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1. Introduction

The synthesis and precise characterization ofd@hestructured materials and the nanocomposites
and their application in practice made it one @ thost intensively researched fields of modern
colloid chemistry. Nanotechnology appears in mord more areas such as the environmental
protection, agriculture, electronics, physics, infatics, pharmacy and nanomedicine. The simple
synthesis, the favorable properties of the mateiralnano-scale<(100 nm) contributed to the
growth of nanotechnology. The key properties oséhenaterials are the high surface area, the
small size, the easy functionalization and the ibdgg of the conjugation with other molecules.
The use of nanostructured materials provides oppiyt to map the mechanism of the
biochemical processes, to develop therapeuticegipins, to explore what causes certain diseases
and to treat those (medical diagnostics) and tailetsells.

In addition to the changes in the characteristibsg, targeted specificity and the increased
permeability through the membranes made nanopsstittractive for application as drug delivery
system. The application of numerous therapeutiotage body is limited since their properties
(like the structure, size, hydrophilic charactéage, solubility, stability, etc) prevent the e
delivery and binding. Furthermore, the efficiendyttte drug molecules may inhibit enzymatic
cleavage or accumulation in a non-specific adsonpsite. These barriers can be avoided by
modifications, interactions with other moleculesapplication of transporters or composites. The
disadvantage of the nanopatrticles is their toxictig smaller the nanoparticle the more harmful it
is for the body. For example, while Au nanoparsdhave high toxicity below 15 nm, Ag and the
TiO2 nanoparticles have same toxicity below 100 nmiHeurdisadvantage is that they could
accumulate in the body while it does not have amgtion which can eliminate these substances.
The solution for these problems will be the appiaaof bioconjugates or composites, especially
core-shell nanoparticles. Their advantages compdoedhe nanoparticles is their better
biocompatibility: increased bio, and cytocompaiipjlthey have high level of dispersity and better
conjugation with other bioactive molecules, imprdveermal- and chemical stability. The role of
the outermost shell which encapsulates the drugagdng carrier does not only prevent the
toxicity, it can also increase the hydrophilic cdwer of the system, it can stabilize the comppsite
it can improve the targeted delivery and it cancexe a well-controlled drug release process. The

ideal drug carrier systems are below 100 nm inamkthey have high stability in the blood which



prevents the excretion of the active agents befedioavailability. The most important criteria
are that the controlled drug release should happehe desired place in the appropriate time
interval and in the adequate concentration. Thegairements are essential since while small
amount of a drug can be effective, a higher doshglee same drug released in a short period of
time could be harmful to the human body. Therefdles preparation of the appropriate
nanostructured materials and the study of thelolioal activity are complex tasks which involve

discipline.

The aim of this research is to develop drug dejiv@rstems which ensure sustained and
controlled drug release under physiological condgi The primary concern of the design of the
carrier system was the application of biocompatérid non-toxic materials. The exclusion of the
accumulation of the composites in the body wasooeréd by making secondary binding forces
between the components. A non-steroid inflammatbog, the ibuprofen (IBU) and a central
nervous system active agent, the kynurenic acid NKY were chosen for encapsulation
experiments. Accordingly, the aim of this work wasproduce and characterize the following
systems:

a.) Synthesis and characterization of mesoporous ¢8it) for targeting of drug molecules.

b.) Comprehensive physical-chemical investigation o #tructure of the bovine serum

albumin (BSA) between pH = 2 and 12 in the funcidpH in the absence and presence
of 150 mM NacCl solution

c.) Development of new-types drug delivery systems:

o] Two polyelectrolyte-layered Sichased core-shell composites for encapsulation of
IBU molecules.

o] Two polyelectrolyte-layered BSA-based core-shethposites for targeting of IBU
molecules.

o] One-layered BSA-based core-shell nanocomposites trfmsporting KYNA
molecules through the blood-brain barrier.

o] BSA/surfactant (sodium dodecyl sulphonate) compeoe the encapsulation of
the IBU molecules.

d.) Investigation of the mechanism of the release m®ad the prepared systems with

empirical and mechanistic kinetic models.



