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ABSTRACT

Superparamagnetic y-Fe,O; nanoparticles were synthesized by coprecipitation of ferric and
ferrous salts with a base. Resulting nanoparticles were coated with shells, such as poly(N,N-
dimethylacrylamide) (PDMAAm), neat and functionalized silica (SiO, and SiO,-NH,), and
polyaniline (PANI). PDMAAm shell was introduced by modification of iron oxide
nanoparticle surface with an initiator and N, N-dimethylacrylamide was polymerized
producing y-Fe;O3;&PDMAAm core-shell particles. In case of SiO,-NH,; shell, tetramethyl
orthosilicate was used to yield y-Fe,O3&SiO, nanoparticles, which were subsequently
modified by (3-aminopropyl)triethoxysilane to prepare 7y-Fe,O3&SiO,-NH, particles.
Oxidation of aniline hydrochloride with ammonium persulfate in an aqueous solution of
poly(N-vinylpyrrolidone) in the presence of iron oxides produced 7y-Fe,O3&PANI
nanoparticles. Finally, the last type of the particles was based on thionin-modified
poly(carboxymethyl methacrylate) (PCMMA&Th).

The particles were characterized by techniques, such as scanning and transmission
electron microscopy (SEM and TEM) and dynamic light scattering (DLS) to determine the
particle morphology and hydrodynamic diameter. The presence of the functional groups,
chemical composition, and the iron content were investigated by Fourier-transform infrared
(FTIR) spectroscopy, elemental analysis (AAS), atomic absorption, energy dispersive X-ray
(EDAX), and X-ray photoelectron spectroscopy (XPS). Vibrating sample magnetometry
(VSM) determined the magnetic properties of the iron oxide particles.

Last, but not least, y-Fe;O3;&PDMAAm, y-Fe;03&Si0O,, and y-Fe;03&Si0,-NH;
particles were applied in biological experiments, namely they were incubated with murine
macrophages of J774.2 line and engulfment of the particles by the cells was quantified.
Cytotoxicity of y-Fe,O3&PANI particles was evaluated on human neuroblastoma cells, while
cytotoxicity and immune response of porous silica-coated magnetic nanoparticles was
determined on proliferating human peripheral blood cells. The particles were localized within
the cytoplasm of treated cells and proved to be non-toxic even at high doses and after long
incubation periods. The particles might be suitable in cell applications as the cells labeled
with the developed nanoparticles can be non-invasively monitored by magnetic resonance
imaging (MRI); optionally they can be easily magnetically separated and redispersed in water
solutions on removing of the external magnetic field. Especially, y-Fe;O3&PDMAAmM
nanoparticles seem to be promising for diagnosis of phagocytic activity, as well as delivery of
various biomolecules, such as specific proteins. Finally, PCMMA&Th particles represent a
highly sensitive and universal tool for labeling of antibodies in enzyme-based sandwich-type
immunosensors.

Keywords: polymer; nanoparticles; superparamegnetism; iron oxide; cell.



ABSTRAKT

Superparamagnetické y-Fe,Os nanocéstice byly syntetizovany srdzenim Zelezitych a
zeleznatych soli alkalickymi Cinidly. Vysledné nanocéstice byly povleceny slupkami, jako je
poly(N,N-dimethylakrylamid) (PDMAAm), vychozi i funkcionalizovana silika (SiO, a
SiO,-NH;) a polyanilin (PANI). PDMAAm slupka byla zavedena modifikaci povrchu
nanocastic oxida zeleza iniciatorem a N, N-dimethylakrylamid byl polymerizovan za vzniku
1-Fe,03&PDMAAm c¢astic. V piipadé SiO,-NH; slupky byl pouzit tetramethyl-orthosilikat a
vznikly  y-Fe;O3;&SiO, nanocastice, které byly nasledn¢ modifikovany  (3-
aminopropyl)triethoxysilanem (y-Fe,O3;&Si10,-NH, c¢astice). Oxidaci anilin hydrochloridu
peroxodisiranem amonnym ve vodném roztoku poly(N-vinylpyrolidonu) v pfitomnosti oxidil
zeleza vznikly y-Fe,O3&PANI nanocastice. Posledni typ castic byl pak na bazi tioninem
modifikovaného poly(karboxymethyl-methakrylatu) (PCMMA&Th).

Castice byly charakterizovany technikami, jako je rastrovaci a transmisni elektronova
mikroskopie (SEM a TEM) a dynamicky rozptyl svétla (DLS), které stanovily morfologii a
hydrodynamicky primér castic. Piitomnost funkc¢nich skupin, chemické slozeni a obsah
zeleza byly prokdzany infracervenou spektroskopii s Fourierovou transformaci (FTIR), dale
atomovou absorpcni spektroskopii (AAS), prvkovou a mikroprvkovou analyzou (EDAX) a
rentgenovou fotoelektronovou spektroskopii (XPS). Vibra¢ni magnetometrii (VSM) se
stanovily magnetické vlastnosti ¢astic oxidil Zeleza.

