours with AI-MSNs
applied at a concentration of 50 ug/ml in serum-free medium. Nuclei stained with
Hoechst 33258 (blue). AI-MSNs labeled with Bodipy (green). F-actin stained with
phalloidin (red) a) reference; b) MSN-CTAB (160nm) in MDCK MDR1; c) b) MSN-
DTAB (70nm) in MDCK MDR1; d) MSN-TTAB (45nm) in MDCK MDRL1.
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Al-MSNs cell internalization was evaluated by confocal microscopy to detect
dye (Bodipy)-labeled Al-MSNs taken up by cells. Figure 8, A-D shows the uptake
of Al-MSNs by MDCK-MDR1 cells. Only a few 170 nm AI-MSNs are visible
assosiated with the cells, while the uptake of 70 nm Al- MSNs is very robust,
which is in line with the fluorescence data. Images of MDCK-MDR1 cells
incubated with AI-MSN NPs of 45 nm show the same trends, although the uptake
efficiency is lower.

The uptake of AI-MSNs of 45 and 70 nm in MDCK-MDR1 cellmonolayer is
robust and manifested by negative permeation through the monolayer and
sighnificant permeation of the nanoparticles 170 nm was observed. Permeation of
Al-MSNs has strongly reverse size-dependent value, i.e. particles with 45 nm
diameter have almost remnant amount of nanoparticles in donor camera while
sighnificant amount of nanoparticles with the size 70 nm is left there. Amount of
nanoparticles interacted with cells does not linearly depend on the particles size.
Al-MSNs with 70 nm particles size were observed to be entrapped the most.

Previously ilt was established that silica nanoparticles permeate mainly through
endocytosis, with low probability of transcytosis in an hCMEC/D3-based BBB
model [33]. It was found that the majority of nanoparticles associated with the
cells were adsorbed to the outer cell membranes, rather than being internalised by
the cell monolayer. Thus, results from confocal microscopy exhibited a substantial
signal which, in isolation, could be misinterpreted for nanoparticle accumulation.
Cell internalization of mesoporous silica as well as alumina nanoparticles were
also mentioned previously, where it was established that lower internalised doses
may also activate different cellular pathways compared to those observed at
higher nanoparticles doses.

Overall, confocal microscopy results support the evidence of AI-MSNs
assosiaton with the MDCK-MDR1 cell layer, however we note that our results
interaction of Al-MSNs with the cells could be not even through uptake, but
merely adhesion on the external surface may occur. Alighn with the results of
fluorescence measurement there remain interesting spots for future research. Also
the substantial nanoparticle absorption to the outside of the cells is a concern from
a purely technical standpoint, potentially making quantitative results highly
dependent upon the nature of washing and other sample preparation steps.

3.4 Fabrication of Si-PLA nanofibers for perspective wound
treatment

Electrospun fibers with Ami immobilized in Simes and Siami were produced
from PLA, with weight ratios of 1:4 and 1:2. All polymeric solutions were
prepared by dissolving of PLA ina mixture of chloroform and dimethyformamide
(4:1 v/v). To prepare fibers with dispersed Ami, the drug powder was dispersed
in the polymeric solution and the resultant mixture left under magnetic stirring
overnight before electrospinning. The fibers obtained from these formulations are
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designated here as PLA-Ami. To produce composite fibers, Siam-Ami (25 or 50%
of the polymer weight respectively) were dispersed in the solvent mixture and
subjected to ultrasonication. The polymers were then added and left to dissolve
overnight under magnetic stirring to homogenize nanoparticles in the polymer
matrix solution. The produced fibers were designated as PLA-Siam25-Ami, PLA-
Simes25-Ami, and PLA-Simes25-Ami according to their polymer composition.
For comparison, fibers with half of the incorporated Ami in Siam and half of Ami
Immobilized in Simes were also prepared for the PLA blend 1:1 (w/w) (PLA-
Siam50-Ami, PLA-Simes50-Ami). The compositions of all prepared mixtures are
presented in Table 1. The mixtures were spun at a feed rate of 0.5 ml/h, with an
applied voltage of 60 kV. The distance from the tip of the needle to the collector
was set at 20 cm and a flat aluminum plate was used to collect random nanofibers.
All electrospinning experiments were carried out under ambient conditions.

