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1. Topic overview and aims of the work

1.1. Introduction

Today’s drug development faces new challenges. Wewithetized active substances
mostly belong to Class IV of the Biopharmaceuti¢asEification System (BCS), as they are
(almost) insoluble in water and they just poorlgait from the Gl tract. On the other hand
generic and supergeneric preparations get morenane importance beside the original ones.
To solve the above mentioned problems modern esipiand technologies are necessary.
Among others this challenge helps the cyclodexegearch to advance.

The number of cyclodextrin applications and puli@as is rising continuously (in the
last years approximately 3000 new printed scientiftticles were published per year). More
and more new results and applications are submited there are almost 600 new patents
yearly (Jicsinszky & Fenyvesi 2014).

Cyclodextrins are used in many industries, suchh@smaceutical-, food-, pesticide-,
diagnostic-, cosmetical-, explosive-, plastic-inysLast, but not least cyclodextrins have
important role in biotechnology as well. Accorditogtheir special properties, these molecules
are very good stabilizers, solubilizers, they inyardioavailability, and they also can be used
to reduce smells, tastes and irritative effectet84990).

B-cyclodextrins are also used in cell biology reskdor the removal of cholesterol
from cell membrane (Kilsdonk et al. 1995) and todgtthe role of cholesterol on cellular
functions (Mahammad et al. 2014).

Some cyclodextrins have been included in variowsphacopoeias as solubilizers and
absorption enhancers for long, but recently hydpoagyl-cyclodextrin (HPBCD) itself has
also been recognized as orphan drug for the treatimie Niemann-Pick type C1 disease
(Matsuo et al. 2013; Ottinger et al. 2014). Basedhos result, there are further researches to
treat other diseases int he central nervous sysi#imcyclodextrins (Vecsernyés et al. 2014).
In addition - the new result of year 2015 - reskars found that HPBCD can be used as a
novel anticancer agent, because it can selectigdedyurb the cholesterol homeostasis of
leukemic cells (Yokoo et al. 2015).

We need complete knowledge in case of such widsbd excipients (and active
substances), especially about their interactioh wéls and organisms and about their safety.
It is important to know what is the mechanism tlglowhe applied excipient (in our case the
cyclodextrin) acts (for example improves drug apson) and if it has any unwanted side
effect. Many researches and many aspects are néedede a holistic knowledge about an
excipient. With our research we answered still @gequestions, especially around the safety
and behaviour of cyclodextrins in biological system

1.2. Cyclodextrins

Cyclodextrins can be produced from partially praloygred starch (acyclic dextrin
mixture) by cyclodextrin-glycosyltransferase enzymbese cyclodextrin molecules are non
reducing cyclic oligosaccharides (Szejtli 1990)céing to the ring size, cyclodextrins have
three basic typesa-, B- and y-cyclodextrins containing 6, 7 or 8 glucopyranosats)
respectively (Szejtli 2004). All of these glucopyose units have C-1 conformation, that is
why the inner cavity of these molecules are lipbphwhile the outer surface is rather
hydrophilic.

Various derivatives of cyclodextrins can be forngdsubstitution of these rings. The
number of published derivatives is more than 130duction should be simple and cheap,
the ring should keep its complexation capacity #rel new product should have no toxic
effects. In the industry mainly methylated- (DIMEBAMEB), hydroxyalkylated- (HPBCD),



sulfobutylated- (SBE-CD), acetylated- (acetglD) and branched (glucosyl-, malto$@D)
cyclodextrins are produced (Otta 2014).

The complexation properties and also the safety ofclodextrin molecule are very
important when it is applied as an excipient. Cglekirins can have toxic effects, as they are
able to complex physiologically important lipophilmolecules such as lipids (in caseoef
cyclodextrins) or cholesterol (in case [tyclodextrins). Therefore we need to know their
complexation affinity to endogen molecules for edehvative, hence also the toxicity.