3. Experimental materials and methods

3.1. Experimental materials

3.1.1. Mesoporous silica (S particles were synthesized by the hydrolysis eifaethyl-
ortosilicate (TEOS) with application of a structuddrecting agent, the cethyl-trimethyl-
ammonium-bromide (CTAB). The product was obtaingdéntrifugation (Hermle Z36HK) and
calcinations process (550 °C) was used to remavéetinplate.

3.1.2. During the preparation of the Sittased core-shell composites the #iBU composites
were encapsulated by two oppositely charged pdigbtes, the polyethylenimine (PEI) and the
poly(sodium-4-styrene sulphonate) (PSS) via elstatecally interactions after the formation of
the interactions between the ibuprofen (IBU) arelditica particles (pH = 5.5).

3.1.3. The bovine serum albumin (BSA) was choseth@garrier in the core-shell particles. For
the physical-chemical investigations of the BSA foomation, 3 mg/ml BSA solutions were

prepared between pH = 2 and 12 in the absencerasdnze of salt.
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Fig.1. The conformational states of the proteinthafunction of pH

3.1.4. During the formation of the BSA-ligand irgetions the BSA concentration was kept at
constant values and the hydrophobic ketoprofen @Rhe 8-anilino-naphtalene sulphonic acid
(ANS) molecules were added to the BSA-solutionoothe BSA/KP complex @aa:nkp=1:1) in
increasing molar ratio (1: 0- 10).

3.1.5. The preparation of the two-layered BSA-based-shell composites was carried out by the
precipitation of the BSA/IBU composites at pH = @ffier solution (Mcllvaine-buffer). The
composites were encapsulated by the negativelgelddSS (3 mg/ml) and the positively charged
polysaccharide, the chitosan (Chit) (3 mg/ml).

3.1.6. For the preparation of the one-layered sl nanocomposites, kynurenic acid was bound
to the protein in 1: 0.5 weight ratio at pH = 7then the composites were encapsulated by
poly(allylamine hydrochloride) (PAH) in 2.4 mg/mbrcentration.



3.1.7. The BSA/SDS complexes were synthesized dowpto the following protocol: anionic
surfactant (sodium dodecyl sulphate (NaDS)) waseddd increasing concentration (0 — 6.3
mg/ml) to the BSA solution (5 mg/ml) at pH = 3.

3.1.8. For the preparation of the IBU-containingdoinjugates the concentration of BSA (5
mg/ml), the surfactant (6.3 mg/ml) and the NaCIlO(2®M) were kept at a constant concentration

and the IBU was added to BSA/NaDS complexes ireesing concentration (0 — 2 mg/ml).

3.2. Experimental methods

The surface area and the pores distribution osiliea particles were determined by using
nitrogen adsorption/desorption methods (Micromesiteemini 2375, 77K).

Charge titrations were used to determine the chesggensation point by Mitec PCD-04
particle charge detector.

The molecular weight of the protein, the averagenditer and the zeta potential of particles
and the composites were determined by light seéatfenethod (Horiba SZ-100).

The size and the shape of the composites were athared by transmission electron
microscopy (TEM, FEI Tecnai G2 20 X-Twin) method.

In the BSA-containing samples, fluorescence metheele used by using Horiba Yvon
Fluoromax-4 type apparatus{= 280 nm).

The density and the thermoanalitical methods warged out by a DMA 50 (Anton Paar)
type densimeter, as well as Mettler Toledo TGA/SD8&Le and Mettler Toledo 822ype
apparatus.

The formation of the core-shell composites anddi@nges in the protein structure were
followed by infrared (FT-IR, Biorad FTS-60A, ATRna circular dicroism (CD, Jasco-815)
spectroscopy.

XRD (Bruker D8) and SASX (Philips PW 1820) measusata were used to study the
structure of the samples.

The in vitro drug release experiments were caroigidwith the application of Hanson-cell
and were followed by UV-vis detection.

Lyophilizer apparatus (Christ-Alpha 1-2 LD) was di$e rapid freeze the BSA as well as to

preserve the samples.