Characterization of Ami-loaded and unloaded silica nanoparticles: To
achieve the goal of this study, two types of silica nanoparticles were used, namely
Siam, which is commercially available, and Simes, which was synthesized by the
sol-gel method and used to obtain nanofibers, which were loaded with AMI
through adsorption. The obtained materials were characterized in terms of their
physical properties, namely morphology (surface area, porosity, pore volume),
and elemental analysis to study the AMI loading factor and electrospinning
efficiency to estimate the number of loaded nanoparticles.

Figure 9 SEM micrographs of Si nanoparticles (Siam, Simes).

First, morphology of Siam and Simes was observed by SEM (see Figure 9).
Fumed silica exhibited aggregated highly porous structure with the size of a single
particle of 30nm, while mesoporous silica nanoparticles exhibited spherical
morphology with the particle size of 200 nm.

Morphology and fibers diameters distributions: In the current research
composite electrospun fibers composed of PLA and Simes and Siam loaded with
Ami as an antibacterial compound were prepared at PLA/Si ratio 3:1 (samples
PLA-25Simes-Ami and PLA-25Siam-Ami) and 1:1, w/w (samples PLA-
50Simes-Ami and PLA-50Siam-Ami).

For tissue engineering scaffolds, the ideal pore size range has been found to be
150-200 um as reported in some previous articles [34, 35].
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Figure 10 SEM micrographs of the electrospun fibers, PLA-Siam-Ami, PLA-Simes-Ami
and PLA respectively.

The morphology and diameters distributions of the Ami loaded electrospun
fibers are presented in Figure 10. The formulations without Si nanoparticles
originated well formed fibers with smooth surfaces without beads. This
formulation also generated the thinnest fibers, with an average diameter of
97 £ 10 um, which is sighnificantly lower comparing with data published earlier.

The formulations with fumed silica nanoparticles originated composite fibers
with a rougher morphology, with nanoparticles aggregates distributed along the
fibers, some clearly visible at their surface. The fiber diameters was higher, with
PLA-Simes-Ami and PLA-Siam-Ami having 150 and 147 nm diameter and 130
and 137 nm diameter depending on the nanoparticles concentration, accordingly.
According to [36] such nanofiber diameter is optimal for application of designed
material in tissue engineering.

PLA-Simes-Ami nanofiners were significantly thinner (p < 0.05), with an
average diameter of 135+7 and 130£3nm. Fibers PLA-Simes-Ami , with part of
the incorporated Ami in the free form and a part of Ami immobilized in silica
nanoparticles, had a morphology different frfrom PLA-Simes-Ami (Figure 4)
with an average diameter of 150+12 and 14715 nm, in the form of beads coated
by the outer polymer lawer located on the polymer streads. In the literature [36,
37], it is reported that the addition of silica nanoparticles into a polymer solution
leads to an increase in both viscosity and conductivity. Since in general these two
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properties have opposite effects on the diameters of electrospun fibers, the
addition of silica nanoparticles can result in thicker or thinner fibers than the ones
produced from the polymer solution.

In vitro drug release studies: This work aims to develop an Ami delivery
system with prolonged and tailored release kinetics based n composite
electrospun fibers comprising Ami loaded Si nanoparticles with different
morphology and PLA. Si nanoparticles were selected due to the variable
morphological features, i.e., pore size, surface area, pore volume, particle size,
which allows to obtain electrospun fibers with very distinctive properties [38,39].
However, to the best of our knowledge, there was no specific investigation elated
to the impact of various morphology of Si nanoparticles on nanofibers
morphology and related deliberation of bioactive compound immobilized in it.
The objective of this article is to fabricate PLA nanofibers with Si nanoparticles
of different morphology and investigate effect of nanoparticles on the properties
of PLA nanofibers. In this work, two types of nanofibers composed by Si fumed
and Si mesoporous were investigated. Besides, pure PLA composite fibers with a
nano/microstructure, reported in the literature as been able to prolong the release
of several drugs[39-41], were also investigated as a strategy to control Ami
release kinetics. Here, Ami was immobilized in the Si nanoparticles, which in turn
were embedded in the microsized PLA electrospun fibers. A referent sample was
represented by Ami immobilized directly into PLA nanofibers.