Because of many reasons (for example price, avijabing size, etc.B-derivatives
are the most prevalent cyclodextrins. There arér@d hydroxyl groups on these molecules
where many different substituents can be attadie@by creating many different derivatives.
Best-known ones are meth§deyclodextrin and hydroxypropy-cyclodextrin (HPBCD),
both of them are heterogenous, amorphous and wakeiple. They are preferred, because
they can not form crystalline complex with cholesten contrast with3-cyclodextrin (which
forms insoluble cholesterol-complex after administieparenterally). This complex has toxic
effects on kidneys. Methy-cyclodextrin is much more lipophilic and so motabte thar3-
cyclodextrin, but it forms water-soluble complex thwicholesterol in aqueous media.
Extracting cholesterol from erythrocyte-membrane aisserious disadvantage, therefore
methyl$-cyclodextrin causes haemolysis in a concentratlependent manneHeptakis-
(2,6-di-O-methyl)-R-cyclodextrin is a crystalline substance and the Bekibilizer agent at
present. However its production is expensive ariceneironmentally sound, and it can easily
cause haemolysis as well. That is why, in mostcaaadomly methylatefl-cyclodextrin
(RAMEB) is used instead of DIMEB. RAMEB is not gsod solubilizer as DIMEB, but its
production is much more cheaper (Szejtli 1997). pheferred cyclodextrin derivative must
have as low toxicity as possible. From this viewhy2lroxypropyl$-cyclodextrin (HPBCD)
and sulfobutylated-cyclodextrin (SBE-CD) are the most favorable. Tater is a newer
derivative, it is used not so long ago, but itlready used in many medicines (also distributed
in Hungary), due to its good solubilizing and taticproperties. (Stella & He 2008;
Sebestyén et al. 2013; Fenyvesi 2015). Safetyetudvealed, that HPBCD and SBE-CD are
well tolerated in humans and have no adverse sffatthe kidneys or other organs (Stella &
He 2008).

In the case of-cyclodextrins a relationship could be identifiedang the substituents
of the cyclodextrin ring, cholesterol solubilizatiohemolytic activity and cytotoxicity.
Cholesterol-solubilizing properties and cytotoyicilepend from the structure of the
cyclodextrin molecule. For example, more methylup® attached to the ring improve the
cholesterol-solubilizing ability, in contrast wifiresence of ionic groups, and in caseB-of
cyclodextrin, attaching hydroxypropyl group reswésy low toxicity (Kiss et al. 2010).

Cyclodextrins can function as molecular capsules tutheir special structures (they
are able to bind other lipophilic molecules inteithinner cavity). These filled cyclodextrin
rings are called inclusion complexes, in which @& Waals and apolar interactions can be
found between respective function groups (Rekhaetkal. 1997; Anjana et al. 2013), so the
complex can easily dissociate in certain circunt#an In the host-guest complex formed
such way, the guest molecule can be located dgraaltotally in the cyclodextrin ring, but
this process cannot change the structure and tiferoeation of the cyclodextrin molecule.

Cyclodextrin complexes with proper stability cargs are able to improve the
absorption and bioavailability of the complexed girdhere are numerous mechanisms
published, which can explain this behavior.

The first mechanism is based on the solubility-@asing effect of cyclodextrins. The
complexed lipophilic molecule can get hydrophilroperties by the cyclodextrin ring.

The second action is based on the effect of cygkodes on intestinal epithelium.
According to in vivo experimental results, just insignificant amount lydrophilic



cyclodextrin can penetrate into lipophilic biologianembranes, such as skin or GI mucosa.
Only the free drug molecule can absorb throughplijicc membranes, so excess amount of
hydrophilic cyclodextrin can decrease the penenatof drugs (Loftsson et al. 2007).
Lipophilic cyclodextrins (e.g., randomly methylatgetyclodextrin) are able to decrease the
barrier function, and by this the drug transporinisreased through biological membranes
(e.g., nasal mucus membrane) (Loftsson et al. 200f¢ disruption of cholesterol rich
membrane rafts alters the integrity of tight juon8 and barrier functions of cell
layers (Lambert et al. 2005; Deli 2009).

The third mechanism can be explained with the wiatggr which covers absorption
epithelium and so takes part in barrier functiorscdus mucus membranes have an adsorbed,
unstirred water layer (UWL) on their surface whizdm be 10Qum thick (Lennernas 1998;
Loftsson et al. 2007). The guest molecule can besported through the unstirred water
layer directly to the biological membrane with thelp of cyclodextrin, where the complex
dissociates and only the free drug molecule petestithrough the membrane (Loftsson et al.
2005). Hydrophilic cyclodextrins can increase thagdtransport only if the resistance of
UWL on donor side is equal or higher than the tasse of membrane barrier (Loftsson et al.
2007; Mésson et al. 1999). On the other handefiimding force is too strong between the
cyclodextrin and the guest molecule, only a smaltipn of the drug is released from the
complex, resulting in lower bioavailability (Brevestet al. 2007).