V neposledni tadé¢ byly y-Fe;O;:&PDMAAm, vy-Fe,0:&S10, a y-Fe,03&Si10,-NH;
¢astice pouzity v biologickych experimentech, kde byly inkubovany se savéimi makrofagy
linie J774.2 a bylo kvantifikovano pohlcovani ¢astic buiikami. Cytotoxicita y-Fe;O3&PANI
castic byla vyhodnocena na lidskych neuroblastomech; cytotoxicita a imunitni reakce
magnetickych nanocastic povlecenych porézni silikou byly stanoveny na proliferujicich
lidskych perifernich krevnich buiikach. Castice byly lokalizovany v bunééné cytoplazmé a
bylo prokazano, ze jsou netoxické i za vysokych koncentraci a po dlouhé inkubacni dobé.
Castice mohou byt vhodné pro bunééné aplikace; buitky oznadené nano¢asticemi mohou byt
neinvazivné monitorovany magnetickym rezonancnim zobrazenim (MRI); mohou byt rovnéz
snadno magneticky oddéleny a poté opét redispergovany ve vodnych roztocich, je-li vnéjsi
magnetické pole odstranéno. Zejména y-Fe,O3;&PDMAAmM nanocastice jsou slibné pro
diagnostiku fagocytarni aktivity a rovnéz pro davkovani riznych biomolekul, napft. proteind.
PCMMA&Th castice pak predstavuji vysoce citlivy a univerzalni prostiedek pro znaceni
protilatek v ELISA imunosenzorech.

Klic¢ova slova: polymer; nanocastice; superparamagneticky; oxid Zeleza; burika.
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1. INTRODUCTION

Nanotechnology is one of the most rapidly developing scientific areas. It allows fabrication of
innovative nanostructured materials featured with unique properties and multiple application
possibilities. By the definition, at least one dimension of the nanomaterials is in nanoscale size
(typically < 100 nm)".

Magnetic nanoparticles are often based on iron oxides, which play a prominent role in
life, since iron is indispensable component of the organisms and has reduced toxicity.
Magnetite and maghemite have been approved for clinical use by US Food and Drug
Administration®. Surface-modified iron oxide nanoparticles have been then found very
attractive for cell separations and labeling, cancer therapy, drug delivery, hyperthermia, and as
contrast agents for magnetic resonance imaging (MRI)*®. There are many approaches to
obtain various types of iron oxide nanoparticles differing in shape, size, and availability of the
reactive groups on the surface, such as coprecipitation, thermal decomposition, spray
pyrolysis, microemulsion, hydrothermal, sol-gel, and bacterial methods’™.

This work describes development of new maghemite nanoparticles. In nature, y-Fe,Os
is a brownish mineral, with saturation magnetization of ca. 80 A-m?/kg (bulk)’. Its crystal
structure is similar to that of magnetite. Small y-Fe, O3 particles (< 20 nm) have large specific
surface area, high susceptibility, and exhibit superparamagnetism at ambient temperatures.
High surface to volume ratio makes the particles thermodynamically metastable'®. To
compensate the excess of surface energy, they tend to form bigger structures (aggregates) in
water. Moreover, neat (uncoated) particles exhibit high nonspecific adsorption of
biomolecules, which is undesirable for both in vitro and in vivo applications. This can be
avoided by the surface modification with a biocompatible shell''. Typical polymer shells are
made from organic (poly(ethylene glycol)'?, poly(vinyl alcohol)’®,  poly(N,N-
dimethylacrylamide)'*) or inorganic materials (silica)'’. This additional layer renders the
particles with colloidal stability, avoids interactions with the surrounding environment, and
introduces specific functional groups on the surface to allow attachment of a cargo (protein),
or to boost cellular uptake. As any new nanomaterial can have an impact on the biological
environment with consequences on the living organism, a series of toxicology studies has to
be carried out before any medical application'®. It is worth of mentioning that biological fate
of nanoparticles strictly depends on their composition and physico-chemical properties, such
as size, surface, charge, morphology, stability, and coating'”.

In this thesis, superparamagnetic maghemite nanoparticles were investigated and
several macromolecular agents were chosen for their modification, such as highly hydrophilic
poly(, N-dimethylacrylamide), porous and non-porous silica including its amino derivative
and conductive polyaniline. Moreover, monodisperse thionin-modified poly(carboxymethyl
methacrylate) nanospheres were designed for biosensing applications. In biological
experiments, the developed particles were investigated in terms of toxicity and uptake by the
cells.



2. AIMS

- Synthesis of superparamagnetic y-Fe,O3 nanoparticles by coprecipitation method.
- Coating of magnetic nanoparticles with biocompatible shells based on
- poly(N,N-dimethylacrylamide),
- non-porous and porous silica, optionally functionalized with amino groups,
- polyaniline.
- Synthesis of thionin-modified poly(carboxymethyl methacrylate) particles.
- Control of particle size and thickness of the shell.
- Characterization of the particles.
- Application of the particles in biological and biomedical experiments.

3. RESULTS AND DISCUSSION
3.1. Magnetic nanoparticles

When developing multifunctional core-shell nanoparticles, maghemite (y-Fe,Os) was
preferred since it is chemically more stable in air and water than magnetite (Fe;O4). In the
synthesis of the nanoparticles, Fe;O4 nanoparticles were first obtained by conventional
coprecipitation of Fe(Il) and Fe(Ill) salts with ammonia. It was followed by controlled
oxidation of Fe;O4 with NaOClI to obtain y-Fe,O3; nanoparticles.

According to TEM micrographs, y-Fe,O; particles were almost spherical and their D,
ranged 9-11 nm (Figure 1); width of the particle size distribution was moderate (PDI ~ 1.2).

Figure 1. TEM micrograph of maghemite nanoparticles.

Hydrodynamic particle size (Dp) in water according to DLS ranged 108-192 nm
depending on pH and ionic strength. D, was always larger than D,, which can be ascribed to
the fact that while TEM determines number-average diameter of dry particles. DLS measures
them in water, where solvent hydration layer contributes to the increased size. Moreover, DLS
measures z-average particle diameter proportional to sixth power of the size, which is
sensitive to large particles and particle aggregates.

Structure of the particles was verified using FTIR, XPS, and EDAX spectroscopy,
elemental analysis, and magnetic measurements. Amount of Fe in the uncoated maghemite
particles, ~ 66 and ~ 61 wt.%, was determined according to AAS and VSM, respectively.
After applying the external magnetic field, the particles were attracted to a magnet facilitating
thus their purification in water. VSM measurements proved that the particles were
superparamagnetic.