The first stage of the release profiles of the composite fibers corresponds to
the release of Ami in the Si-Ami particles immobilized at the surface of the fibers,
in direct contact with the release medium, and/or to the release of Ami embedded
directly into the structure of PLA nanofiber. The second stage corresponds to the
release of Ami in the Si nanoparticles embedded inside of the nanofibers, which
requires the release medium penetration through the polymer matrix and
mesopores, desorption of Ami from the nanoparticles walls, and Ami diffusion
out of the mesopores and through the swollen polymeric matrix.

This can be explained considering the structure of the two composite fibers. As
discussed earlier, PLA-Siam-Ami nanofibers had open-pore structure, when Si
nanoparticles were embedded into the fibers structure in such a way that their
surface became fiber surface too, while PLA-Simes-Ami nanofibers were
designed in the way that nanoparticles were completely covered by polymer. This
means that GS diffusion pathway was shorter in fibers PLA-Siam-Ami
nanofibers, which contributed to the increase of the release kinetics and gradual
and steadily drug liberation. In this case, the balance between the length of the
diffusion pathway and the diffusion rate across the polymer matrix in each fiber
determined the release kinetics, resulting in PLA-Siam-Ami nanofibers fibers
with a faster release kinetics., while PLA-Simes-Ami nanofibers exhibited clear
two-step release kinetic with the second step occuring concomitantly with the
fibrs degradation. PLA-Si-nased nanofibers showed well-tailored and prolonged
for more then 1 month release of a drug.
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Figure 11 shows that the method of Ami immobilization (directly dispersed or
loaded into nanoparticles) determined Ami release kinetics. As can be seen, the
different methods of Ami incorporation resulted in fibers with totally distinct
release profiles, ranging from fibers that achieved almost complete release at the
end of the assay (PLA-Ami), to fibers that reached the end of the release study
after a few months(PLA-Simes-Ami, PLA-Siam-Ami).
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Figure 11 Ami cumulative release profiles. Comparison between composite and non-
composite fibers for the three compositions.

Antibacterial activity tests: Resulted nanofibers were assumed to posses
enhanced antibacterial properties toward Gram(+) and Gram(-) bacterial strains,
so antibacterial properties of PLA-Si nanofibers were ar great length studied too.

The antibacterial activity of the Ami loaded fibers against Staphylococcus
aureus CCM 4516, Escherichia coli CCM 4517, Enterococcus faecalis CCM
3956, Klebsiella pmeumoniae CCM 4415 and Pseudomonas aeruginosa CM 1961
was determined by a disk diffusion method, according to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST; http://www. eucast.org).

Samples (small amount of powder or fibers), two stacks on one Petri dish, plates
in triplicate) were placed on the inoculated Mueller-Hinton agar, then the plates
were incubated at 35 °C for 18 to 24 hours. After the incubation, the width of the
zone inhibition for each sample was measured to the nearest millimeter ona SCAN
500 inhibition zone reader (version 8.2.0.0). As a control, fibers without Ami were
also tested. Each type of fiber was tested in duplicate.
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Figure 12 Examples of inhibition zones (against St. Aureus), images are arranged in
rows from upper left corner to the right lower corner in following order: PLA, Ami,
Siam-Ami, PLA-50Siam-Ami, PLA-50Simes-Ami, PLA-25Siam-Ami).