4. New Scientific Research

4.1. Structure of the SiO2-based core-shell composites and the kinetics of the drug

release

4.1.1. It has been observed that the silica pagi@ = 408 nm) with 1250%qg surface area and
3.3 nm average pore diameter are able to bind ~a&fJ§ IBU molecules. The ordered hexagonal
mesoporous structure of the silica particles werevgn by SAXS measurements. The
continuously increasing fractal dimension values/pd that the IBU diffuses into the pores<

2 — 2.75) as well as the shells are formed arohadsiQ/IBU composites. The formation of the
interaction between the components was confirmdeIbiR spectroscopy with the appearance of

the characteristic peaks in the infrared spec®ja. |

4.1.2. Knowledge of the concentrations, the density (eore shell) and the diameter (408 nm)
of the SiQ particles, the shell thickness and the diametietfssoone-layered core-shell composite
were determined. The measured and the calculaiaheders showed good agreement; the
standard deviation of the spherical core-shell madeithin 10% while of the core-shell model
knowledge of the densities is 8.9%. The core-sielliel knowledge of the concentration of the
core given perfect match to the measured valuadatd deviation is within + 1%). Therefore,
using the suggested equations is a useful methddtesmine the expected diameter knowledge
of the concentrations and the densities.

4.1.3. Based on the drug release experiments, the releasednt of IBU was significantly
reduced by increasing the number of the shellanduhe 500 min test time the percent of the
dissolved drug decreased by 40% in the two-layeoed-shell composites compared to thesSiO
particles. For the quantitative description of takease mechanism for the SIBU composites
the zero-order (independent from the drug conceairawhile for the SiQIBU/PEI core-shell
composites the first-order rate model is applicablee release process was controlled by erosion
and diffusion from the Si€BU/PEI/PSS core-shell composites. Tkevalues continuously
decrease with increasing the number of the shédishwalues for the SigiBU; SiO./IBU/PEI

and the SiQIBU/PEI/PSS composites, without carrier, 1.7 53; as well as for the composites
are 2.5-1Gs%; 1.0-1@ s* and 6.0-10 s?, respectively. [2]



4.2. Results of physical-chemical examination methods concerning the secondary
and tertiary structures of BSA in the function of pH as well asin physiological salt

solution

4.2.1. The changes in the BSA secondary structure wetéeeceby FT-IR spectroscopy in the
function of pH in physiological solution. The BSAN-form contains the highesthelical content
(~62% in the absence of salt, ~51% in 150 mM Naflkgon) which structure occurs in smaller
ratio by decreasing the pH (F,- E-form). In B- akflorms the BSA has from 40 to 55é6helix
content, depending on the pH and the presenceeddah. E- and F-form, which have the lowest
o-helix content, contain the highest amount of aggted structure, around 12%, while N-form

contains only around 2.5% aggregated structure. [4]

4.2.2. The tertiary structure of the BSA was characteribg fluorescence measurements. The
protein in native, i.e. in folded-state has thenbgt emission peak, while in the case of flattakpe
with lower intensity confirmed the appearance ok thnfolded protein. The structural
rearrangement is higher in alkaline pH range (thereewell hydrated carboxyl groups on the

surface) than in acidic media (there are non-pamtar weak hydrated amino acids on the surface).
[4]

4.2.3. It has been proven that the physiological solutiaased the aggregation of the BSA protein
which was verified by the increase in the hydrodgitadiameter (approximately doubled). Near
the isoelectric point (pH = 5) the salt does nfiuignce the size of the folded protein, the average
diameter is 6 nm. The size of the unfolded proigimgher compared to the size of the protein in
native form which was supported by SAXS measurem@itpH =3 iD =9 nm; atpH=7.4 s

D = 6.3 nm). The protein has high stability in alkalpH ranged = -28 mV-- 69 mV), however
electric double layer was formed in the presendgal|-solution £ = -0.9--2.4 mM) which has

led to the aggregation of the protein. [4]

4.2.4. Based on the results of the static light scatteitiran be stated that the BSA is mainly in
monomer form at pH = 3 (54.6 kDa), at pH = 7 (880&) and at pH = 11 (68.6 kDa). The second
virial coefficient helps concluding that the protas in a well-solvated form at all pH in the

absence of salt. High&t,, values were measured in the presence of saltefidrer at pH = 3 (114



kDa) mainly dimer form was developed with assooiabf two protein molecules. Ty values

are 78 and 83 kDa at pH = 7 and 11, respectivelhychvindicates that the protein contains the
dimer form in increased ratio. At the last two pi#lues (pH = 7, 11) the negative values of the A
indicate aggregation which is supported by the mnemsmolecular values. [4] The equivalent
radius is definable from the calculated molecut@ume in the knowledge of thMw, which values
are similar to those obtained by DLS measuremdintsin be proven based on the results of the
geometric volume that the BSA in native-form haspherical structure, while at acidic (pH = 3)
or alkaline (pH = 11) pH range the geometry ofBi$A can be describe with an extended, ellipsoid

shape. [4]