3.2. Poly(V,N-dimethylacrylamide)-coated maghemite

v-Fe;O3&PDMAAm core-shell nanoparticles were obtained in a two-steps reaction. In the
first step, initiator was attached to the iron oxide surface. Three various initiators, such as 2,2'-
azobis(2-methylpropanimidamide)  dihydrochloride (AMPA), 2,2'-azobis(N-hydroxy-2-
methylpropanimidamide)  dihydrochloride (ABHA), and 4-cyano-4-{[1-cyano-3-(/N-
hydroxycarbamoyl)-1-methylpropyl]azo}pentanoic acid (CCHPA), were selected and effect
of the initiator/y-Fe,O3; ratio on the particle size and polydispersity of the y-Fe;Os
nanoparticles was determined. With the increasing initiator/y-Fe,Oj; ratio, the particles were
larger; Dy > 1 pum then indicated aggregation of the particles at the AMPA and CCHPA
initiator/y-Fe,O3 ratio = 0.12 and 0.32 w/w, respectively (Figure 2 a). If ABHA/y-Fe,O; ratio
was < 0.64 w/w, the subsequent polymerization of DMAAm produced colloidally stable
v-Fe;03&PDMAAmM nanoparticles. In the dependence of (-potential of initiator-modified
v-Fe,O3 nanoparticles on the initiator/y-Fe,Os ratio, the {-potential of AMPA- and CCHPA-y-
Fe,Os increased from -45 to -13 mV with the ratio increasing up to 0.3 w/w, approaching then
a plateau (Figure 2 b). In contrast, {-potential of ABHA-y-Fe,O3 was positive amounting to 40
mV irrespectively of the ABHA/y-Fe,0; ratio.
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Figure 2. Dependence of (a) hydrodynamic diameter Dy and (b) (-potential of initiator-
modified y-Fe,O; nanoparticles on the initiator/y-Fe,O; ratio.

In the second step, initiator-modified y-Fe,Os nanoparticles were “grafted from” by
free-radical polymerization of DMAAm, as exemplified on Figure 3 a for ABHA-y-Fe,Os.
TEM micrograph is on Figure 3 b. Using different initiators, y-Fe,O3;&PDMAAm particle size
(Dn) could be controlled from 9 to 16 nm. Typically, D, of PDMAAm-coated AMPA-y-Fe,Os,
ABHA-y-Fe;03, and CCHPA-y-Fe,0O3 nanoparticles was 12, 16, and 13 nm, respectively, with
PDI = 1.18, 1.24, and 1.46, respectively. This means that polydispersities of PDMAAm-
coated ABHA-y-Fe,O; and AMPA-y-Fe,O; were narrower than that of CCHPA-y-Fe,03
nanoparticles. Hydrodynamic size of all y-Fe;O3&PDMAAm particle clusters D, was large
(~ 206 nm) compared to that obtained from TEM micrographs. The PI values approached 0.2
reflecting polydisperse nature of the product. y-Fe;O;:&PDMAAm particles were colloidally
stable for several months.
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Figure 3. Scheme of (a) preparation and (b) TEM micrograph of y-Fe;O:;&PDMAAm
nanoparticles obtained by “grafting-from” method. ABHA - 2,2'-azobis(N-hydroxy-2-
methylpropanimidamide) dihydrochloride. DMAAm - N,N-dimethylacrylamide.

3.3. Silica-coated maghemite

Silica shell on the y-Fe,O3; particles was obtained according to Stober method using
hydrolysis and condensation of tetramethyl orthosilicate (TMOS) under base catalysis'®.
Amino-functionalized particles were prepared by modification of y-Fe,03&Si0, nanoparticles
with (3-aminopropyl)triethoxysilane (APTES; Figure 4).
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Figure 4. Silanization of y-Fe,Os nanoparticles with tetramethyl orthosilicate (TMOS) and
subsequent modification with (3-aminopropyl)triethoxysilane (APTES).

—-0-9N-0—

During the synthesis, y-Fe,O3/TMOS ratio was changed in the range 0.1-0.8 w/w to
control morphology and size of the y-Fe,03;&Si0, nanoparticles (Figure 5). As expected, a
“hallo” was observed on TEM micrograph at a high y-Fe,O;/TMOS ratio (0.8 w/w)
suggesting the presence of a silica shell. At y-Fe,O3/TMOS = 0.4 w/w, the particles were
12 nm in size with 2.2 nm thick shell and a quite narrow size distribution (PDI = 1.07). With
higher amounts of TMOS relative to iron oxide (y-Fe;O3/TMOS = 0.2 w/w) number-average
diameter again increased (D, = 19 nm). Hydrodynamic diameter D, was again much larger
than D,, increasing from ~ 100 nm for neat y-Fe,O; nanoparticles to ~ 300 nm for
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v-Fe;03&Si0;, particles. Polydispersity PI of the nanoparticles prepared at low
v-Fe;O3/TMOS ratios indicated their broad particle size distribution. After the last
modification with APTES, amino groups were introduced on the particles, which can be
employed for prospective attachment of a target biomolecule.

o e £ b

Figure 5. TEM micrographs of y-Fe,03;&Si10; particles obtained at y-Fe,O3/TMOS = (a) 0.8,
(b) 0.4, (c) 0.2, and (d) 0.1 w/w.

Optionally, to obtain porous silica shell, cationic surfactant, cetyltrimethylammonium
bromide (CTAB), was added in the second reaction step during the modification with APTES.
Also in this synthesis, several reaction parameters were changed to prepare a thick shell
around the nanoparticles. Sgpr increased from ~ 66 (neat y-Fe,O3) to 206 m*/g for
v-Fe,03&S10,-NH; particles documenting thus porous character of the silica shell.