The antibacterial effect of Ami loaded fibers mats against Staphylococcus
aureus CCM 4516, Escherichia coli CCM 4517, Enterococcus faecalis CCM
3956, Klebsiella pmeumoniae CCM 4415 and Pseudomonas aeruginosa CM
1961, which are the most common agents of wound infection, was confirmed by
a disk diffusion method. As can be seen in Figure 12, all Ami containing fibers
produced inhibition zones, with diameters between 2.0 and 7.5 cm (the average
inhibition zone diameters is the function of the average actual Ami content of the
tested sapmle, which is in comparison with the actual content of the referent Ami
sample sighnificantly lower. In contrast, no inhibition zone was visible around the
control sample (Figure 12), represented by composite fibers without Ami, proving
that the observed antibacterial effect was due to Ami and not to other fibers
components. As can bee seen, amount of Ami present in tested materials was
negligible in comparison with the referent Ami sample. It shows that presence of
Silica nanoparticles by itself enhances antibacterial properties of Ami, which is in
a greement with a few reported data earlier [16,17]. Antibacterial properties of
nanofibers depend on the type of Si nanoparticles nanofibers are constructed with.
Nanofibers built up with fumed Si nanoparticles exhibited almost two-fold higher
antibacterial efficiency comparing with mesoporous one, which could be due to
the faster release of antibiotic from he open-pore structure.
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4. CONCLUSIONS

This thesis are focused on fabrication of hybrid (organic-inorganic)
nanocomposites using Silica-based particles for their application in medicine. For
that purpose, a detailed overview of the current state of art in the field of
nanocomposite materials, with a particular attention to the preparation,
characterization, biocompatibility of Silica-based nanocomposites, and
conventional issues related to that matter was performed. To accomplish
established aims an investigation of the impact of the experimental conditions on
the Si nanoparticles properties has been performed as a background for fabrication
of the controlled DDS to avoid initial burst effect through drug loading of Si
particles with variable surface properties and study of the influence of its
microstructure on the release of bioactive compounds thorugh the fabrication of
the DDS with increased loading capacity and enhanced water solubility and
membrane permeability of the drugs with compromised bioavailability through
doping of Si particles with Aluminium and study its interaction with biological
barriers was accomplished.

Further, fabrication of Si-based carriers modified with CS and chitosan grafted
polylactic acid as controlled drug delivery systems as the controlled DDS was
performed.

Also an investigation of Si particles capability to improve antibacterial activity
of the loaded drugs through preparation of the poly(lactic)acid fibers loaded with
silica nanoparticles for potential application in active medical coatings and
potential of Si-PLA nanofibers for sustained release of bioactive compounds was
described.

A straightforward synthetic strategy to prepare pH-sensitive chitosan- and
chitosan-polylactic acid grafted functionalization of silica nanoparticles as
suitable biocompatible nanoporous reservoirs for use in DDSs is reported. Thus,
we simulated the in vitro loading and release of the anti-tumor drug by varying
the pH value of in vitro system, due to the pH-dependent features of chitosan.
Chitosan-functionalized nanoparticles demonstrated regular mesoporous
structures, high specific surface area and guest-accommodation volume, pH
response to the external environment, and good biocompatibility. PLA-grafted
polymer modification of silica nanoparticles showed excellent performance in in
vitro experiments of the loading and release of anti-cancer drug Doxorubicin
hydrochloride owing to the combined advantages of chitosan, PLA and silica.

As was expected, unmodified silica carrier demonstrated rapid and full release,
achieving a high level of delivery. After its functionalization release rate wase
characterized by the absence of an initial burst in the chitosan-modified carrier,
which eventually occured after 5 h, thereby indicating that chitosan played an
important role in delaying the release of the drug; the absence of an initial burst
effect also proved that Dox was located inside the system and was well protected
from the external medium.
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Delayed release from the silica functionalized with PLA-grafted chitosan
carrier was dependent on time and pH. Grafting PLA to chitosan in trace
quantities (0.458% of PLA was present in the Si-Cs-g-PLA sample, and just
4.57% in the organic coating of silica according to data from elemental analysis)
significantly altered the properties of the Si-Cs-g-PLA carrier. The existence of a
period of delay in release did not influence the effectiveness of such release, i.e.,
the ratio of Dox encapsulated and released was the same, which makes the carrier
suitable for administering drugs and achieving the desired postponed effect.