Beside the above mentioned effects, active tramsporhibition can be important as
well. Many active transporter proteins (e.g., Peglyrotein) can decrease the absorption of
their substrates by pumping them back from the nman#bto the lumen of the small intestine.
MethylatedB-cyclodextrins are able to prevent the operatiorthef transporter proteins by
reducing the cholesterol content of the membraeay¥esi et al. 2008; Garrigues et al. 2002;
Arima et al. 2004; Bacso et al. 2004). These effecin also increase the permeability and
absorption of drug molecules from the intestine. @@ other hand membrane cholesterol
depletion with high cyclodextrin concentration ibits endocytotic processes (Zuhorn et al.
2002; O’ Neill et al. 2011) and increases exocg@Shen et al. 2010).

The last action can be based on the endocytosisydbdextrins. The chemical
structure, number of hydrogen donors and acceptelegjvely high molecular weight (>1000
Da) and the hydrophilicity of cyclodextrins predittat these molecules are not able to
permeate biological membranes and have poor ali@orgLipinski et al. 2001); only
lipophilic cyclodextrins are considered to be abgsdrfrom the gastrointestinal tract to some
extent (Loftsson et al. 2005). In general, only filee form of drug, which dissociates from
the cyclodextrin complex, is thought to be absorbéddcording to this mechanism
cyclodextrin delivers the drug to the surface df seembrane, the drug molecule penetrates
into the lipophilic membrane, but after deliveryetltyclodextrin remains extracellular
(Loftsson et al. 2005).

Although cyclodextrins most likely cannot permetite cell membrane by diffusion,
recent findings revealed that they are able toreoédls. Methylf-cyclodextrin-dextran
conjugates and hydroxypropfiteyclodextrin were found to enter cells by endosigp as
they reduced intracellular cholesterol accumulatiorNiemann-Pick type C mutant cells
acting at the level of endocytotic organelles iesithe cells (Rosenbaum et al. 2010).
Intracellular accumulation of the fluorescent mah{N-6-deoxy-6-aming-cyclodextrin)-7-
nitrobenzofuran (NBCB-CD) was also detected in HepG2 and SK-MEL-24 cedisd
endocytosis as a possible mechanism for the trambname passage of NBBRCD was
suggested (Wei et al. 2011). Macropinocytosis ofplaiphilic cationic cyclodextrin
transfection complexes were also observed in Caotegtinal epithelial cells (O’ Neill et al.
2011), and clathrin-dependent endocytosis of ardlscent methyg-cyclodextrin by Hela
cells was demonstrated (Plazzo et al. 2012).



1.3. Aims of the work

These results raised the possibility that cyclodexnolecules not only increase the
solubility of poorly soluble drugs and act as peatie enhancers in the intestine, but are
able to enter intestinal cells by the endocytoéithpvay.

This mechanism, the intracellular route and fatecptlodextrins have not been
investigated on intestinal epithelial cells yethaligh transcytosis is known in the case of
intestinal epithelial Caco-2 cells (Artursson et 2001). There is also limited information
about the permeability of cyclodextrins on Caco-@hwiayers.

In the present study our first aim was to examhee ihteraction of the fluorescently
labeled randomly methylatefgicyclodextrin (FITC-RAMEB) with Caco-2 colon celhyer
and examine the cellular uptake of cyclodextrinsimestinal epithelial cells. Because of
RAMEB is the most applied cyclodextrin in biolodiceesearches, we also tested our
hypothesis with this derivative. According to diust results FITC-RAMEB is able to enter
inside the cells, thus we aimed to study the wathisfuptake.

Further aims were to test the permeability and eyibsis of fluorescently labeled (2-
hydroxypropyl)g-cyclodextrin, random methy-cyclodextrin and soluble-cyclodextrin
polymer and their inclusion complexes with fluomsity labeled paclitaxel (Flutax-1) on
Caco-2 cells. We also investigated the possibdftthe cellular uptake of Flutax- rhodamine-
labeled random methyl-cyclodextrin complex via the endocytotic pathway.