3.4. Polyaniline-coated maghemite

Conductive PANI shell was introduced on the y-Fe,Os; surface by oxidation of aniline
hydrochloride with ammonium persulfate at 0 and 25 °C in the presence of PVP stabilizer
(Figure 6). PANI shell, thickness of which was regulated by the reaction temperature, was
physically adsorbed on the iron oxide surface (Figure 6).

D, of y-Fe;O3&PANI core-shell particles prepared at 0 °C was by 9 nm larger than that
of the particles synthesized at 25 °C (Figure 7) due to an increase of molecular weight of
PANI with decreasing temperature. D,, as well as Dy, increased after PANI modification from
11 to 25 nm and from 192 to 257 nm, respectively.

Saturation magnetization of uncoated y-Fe,O; particles was ~ 50 A-m”/kg suggesting
that the concentration of maghemite was 61 wt.%. After coating, saturation magnetization of
the y-Fe,0;&PANI nanoparticles decreased to ~ 14 A-m?*/kg suggesting presence of 28 wt.%
v-Fe, O3 in the composite nanoparticles.

12
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Figure 6. Oxidation of aniline hydrochloride by ammonium persulfate in the presence of
poly(N-vinylpyrrolidone)-stabilized y-Fe, O3 dispersion.
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Figure 7. TEM micrographs and of y-Fe,O3&PANI particles prepared at (a) 0 and (b) 25 °C.

3.5. Thionin-modified poly(carboxymethyl methacrylate) nanospheres

Monodisperse poly(glycidyl methacrylate) (PGMA) nanospheres were prepared by
emulsifier-free emulsion polymerization (Figure 8) and effect of both monomer and initiator
concentration on the PGMA particle size was investigated (Figure 9).

13
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Figure 8. (a) Polymerization of glycidyl methacrylate and (b) SEM micrograph of PGMA
nanospheres.
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Figure 9. Dependence of (0) number-average diameter D, and (0) polydispersity index PDI of
PGMA nanospheres on concentration of (a) GMA (0.2 wt.% K,S,05s); and (b) K»S,03 in
water (7 wt.% GMA).

The particles were spherical with D, ranging 350-400 nm depending on the GMA
concentration in water (Figure 9 a). The PGMA nanosphere diameter was slightly larger with
increasing monomer concentration, which can be ascribed to the fact that the monomer
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is a good solvent for the polymer increasing thus the oligomer critical chain length before the
precipitation. The dependence of the PGMA nanosphere diameter on the concentration of the
initiator in water showed that the particle size increased from 360 to 420 nm with increasing
initiator concentration due to higher radical-to-monomer molar ratio (Figure 9 b). Typically,
the particles had a very narrow size distribution.

To introduce carboxyl groups, the PGMA nanospheres were hydrolyzed with H,SO4
and oxidized with KMnOy yielding poly(carboxymethyl methacrylate) (PCMMA). Finally,
thionin (Th) as an electron mediator was covalently attached to the particles using
carbodiimide chemistry (Figure 10).
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Figure 10. Preparation of PCMMA&Th nanospheres by hydrolysis of poly(glycidylmethacry-
late), oxidation, and reaction with thionin. EDC - N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide, NHS - N-hydroxysulfosuccinimide.

3.6. Biological experiments

Biological experiments demonstrated that vy-Fe;O3&PDMAAm, vy-Fe;03&Si0,, and
v-Fe,03&Si0,-NH, core-shell nanoparticles were recognized and engulfed by the
macrophages. y-Fe;O3&PDMAAm and y-Fe,03&Si0, nanoparticles, in contrast to neat
y-Fe,03, proved to be non-cytotoxic even at high doses (75 pg/cm?) and after long-time
incubation (72 h). Porous vy-Fe;03&SiO,-NH, nanoparticles did not interfere with the
phagocytic activity of monocytes and granulocytes and did not affect respiratory burst of
phagocytes. There were no significant differences in proliferative response of T-lymphocytes,
as well as T-dependent B-cells, treated with y-Fe,03;&Si0,-NH, particles in all concentrations
and time exposures compared to the control untreated cells. Also y-Fe;O3;&PANI particles
could be considered as safe for biomedical applications. Inhibition of the cell growth
increased at high y-Fe,O3;&PANI particle concentrations, but morphology of the cells exposed
to both uncoated y-Fe,O; and y-Fe,O3;&PANI nanoparticles at a concentration 100 pg/ml did
not change and no cell damage was observed in comparison to control cells. The influence of
v-Fe;O3&PANI nanoparticles on the viability of human neuroblastoma derived SH-SY5Y cell
line was determined by the real-time cytotoxicity test.

Final biological experiment involved application of PCMMA&Th nanospheres in an
immunosensor, where horseradish peroxidase (HRP) was used as an enzyme to generate
electrochemical signal. Bioconjugation of HRP on both PCMMA and PCMMA&Th
nanoparticles was achieved via EDC/sulfo-NHS chemistry. PCMMA&Th-HRP nanospheres
improved the electrochemical signal and the sensitivity of the biosensor. The nanospheres
thus represent a highly sensitive and universal tool for labeling of antibodies in enzyme-based
sandwich-type immunosensors, which is promising for immunochemical analyses not only in
clinical biology, but also in personalized medical devices.
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4. CONCLUSIONS

In this work, y-Fe,Os particles were successfully prepared and their surface was modified with
(i) PDMAAm by the radical polymerization using “grafting from” method, (ii) silica obtained
by hydrolysis and condensation of Si precursors, and (iii) polyaniline prepared by oxidation of
aniline HCI with ammonium persulfate.