4.3. Structure of the BSA-based two-layered core-shell composites and the kinetic of

thedrug release

4.3.1. Increased solubility (60-fold) was achieved by tireding the IBU molecules to the BSA
protein (pH = 3). [1]

4.3.2. In the unfolded protein structure, at pH = 3 thyést percent of the secondary structure
unit is theB-sheet which was verified by the appearance ofaiméd | peak at 1642 ctn
wavenumber (FT-IR). The binding of the drug molesutaused structural changes in the BSA
structure, i.e. a significant fraction of the pioteecame random coil (maximum of the amid |
peak is 1648 crh). The structure of the BSA becomes ordered dubka@ffect of the negatively
charged PSS which was proven by the shifting oathil | peak toward to the lower wavenumbers
(1639 cm?). The chains of the BSA, which is the carriertaf two-layered core-shell composites,
unfolded again (1648 ct) by the effect of the branched, positively chargé&d. The chain-like
structure in the case of the BSA/IBU composite wawen by SAXS measurements. In the case
of the BSA and BSA/IBU composites individual scattg centers were recognized while for the
one- and two-layered core-shell composites theepias of aggregates was confirmed. The pair
distribution functions resulted in more and mordevier and flatter curves by the formation of the
composites which refers to a structural changbeerBSA structure, namely the spherical structure

became increasingly ellipsoid shape. [1]



4.3.3. The diameter of the one-layered core-shell comg®ss 130 nmdrem = 138 + 18.0 nm,
doLs= 134 +12.3 nm; the BSA/IBU/PSS/Chifem = 223 + 18.5 nmglbLs = 231 + 9.6 nm) which
value implied that none of the BSA molecules wasagsulated by the PSS shell in 130 nm
thickness. It was found that the core-shell mod&ing the densities into account describes
perfectly (the calculated diameter is 130 nm) tleasured diameter with the changing of the shell

d3 L. LM 1/3
HéjPHE] Mag)

thickness based on this equatiog,, = ( o
Mag'"t Héj

4.3.4. The release of the drug is initiated by changiegdH: the structure of the composite became
loose as the result of the changed value of sudhaege of the BSA (pH = &= +2.5 mV, pH =
7.4:£=-1.1 mV). The two polyelectrolyte layers decreht®e rate of the release by 40% after
500 min. The temperature did not have an influencéhe released amount of IBU (~70%) in the
case of the BSA/IBU composites. The release meshaaf the IBU from the BSA/IBU/PSS/Chit
composites is erosion,- and diffusion-controlle@atC while at physiological conditions, i.e. at
37.5°C the release kinetic follows the zero-ordate rmodel, i.e. a well-controlled release

mechanism occurred (the release rate is indepefrd@mits concentration. [1]

4.4. Structur e of theone-layer ed cor e-shell nanocompositesand thekinetic of thedrug

release

The KYNA, according to the stability studies, ialde in aqueous media at pH = 7 while in the
presence of buffer (PBS, HEPES) the concentratizaishave been measured for 24 hours differ
from each other. Being aware of it, the preparatidnthe composites was carried out in
physiological condition without buffer. [5,6] Byvestigating the fluorescence measurements of
the BSA-ligand interactions it was found that theding of ligand with carboxyl group to the
BSA associated with high affinity and large fredi& energyAG) at pH = 7.4.