2. New scientific results in the thesis

In the present study at first we investigated the @rmeability and cellular uptake
of the fluorescent methylf-cyclodextrin (FITC-RAMEB) in intestinal Caco-2 cells. The
available data regarding the absorption and orahvailability of cyclodextrins is very
limited and there are no Caco-2 permeability valuethe literature. In early studies of
intestinal absorption of“C-labelled p-cyclodextrin in rats only 5% of the administered
activity could be detected in the blood. It wasaaded thaB-cyclodextrin was not absorbed
from the stomach and the small intestine, and tive dbsorption was explained with the
amylase action: only the open-chain dextrins aedgttcose formed from cyclodextrins were
absorbed (Szejtli et al. 1980). According to recpuablications the oral bioavailability of
HPBCD is less, than 0.03% and it is approximate3%® for B-cyclodextrin (Kurkov &
Loftsson 2013), while RAMEB has an oral bioavaildypiof about 12% in rats (Loftsson &
Brewster 2011).

Our permeability results with FITC-RAMEB are in accordance with the low
intestinal absorption of cyclodextring as the apparent permeability coefficiendpgPvalues
were 3.35+1.29x18 and 4.23+1.46xIH cm/s for FR (0.05 mM FITC-RAMEB) and FRR
(0.05 mM FITC-RAMEB + 5 mM RAMEB) treatments, resgigely. These data are also in
agreement with the permeability results of natayalodextrins ¢-, - andy-cyclodextrin) on
pulmonary Calu-3 cell layers, which were in the saonder of magnitude (Matilainen et al.
2008).

Methylated cyclodextrins are also used for membramaesterol depletion in 5-10
mM concentration (Kilsdonk et al. 1995; Fenyvesi at 2008) and can enhance the
penetration of drugs (Deli 2009). 0.05 mM cyclodextpresumably does not affect
membrane cholesterol significantly, since it isODbf the usually applied concentratid.5
mM RAMEB concentration we did not observe cytotoxidy on Caco-2 cells previously
(Kiss et al. 201Q) therefore we investigated the effect of 5 mM RAMB on FITC-
RAMEB permeability and the TEER of the monolayers.No significant difference could
be observed on permeability and resistance value$ BR and FRR treatments (p<0.05),
and 5 mM RAMEB had no effect on the permeability othe monolayer.

Examining the fluorescence of the cells at the eraf the permeability experiments
we found that a significant amount of FITC-RAMEB aaccumulated in the cell layers.
These cyclodextrins could not be removed by extensiashing. We investigated the time-
dependence of FITC-RAMEB accumulation in the moyeta andCaco-2 cells successively
accumulated both FR and FRR up to 120 min of the @eriment. To reveal the fate of the
accumulated FITC-RAMEB we loaded the cells with (bl FITC-RAMEB solution, using
10 time higher concentration than in permeabilitydges. This resulted in 10 time higher
accumulation, but the permeability of FITC-RAMEBddnot increase (2.28+0.346+10
cm/s).After 120 minutes, the release of the accumulated/clodextrins was followed both
in apical and basolateral directions. InterestinglyFITC-RAMEB appeared in both the
apical and basal chambers, but the majority of theaccumulated cyclodextrin was
released to the apical direction. Only 7.4% of theccumulated FITC-RAMEB reached
the basal chamber.

These results indicated that although the intelsttaco-2 monolayer is an almost
impermeable barrier for the cyclodextrin molecutes, cells are able to take up cyclodextrins
from solutions with a mechanism different from slendiffusion. Studies on Calu-3
monolayers suggested that cyclodextrins traverssettmonolayers by paracellular route,
although transcytosis could not be excluded (Matda et al. 2008). Recent publications
revealed that certain cell types are able to imdere cyclodextrins by endocytosis
(Rosenbaum et al. 2010; Wei et al. 2011; Plazzal.e2012); therefore we investigated the
intracellular localization of FITC-RAMEB by confacenicroscopy.We found, that FITC-
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RAMEB is able to enter into the cytoplasm of both adifferentiated and differentiated
Caco-2 cells.Since the labeled cyclodextrin was localized isicles in the cytoplasm, the
possibility of endocytosis was investigated heexatin the cell membrane RFP-Rab5a
fusion protein and FITC-RAMEB showed colocalization Rab5 is a key organizer of early
endosomes, but it cannot be detected in late entes@Rink et al. 2005)n our confocal
microscopy images Rab5a and FITC-RAMEB did not exHhiit colocalization in vesicles
in deeper layers. The colocalization of RFP-Rab5ana FITC-RAMEB suggests that
endosome formation is involved in the initiation of cyclodextrin internalization.
According to further examinations of my colleagubs highest degree of colocalization
between FITC-RAMEB and Rab5a protein can be medsaifter 2 minutes incubation, but
after 30 minutes colocalization is still signifi¢aifhese results clearly show the continuous
working of endocytotic processes (Fenyvesi et @L43.