Last but not least, thionin-modified monodisperse poly(glycidyl methacrylate)
particles, ~ 390 nm in diameter, were developed by emulsifier-free emulsion polymerization.

All surface modifications of the particles were confirmed by a range of physico-
chemical methods. The particles proved to be chemically and colloidally stable even after
several months of storage.

In biological experiments, all synthesized magnetic particles were incubated with both
animal and human cells including macrophages, peripheral blood and neuroblastoma cells,
and particle (immuno)toxicity and engulfment were evaluated.

As the developed surface-modified y-Fe,Os particles proved to be non-toxic and
readily internalized in the living cells, they are promising tool for diagnostics, as well as for
delivery of various biomolecules, such as specific proteins.

Finally, monodisperse PCMMA&Th-HRP nanospheres were found to amplify the
electrochemical signal in the biosensor improving thus its sensitivity.
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1. UVOD

Nanotechnologie je jednim 2z nejrychleji se rozvijejicich védeckych odvétvi
umoznujici vyrobu inovativnich nanomaterialti a zarucujici unikétni vlastnosti a mnohocetné
aplika¢ni moznosti. Nanomaterialy jsou definovany tak, ze nejméné jeden jejich rozmér musi
byt v fadu nanometri (obvykle < 100 nm)'. Mezi tyto materidly patfi i magnetické
nanoCastice na bazi oxidi Zeleza, které jsou jen omezend toxické®, nebot Zelezo je
nepostradatelnou slozkou zivého organismu. Magnetit a maghemit byly schvaleny pro
klinické pouziti americkych Utadem pro kontrolu potravin a 1é&iv’. Povrchové modifikované
nanocastice oxidu Zeleza jsou velmi atraktivni pro separace a znaceni bunék, 1é¢eni rakoviny
veetné hypertermie, smérovani 1é¢iv 1 jako kontrastni latky pro zobrazovani magnetickou
rezonanci (MRI)4'6. Rizné typy nanocastic oxidii zeleza liSicich se tvarem, velikosti
a dostupnosti reaktivnich skupin na povrchu, Ize ziskat mnoha zpisoby, napt. koprecipitaci,
teplotnim rozkladem prekurzorti, mikroemulznimi, hydrotermélnimi, sol-gel a bakteridlnimi
metodami’ .

Tato prace popisuje vyvoj novych maghemitovych nanoc¢éstic. V pfirodé se y-Fe,O;
vyskytuje jako hn&dy mineral maghemit, jehoZ nasycena magnetizace’ &ini cca. 80 A-m?/kg.
Krystalova struktura maghemitu je podobna struktufe magnetitu. Malé castice y-Fe,Os
(<20nm) maji velky specificky povrch, vysokou susceptibilitu a vykazuji
superparamagnetické vlastnosti pfi pokojové teploté. Velky povrch vzhledem k objemu cini
&astice termodynamicky metastabilni'®. Aby byl prebytek povrchové energie kompenzovan,
maji Castice tendenci tvorit ve vodeé vetsi struktury (agregaty). Holé (nepokryté) Céstice
v kultivacnich roztocich neselektivné adsorbuji rizné biomolekuly, coz je nezadouci pro
specifické in vitro a in vivo interakce. Aby se tento jev omezil, je tieba povrchy modifikovat
polymernim povlakem''. Typické polymerni povlaky sestivaji z organickych nebo
anorganickych materialti, jako je polyethylenglykol'?, polyvinylalkohol, poly(N,N-
dimethylakrylamid)'®, &i silika'>. Pfidavna vrstva poskytuje &asticim koloidni stabilitu,
omezuje interakce s okolnim prostfedim, zavadi specifické funkéni skupiny na povrch,
umoznuje navazani molekul (proteinl) a zvySuje vstiebavani oxidi zeleza bunkami. Jako
kazdy novy nanomaterial, mohou mit i oxidy Zeleza dopad na biologické prostiedi a negativni
dasledky pro Zivé organismy. Pred kazdym I€karskym pouzitim Céstic je proto zapotiebi
provést sérii toxikologickych studii'®. Osud nano&astic v Zivém organizmu vsak vyhradn&
zéavisi na jejich chemickém slozeni a fyzikalné-chemickych vlastnostech, jako je velikost,
povrch, naboj, morfologie, stabilita a kvalita pokryti'”.

V praci jsou zkoumany superparamagnetické maghemitové nanocastice a nckolik
makromolekularnich latek jako modifikaénich ¢inidel: vysoce hydrofilni poly(N,N-
dimethylakrylamid), porézni a neporézni silika vcetné¢ modifikace aminovymi skupinami
a vodivy polyanilin. V neposledni fadé byly tioninem modifikované monodisperzni
poly(karboxymethyl-methakrylatové) nanocastice pouzity v biosenzoru. VSechny piipravené
nanocastice byly zkoumany z hlediska toxicity a schopnosti byt pohlcovany buiikami.
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2. CiLE

e Syntéza superparamagnetickych y-Fe,Oz nanocastic koprecipitacni metodou.

e Pokryti magnetickych nanocastic biokompatibilnimi povlaky na bazi poly(N,N-
dimethylakrylamidu), neporézni, porézni, ptipadné¢ aminovymi skupinami modifikované
siliky a polyanilinu.

e Syntéza poly(karboxymethyl-methakrylatovych) castic modifikovanych tioninem.
e Regulace velikosti ¢astic a tloustky povrchové vrstvy.

e Charakterizace ¢astic.

e Pouziti ¢astic v biologickych a biolékatskych experimentech.