The results show that the surface functionalization of Si can serve as a simple
tool for controlling the loading and release of water-soluble, weak electrolyte
drugs like Dox. These data mean that Si, Ci-Cs, and Si-Cs-g-PLA carriers are
perspective candidates for fast (Si), sustained (Si-Cs), and delayed administration
of Dox.

The poor aqueous solubility and/or permeability and thereby limited
bioavailability largely restricts the pharmaco-therapeutic implications of potent
anticancer drugs such as methotrexate (Meth). Another chapter of this work aimed
to improve and in vitro dissolution rate of Meth medicine by a invention of a
carrier composed of an ordered mesoporous silica nanoparticles (MSNs) doped
with  Aluminium (AI-MSNs) via different experimental conditions and
investigation of an impact of its microstructure on the drug bioavailability (drug
liberation and model gastro-intestinal permeability). Al introduction into the
structure did not lead to the drastic distortion of the shape and size of the
nanoparticles.

Al_MSN nanoparticles were loaded with Meth using adsorption from solutions
method. The current loading capacity for all carrier was established for
concentration of carrier 1mg/ml, loading volume 3 ml and amount of carrier 20
mg. Another proportins of the adsorbent and adsorbat could drive to different
values. Hovewer, the purpose of a current reaserch was focused not on the
quantitive assessment of the maximal loading capacity, but on the establishment
differences that happens in drug loading while silica nanoparticles are doped with
Al

Therapeutic bioavailability of medicine is determined by two properties,
dissolution profile (which we could characterise by in-vitro dissolution test ) and
permeability through biological barriers, i.e. gemato-encephalic, gastro-intestinal,
placental, dermal etc. barriers. Since Meth is mostly administered orally, we
designed a barrier membrane permeability examination mostly relevant to gastro-
intestinal permeability. MDCK-cells are well known to be a model biological
model for gastro-intestinal and blood-brain permeability evaluation of medicines
and were applied to investigate permeability of the immobilized Meth through the
cell layer. Confocal microscopy was applied to investigate possible translocation
of AI-MSNs through the cell layer.

30



We found that Al modification within the applied Si/Al ratio does not distort
the size and shape of nanoparticles drastically. However, immobilization of Meth
on the surface was successful.

Release of Meth happens in a pH- and time-dependent manner, which means
that designed DDS is pH- and time-controlled.

Meth is subjected to P-glycoprotein (P-gp) mediated efflux (it is a transporter
that kicks out adsorbed medicine out of the cell), resulting in lower systemic drug
concentration. In particular, in out experiment the efflux ratio of free Meth was
substantially high (600). However, after inclusion of Meth in AI-MSNSs, inhibition
of the P-gp driven efflux occurred that may contribute to increased systemic
absorption, therefore enhanced permeability of Meth. Thus, SNs-based
formulations effectively inhibit the P-gp efflux system of poorly water-soluble
and low permeable molecules like Meth.

Additionally, we found that not only Meth is enhanced for the transportation
through an experimental model of gastro-intestinal barrier, but also AI-MSNs by
themselves were to the significant level translocated through the cell layer.
Translocation was size-dependent, particles of the size 170 nm were better
translocated compared with 35 and 70 nm particles. However, smaller particles
were significantly untaken by MDCK cells.

The third chapter of the experimental part of the current thesis is to introduce
novel porous electrospun fibers composed of PLA and two types of silica, i.e.,
mesoporous silica and fumed silica nanoparticles by electrospinning.