4.4.1. Interactions between the polyelectrolyte and tB&ABvere weak while in the presence of
drug molecules (500 mg KYNA / g BSA) strong intdrais are formed between the KYNA and
the PAH (for examples hydrogen-bridge, hydrophaitieractions) which were supported by DLS
measurements: the size of the BSA/PAH composit&9is 1.2 nm while the diameter of the
BSA/KYNA/PAH one-layered nanocomposites is 103 mh+ (103 + 4.8 nm). The formation of



the PAH layer around the BSA/KYNA composites wasftmed by the decrease in the Trp
emission intensity. [5,6]

4.4.2. The BSA has 53.3%-helical content which is slightly decreased bynigelbound to the
KYNA (51.8%) based on the CD spectra. The polyetdytte caused significant change in the
protein structure: the content of the main second#ucture unit of the BSA is decreased to
29.6%. The PAH caused significant perturbatiorhimgtructure of the BSA during the formation
of the KYNA-containing one-layered core-shell corsipes: thea-helical content significantly
decreased (15.9%) which is confirmed by DLS measargs. [5,6]

4.4.3. The KYNA was found stable in PBS-buffer only irethirst hour is, therefore the kinetic

models are applicable in this time period. The aste mechanism from the BSA/KYNA

composites was controlled by the diffusion at 28 an.5°C. In the case of the BSA/KYNA/PAH

one-layered core-shell nanocomposites the zera-oateemodel show the best fit which indicates
that a constant KYNA concentration can be mainthinethe given time period at physiological

condition. [5,6]

45. Structureof the BSA/IBU/NaDS composites and the kinetic of thedrug release
45.1. The necessary surfactant concentration needentod stable hydrophilic system for the
transporting of IBU molecules was determined byprang BSA/NaDS complexes with different
molar ratio at pH=3:ga = 5 mg/ml and Gaps = 6.3 mg/ml (1260 mg NaDS / g BSA). [3]

4.5.2. The liquid crystal structure of the surfactant \wesven by the determination of the distance
between the lamellasl(= 3.69 nm). Taking the hydration state into accothe calculatedi.
value was 3.97 nm which was in perfect agreemeti Wie d. value obtained by XRD
measurements. The liquid crystal structure remaiméloe IBU/NaDS system; the distance values
acquired for the NaDS are close to theralues (3.84 nm). The BSA caused partial disoai@or

in the liquid crystal structure; the decreadedistance (3.62 nm) suggests the sliding of thelalky
chains due to the effect of the protein. The welisted (smectic) structure remained in the
BSA/IBU/NaDS system owing to the drug moleculesjrimreasing the concentration of the IBU

thed. values received were in good agreement with thesomed values for the NaDS. [3]



4.5.3. The ordered structure of the complexes was proye®AXS measurements. The higher the
concentration of the drug molecules is, the higherintensities of the two peaks appeared in the
scattering curves are at the IBU-containing contpesi220 mg IBU / g BSA; 400 mg IBU / g
BSA). It was recognized that the IBU ensures thabibty of the liquid crystal (smectic) structure.
The BSA is supposed to be the carrier in the systieenprotein forms interactions with the alkyl
chains of the surfactant with its hydrophobic pavtsle the polar head groups linked together
form a lamellar structure. The IBU is probably ltethbetween the head groups and is bound to
the protein. [3]

4.5.4. In the case of the release experiments, the sarfasignificantly slowed down the release
amount of IBU after 500 min time interval, the ambwof dissolved IBU was only 17%. The
percent of the released IBU is equal for both BBA/land c11-BSA/IBU/NaDS composites
(67%). A compact, well-ordered structure was forrhbgdhe increased concentration of the IBU
which resulted in a low drug release percent (28ffferent models fit for the kinetics of the
release of the IBU depending on the drug conceairatherefore for composites containing IBU
in lower concentration the first-order model is lgggble. The IBU-containing composites in
higher concentration are characterized with thesKkmyer-Peppas model, i.e. in this case the
erosion and the diffusion determine the releaseohthe drug. [3]

5. Outlook

The aim of my doctoral work is to develop and cheeaze such drug delivery systems which are
able to encapsulate water-insoluble or other droteoules which have weak bioavailability in
human body as well as they are suitable for cdettadlrug release undar vitro andin vivo
circumstancesin vitro blood-brain barrier model experiments with the tmgered KYNA-
containing core-shell nanocomposites were carrieidby the group of Dr. I. Krizbai in the
Biological Research Center. Due to increased pdrifityaof the KYNA, J. Toldi et al
(Department of Physiology, Anatomy and Neurosciendeiversity of Szeged) used animal
experiments to prove the targeted and efficiengdtelivery into the central nervous system by

core-shell nanoparticles. As a result of the swsfaésvork, a patent, titledA process for the



delivery of drug molecules through the blood-braerrier using core-shell nanocomposites”
(File number: P1500356), has been submitted.
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