3. VYSLEDKY A DISKUZE

3.1. Magnetické nanocastice

Pfi vyvoji magnetickych nanocastic byl upfednostnén maghemit (y-Fe,Os3), protoze je
chemicky stabilnéjsi na vzduchu i ve vod¢ nez magnetit (Fe;O4). Magnetické nanocéstice
maghemitu byly syntetizovany tak, ze nejprve byly piipraveny nanocastice magnetitu
koprecipitaci Fe(Il) a Fe(Ill) soli amoniakem, které byly nasledné¢ oxidovany chlornanem

sodnym.
P o Tkl o

g

w5 -
W s

Obrazek 1. TEM mikrofotografie y-Fe,O3; nanocastic.

Podle transmisni elektronové mikroskopie, y-Fe,O3 ¢astice byly témét sférické a jejich
pocetni prumér (D,) se pohyboval v rozmezi 9—11 nm (Obrazek 1) v zavislosti na reakcnich
podminkach. Vysledny index polydisperzity PDI ~ 1.2 svéd¢il o relativné uzké distribuci
velikosti Castic.

Hydrodynamicka velikost ¢astic (Dy) byla regulovana v rozsahu 108-192 nm v
zavislosti na koncentraci, typu média, pH, iontové sile, naboji, atd. Rozdil v hodnotach D, a
Dy mtzeme zdivodnit skute¢nosti, ze TEM poskytuje informaci o velikosti suchych ¢astic Dy,
ktera je vzdy mensi nez Dy stanovena metodou dynamického rozptylu svétla (DLS) obvykle
ve vodné disperzi, kde Castice mohou interagovat; rovnéz hydratacni slupka pfispiva ke
zvySovani velikosti ¢astic. Méteni DLS je navic citlivé na ptitomnost velkych ¢éstic, nebot’
intenzita rozptylu svétla je umérna Sest¢é mocniné velikosti. Vlastnosti castic byly
charakterizovany FTIR, XPS a EDAX spektroskopii, prvkovou analyzou a magnetickymi
meétenimi. Vychozi maghemitové ¢astice obsahovaly 66 hm.% Fe podle atomové absorpéni
spektroskopie (AAS) a 61 hm.% Fe podle méfeni magnetometrem (VSM). Bylo prokazano,
Ze nanocastice jsou superparamagneticke.
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3.2. Maghemit pokryty poly(N,N-dimethylakrylamidem)

v-Fe,0O3&PDMAAm nanocastice byly ptfipraveny dvoustupniovou syntézou. V prvnim
stupni byl na povrch oxidl Zeleza navazan iniciator. Byly zvoleny tfi rtizné iniciatory:
dihydrochlorid  2,2'-azobis(2-methylpropanimidamidu) (AMPA), dihydrochlorid 2,2'-
azobis(N-hydroxy-2-methylpropanimidamidu) (ABHA) a  4-kyano-4-{[1-kyano-3-(/N-
hydroxykarbamoyl)-1-methylpropyl]azo}pentanové kyselina (CCHPA); stanoven byl vliv
pomeru iniciator/y-Fe,O3 na velikost ¢astic a polydisperzitu.

S rostoucim pomérem iniciator/y-Fe,Os velikost Castic vzrhstala; Dy, > 1 pm pak
indikoval agregaci ¢astic pii hmotnostnich zlomcich AMPA a CCHPA iniciator/y-Fe,O3; = 0,12
a 0,32 (Obrazek 2 a). Byl-li hmotnostni zlomek ABHA/y-Fe,O; < 0,64, nasledna
polymerizace DMAAm produkovala koloidn¢ stabilni y-Fe;O3&PDMAAmM nanocastice.
C-potencidl inicidtorem modifikovanych y-Fe,Os; nanocastic rostl s rostoucim pomérem
iniciator/y-Fe,O3. {-potencidl AMPA-y-Fe,0O; a CCHPA-y-Fe,O3 ¢astic se do hmotnostniho
poméru 0,3 zvySoval od -45 do -13 mV, kde dosahl plata (Obrazek 2 b). Naproti tomu,
{-potencial ABHA-y-Fe;O3 ¢inil +40 mV a byl nezdvisly na poméru ABHA/y-Fe,Os.
v-Fe,03;&PDMAAmM castice vykazovaly koloidni stabilitu a mohly byt skladovany po dobu
nekolika mésici.
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Obrazek 2. Zavislost (a) hydrodynamického priméru Dy a (b) (-potencidlu inicidtorem-
modifikovanych y-Fe,O3; nanocastic na pomeru iniciator/y-Fe,Os.

V druhém kroku byly y-Fe,O; ¢astice modifikované iniciatorem roubovany z povrchu
radikdlovou polymerizaci DMAAm (Obrazek 3 a). TEM mikrofotografie ABHA-y-Fe,0;
nanocastic je zachycena na Obrazku 3 b.
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Obrazek 3. Schéma (a) pfipravy a (b) TEM mikrofotografie y-Fe,O3&PDMAAmM nanocastic
ziskanych metodou “grafting-from”. ABHA - dihydrochlorid 2,2'-azobis(N-hydroxy-2-
methylpropanimidamidu). DMAAm — N, N-dimethylakrylamid.

Pouzitim riznych iniciatord, velikost y-Fe,O;&PDMAAm castic D, byla regulovana v
rozmezi 9-16 nm. PDMAAmem pokryt¢ AMPA-y-Fe,O3;, ABHA-y-Fe,0O; a CCHPA-y-Fe,0;
nanocastice mely prumér 12, 16, and 13 nm, a PDI = 1,18, 1,24 a 1,46. To znamena, ze
polydisperzity PDMAAmem pokrytych ABHA-y-Fe,O3 and AMPA-y-Fe,Os castic byly uzsi
nez u CCHPA-y-Fe,O; nanocastic. Hydrodynamicka velikost shluki y-Fe,O3;&PDMAAmM
nanocastic byla piiblizné 206 nm. Hodnoty polydisperzity PI se blizily 0,2, coz odrazi nepiilis
Sirokou distribuci velikosti ¢astic. y-Fe,O3&PDMAAm nanocastice byly koloidné stabilni po
dobu nékolika mésict.