Electrospun polymer fibers have emerged as one of the most promising
platforms for drug delivery. This status was achieved due to the relative simplicity
and versatility of the electrospinning process, which permits the use and
combination of a large range of polymeric materials , the production of fibers with
an array of different structures and morphologies, and the development of fibrous
matrices with elaborated architectures. Often, the most difficult challenge in the
development of an electrospun based drug delivery system is the control of a high
initial burst release, typically associated with these matrices. This characteristic,
which stems from the high specific surface area of electrospun fibers, is especially
problematic when the therapeutic agent is a small hydrophilic drug and/or when
high drug loadings are required . An alternative approachto tackle this challenge
IS to prepare composite fibers comprising drug-loaded nanoparticles embedded in
the electrospun polymer fibers to achieve composite materials are formed by the
combination of two or more materials with different properties, that do not
dissolve or blend into each other. Silica nanoparticles can improve hydrophilic
properties of PLA nanofibers, which is of particular importance if highly
hydrophobic therapeutic agent is implemented and/or when high drug loadings
are required. It helps to manage the most difficult challenge in the development
of an electrospun based drug loaded system that lies in the control of a high initial
burst release, typically associated with these matrices.
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Nanofibers were characterized by SEM, TGA, BET to investigate morphology,
surface properties (porosity, pore size and pore volume), elemental analysis to
establish ratio of Ami loading and electrospinning efficiency. Time-dependent
deliberation of Ami at simulated physiological conditions and antibacterial
activity toward Gram (+) and Gram (-) bacterial strains were examined to analyze
perspectives of practical implementation of nanofibers in wound healing.
Hydrophobic properties of nanofibers were investigated too.

PLA is arelatively hydrophobic polymer with a water contact angle in the range
of 75-85°C which results in a low cell affinity in biomedical applications and
sometimes cause an inflammatory response from the surrounding tissue with
direct contact. Incorporation of silica nanoparticles changed the hydrophobicity
of nanoparticles to various extent, with amorphous silica nanoparticles resulted in
the fibers of the higher diameter of 147+5 and 150+12 nm with the open-pore
morphology and water contact angle 42+5 and 40+4 ° in comparison with 130+3
and 135+7 nm fibers of the close-pore morphology, and 67+7 and 59+5 ° for
mesoporous silica nanoparticles, respectively.

The antibacterial effect of Ami loaded fibers mats against Staphylococcus
aureus CCM 4516, Escherichia coli CCM 4517, Enterococcus faecalis CCM
3956, Klebsiella pmeumoniae CCM 4415 and Pseudomonas aeruginosa CM
1961, which are the most common agents of wound infection, was confirmed by
a disk diffusion method. Antibiotic - containing fibers produced inhibition zones,
with diameters between 2.0 and 7.5. In contrast, no inhibition zone was visible
around the control sample. Amount of Ami present in tested materials was
negligible in comparison with the referent Ami sample. It showed that presence
of Silica nanoparticles by itself enhances antibacterial properties of Ami.
Antibacterial properties of nanofibers depend on the type of Si nanoparticles
nanofibers are constructed with. Nanofibers built up with fumed Si nanoparticles
exhibited almost two-fold higher antibacterial efficiency comparing with
mesoporous one, which could be due to the faster release of antibiotic from he
open-pore structure.

The results suggested that the developed composite scaffolds could be a
potential candidate for tissue engineering.

These results provide a theoretical background in the control of biomedical
efficiency and effectiveness of silica-polymer nanomaterials, which is an
Important consideration in its design and practical implementation.
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5. SCIENTIFIC ACHIEVEMENTS AND PRACTICAL
OUTCOMES

The current doctoral thesis represent a new approach into the field of
biopolymer-based silica nanocomposites for biomedical applications. The main
contribution to the science of the present thesis lays in the preparation and
characterization of novel Dbiodegradable Si-Cs-g-PLA-based  porous
nanocomposites, nanofibers and Si nanoparticles with enhanced bioavalability of
medicines.

Functionalization of Si nanoparticles by introduction of Al into the Si
framework or fabrication of Si-polymer nanocomposites leads to the increase of
certain valuable properties of MSNs. For instance, doping the silica framework
with heteroatoms is therefore a promising strategy towards the rational design of
drug release systems, which combine improved solubility and permeability level.
In prospective, the heteroatom doping of mesoporous silica could be combined
with varying the drug amount and carrier’s textural properties in order to precisely
tailor the release profiles of advanced drug delivery systems. However, it is
important to note that while MSNs show great promise in drug delivery, further
research is needed to optimize their design, understand long-term
biocompatibility, and ensure regulatory compliance for clinical translation.
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