3.3. Maghemit pokryty silikou

Vrstva siliky byla na y-Fe,O3 Castice zavedena Stoberovou metodou za pouziti bazicky
katalyzované hydrolyzy tetramethyl-orthosilikatu (TMOS) '*. K zavedeni aminovych skupin
na povrch v-Fe,03&Si0, ¢&astic byl pouzit (3-aminopropyl)triethoxysilan) (APTES;
Obrazek 4).
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Obrazek 4. Silanizace y-Fe,O; nanocastic pomoci tetramethyl-orthosilikatu (TMOS) a
nasledna modifikace pomoci (3-aminopropyl)triethoxysilanu (APTES).

Obrazek 5. TEM mikrofotografie y-Fe,03&Si10, ¢astic ziskanych pii hmotnostnich pomérech
v-Fe;03/TMOS = (a) 0,8, (b) 0,4, (¢) 0,2 a (d) 0,1.

V pribéhu syntézy byl hmotnostni pomér y-Fe;O3/TMOS ménén v rozmezi 0,1-0,8,
aby byla regulovana morfologie a velikost y-Fe,O3&Si10, nanocastic (Obrazek 5). Podle
o¢ekéavani byl na TEM mikrofotografiich pozorovan okolo ¢astic ,.kruh* pouze pfi vysokém
hmotnostnim poméru y-Fe,O3/TMOS (0,8), coz naznacuje ptitomnost siliky na povrchu
castic. Jejich velikost Cinila 12 nm a soucasné castice vykazovaly pomérné maly index
polydisperzity (PDI = 1,07); tloustka silikové vrstvy €inila 2,2 nm. S rostoucim mnozstvi
TMOS vzhledem k oxidu Zeleza (hmotnostni zlomek y-Fe,O3/TMOS = 0,2) pocetni pramér
velikosti nartstal (D, = 19 nm). Hydrodynamicky pramér Dy byl opét vétsi nez D, a rostl z
100 nm pro holy y-Fe,O3 k ~ 300 nm pro y-Fe,03;&Si0O, ¢astice. Polydisperzita nanocastic
piipravenych pii nizkych pomérech y-Fe,O3;/TMOS naznacovala Sirokou distribuci velikosti
castic. Po posledni modifikaci s APTES, byly na ¢astice zavedeny aminové skupiny, které
mohou byt vyuZity k navazani biomolekul. Castice pokryté porézni silikou byly ziskany za
pfitomnosti cetyltrimethylamonium bromidu, ktery byl pfidan v druhém reakénim kroku v
prabéhu modifikace s APTES. Rovnéz jsme sledovali vliv n€kolika reak¢énich parametrii na
tloustku SiO, vrstvy okolo nano&astic. Specificky povrch (Sger) vzrostl z ~ 66 m?%/g (holy
y-Fe,03) na 206 m*/g pro y-Fe,03&Si0,-NH, &astice, coz dokumentovalo porézni charakter
silikové vrstvy.

3.4. Maghemit pokryty polyanilinem

Vodivda PANI vrstva byla pfipravena na povrchu y-Fe,Os; Castic oxidaci anilin
hydrochloridu peroxodisiranem amonnym pii 0 a 25 °C za pfitomnosti poly(N-
vinylpyrolidonu) (PVP) jako stabilizatoru (Obrazek 6). Tloustka PANI vrstvy adsorbované na
povrchu byla regulovéana reakéni teplotou. Pocetni priimér y-Fe,O3&PANI ¢astic s morfologii
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Obrazek 6. Oxidace anilin hydrochloridu peroxodisiranem amonnym v pfitomnosti y-Fe,O;
¢astic stabilizované poly(N-vinylpyrolidonem).

,jadro-slupka“ pripravenych pii 0 °C byl 11 nm. Byly-li ¢astice ptipraveny pii 25 °C, jejich
velikost vzrostla na 25 nm. Tomu odpovidaly i hydrodynamické priiméry, které Cinily 192 a
257 nm.

Obrazek 7. TEM mikrofotografie y -Fe,O3&PANI ¢astic pripravenych pii (a) 0 and (b) 25 °C.

Nasycend magnetizace holych y-Fe,O; &astic byla ~ 50 A-m*/kg, coz odpovidd 61 hm.%
Cisttho maghemitu. Po pokryti nanoc¢astic polyanilinem, klesla nasycend magnetizace

y-Fe,03&PANI na ~ 14 A'm°/kg, co? naznaluje pritomnost 28 hm.% obsah maghemitu
v kompozitnich nano¢asticich.
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3.5. Poly(glycidyl-methakrylatové) nanocastice modifikované tioninem

Monodisperzni poly(glycidyl-methakrylatové) (PGMA) nanocastice byly pfipraveny
bezemulgatorovou emulzni polymerizaci (Obrazek 8) a byl sledovan vliv koncentraci
monomeru a inicatoru na velikost PGMA c¢astic (Obrazek 9).
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Obrazek 8. (a) Polymerizace glycidyl-methakrylatu a (b) SEM mikrofotografie PGMA
nanocatic.
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Obrazek 9. Zavislost (0) pocetniho priméru (D,) a (©) indexu polydisperzity (PDI) PGMA
nanocastic na koncentraci (a) GMA (0.2 hm.% K,S,05) a (b) K,S,05 ve vodé (7 hm.%
GMA).
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Castice byly sférické s Dy, v rozmezi 300-400 nm v zavislosti na koncentraci GMA monomeru
ve vodé (Obrazek 9 a). Velikost PGMA nanocastic rostla s rostouci koncentraci monomeru,
coz mize byt pfipsano skutecnosti, ze monomer je dobré rozpoustédlo pro polymer. Tim
dochazi k opozdéné nukleaci, mensimu poctu vniklych nuklei a tim 1 vétsi velikosti Castic.
Zavislost velikosti PGMA nanocastic na koncentraci iniciatoru ve vodé ukéazala, Ze velikost
castic rostla z 360 na 420 nm diky vysSimu poctu radikali na monomer (Obrazek 9 b). Pro
pfipravené nanocCéastice byla typickd 1Uzka distribuce velikosti. Pro pfipravu
poly(karboxymethyl-methakrylatovych) (PCMMA) c¢astic byly PGMA nanocastice
hydrolyzovany H;SO4 a oxidoviny KMnO,. Poslednim krokem byla modifikace
elektronovym medidtorem tioninem (Th) kovalentné¢ navazanym karbodiimidovou chemii
(Obrazek 10).
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Obrazek 10. Piiprava PCMMA&Th nanocéstic hydrolyzou poly(glycidyl-methakrylatu),
naslednou oxidaci a reakci stioninem pomoci N-(3-dimethylaminopropyl)-N'-
ethylkarbodiimidu (EDC) a N-hydroxysulfosukcinimidu (NHS).

3.6. Biologické experimenty

Biologické experimenty potvrdily, ze vy-Fe;O3&PDMAAm, v-Fe,0:;&Si10;
1 v-Fe,03&S10,-NHj; ,,core-shell nanocastice byly rozpoznany a pohlceny makrofagy. Dale
bylo zjisténo, ze y-Fe,O3&PDMAAmM a y-Fe,03&Si10, nanocastice nejsou cytotoxické ani pfi
vysokych davkach (75 pg/em?) po dlouhou inkubaéni dobu (72 h), na rozdil od vychoziho
v-Fe;Os. Porézni y-Fe,03;&S10,-NH; nanocastice neinterferovaly s fagocytarni aktivitou
monocytll a granulocytll a téZ neovliviiovaly respiracni reakce fagocytli. V porovnani s
kontrolnimi experimenty nebyly nalezeny zadné rozdily v prolifera¢ni odpovédi T-lymfocytt,
stejn¢ tak jako T-zévislych B bunék, v pfitomnosti y-Fe,0:;&Si0,-NH, castic pti vSech
koncentracich. Rovnéz y-Fe,O;&PANI cCastice mohou byt povazovany za bezpetné pro
biologické aplikace. Rist bun€k byl inhibovan vysokou koncentraci y-Fe,O3;&PANI ¢astic,
avSak morfologie bunék vystavenych koncentraci 100 ug y-Fe,Os3 a y-Fe,O3;&PANI na ml se
neménila a bunky nevykazovaly znamky poskozeni. Vliv y-Fe;O3;&PANI nanocastic na
zivotaschopnost SH-SY5Y bunck odvozenych z lidské neuroblastomy byl zjistovan v redlném
case.

V neposledni tad¢ biologické experimenty zahrnovaly pouziti PCMMA&Th
nanocastic v imunosenzoru, kde byl pouzit enzym (kienova peroxidédza; HRP) jako zdroj
elektrického signalu. HRP byl na PCMMA a PCMMA&Th nanocéstice imobilizovan pomoci
EDC/sulfo-NHS chemie. PCMMA&Th-HRP nanocastice zvySovaly elektrochemicky signal a
citlivost biosenzoru. Nanocastice tak predstavuji vysoce citlivy a vSestranny ndstroj pro
znaceni protilatek v imunosensorech, jejichz budouci technologicky potencial tkvi ve vyuZiti
pro lékaiska zafizeni §itd na miru jednotlivym pacientim.
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4. ZAVER

V této praci byly UGspéSné syntetizovany y-Fe,O; nanocastice a jejich povrch byl
modifikovan (i) poly(V, N-dimethylakrylamidem) pomoci radikélové polymerizace za pouziti
metody ,,roubovani z povrchu® castic, (ii) silikou ziskanou hydrolyzou a kondenzaci Si
prekurzorii a (ii1) polyanilinem pfipravenym oxidaci anilin hydrochloridu peroxodisiranem
amonnym.

V neposledni tadé¢ byly pfipraveny tioninem modifikované monodisperzni
poly(glycidyl-methakrylatové) castice (velikost 390 nm) bezemulgatorovou emulzni
polymerizaci. Usp&$na modifikace nanocastic byla prokazana fadou fyzikalné-chemickych
metod. VSechny castice byly chemicky i koloidné stabilni po skladovani v fddu n€kolika
mésicu.

V biologickych testech byly vSechny typy nanocastic inkubovany se zvifecimi nebo
lidskymi bunikami, véetné makrofagi, bunck periferni krve a neuroblastomu. Rovnéz byla
hodnocena (imuno)toxicita a schopnost bun¢k pohltcovat ¢astice.

Vsechny nové vyvinuté povrchové modifikované Castice se ukazaly byt netoxické
a snadno internalizovatelné Zivymi buitkami. Céstice jsou slibné pro diagnostiku riznych
onemocnéni, stejné tak 1 pro smérovani rozmanitych biomolekul a specifickych proteinii do
cilovych organt.

Rovnéz bylo zjisténo, ze monodisperzni PCMMA&Th-HRP nanocéstice zesiluji
elektrochemicky signal v biosenzorech a zvysuji tak jejich citlivost.
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