Endocytosis has two major routes, phagocytosispamatytosis or fluid-phase uptake.
Fluid-phase endocytosis, which requires the cargueonles to be dissolved, can be
subdivided into macropinocytosis, clathrin-mediatedveolin-mediated and clathrin- and
caveolin-independent endocytosis (Conner & SchroB2.

The widely used marker of macropinocytosis is LerciYellow (Sarkar et al. 2005;
Swanson et al. 1985; Sallusto et al. 1995). Floterogtry analyses revealed that in Caco-2
cells Lucifer Yellow was internalized in a concetion dependent manner and its uptake
could be inhibited at 0 °C (Swanson et al. 1983 uSt et al. 1995)FITC-RAMEB showed
similar cellular uptake: at 37 °C accumulated in the cells as a function of concentration,
while at 0 °C FITC-RAMEB uptake was diminished.On the other hand lipophilic calcein
AM showed the same cellular accumulation at 0 °@ an °C, as it rapidly permeated the
lipid membrane (Homolya et al. 1993), and the wgHalar accumulation was not inhibited
by cooling. The macropinocytosis inhibitor rottlerin (Sarkar et al. 2005had similar
inhibitory effect on FITC-RAMEB and Lucifer Yellow accumulation. These results
indicate, thatn Caco-2 cells macropinocytosis is involved in thentry of FITC-RAMEB.

It also explains why the majority of the accumutbfdTC-RAMEB was released to the apical
direction. It was demonstrated in human epiderndai@l cells, that macropinosomes recycle
their content to the cell surface (Hewlett et &94). It seems that the same mechanism could
be observed in Caco-2 cells, as the mechanismtefmialization was macropinocytosis, the
majority of accumulated cyclodextrin was guidedthie apical cell surface. In accordance
with our results, researchers found, that Niemaiock-FC1 type cells can internalize
fluorescently labele@-cyclodextrin by endocytosis, and can release iekgcytosis (Dai et

al. 2015).

Nevertheless, the total recycling of the interradizyclodextrin molecules took at
least one hour, which means that this process pgsléhe contact between cylodextrins or
cyclodextrin-drug complexes and the membrane ofrap@icosomes. It is important to note,
that other endocytotic mechanisms should be alsentanto consideration. Previous studies
implicated fluid-phase endocytosis and clathrinetefent endocytosis (Rosenbaum et al.
2010; Wei et al. 2011; Plazzo et al. 2012) for riiechanism of cyclodextrin internalization.
Nevertheless, phagocytosis could be also a pasgilbdr cyclodextrin internalization in
concentrated cyclodextrin solutions. It is reportedt at high concentrations, natufl
cyclodextrin (Gonzalez-Gaitano et al. 2002) and flhwrescent tetraamino rhodaminyl
hydroxypropylf-cyclodextrin (Puskas et al. 2012) form large, naized aggregates in water.
However, the substitution of OH groups with metbgdups on the cyclodextrin ring inhibits
the aggregation of RAMEB and at 12 mM no aggregatias observed (Gonzalez-Gaitano et
al. 2002).

In this study 0.05 mM FITC-RAMEB was applied alamein combination with 5 mM
RAMEB, which is 40-240 times lower cyclodextrin centration than what was found to



form aggregates above, thus phagocytosis can bedextfrom the possible mechanisms of
cyclodextrin uptake.

In summary, our results on Caco-2 cells are in acedance with earlier findings,
the cellular internalization of water soluble FITC-RAMEB is governed by fluid phase
endocytosis in intestinal Caco-2 celldt is hard to predict the significance of this magism
guantitatively. Even if permeability data are shigato value the extent of absorption of
cyclodextrins, it is difficult to quantify the amouof continuously internalized and released
cyclodextrins with this setup of the model. Theestinal absorptive surface area relative to
the volume of the gut is much bigger than the s@rfarea of Caco-2 monolayers and on the
other hand the peristaltic movement should be alsasidered. Thus the extent of
internalization can be much higher vivo, even if cyclodextrins are released back to the
lumen of the gut and as the process can be conignalong the small intestine its efficiency
can be much higher.

In the second part of our work we involved other cglodextrin derivatives and the
behavior of fluorescently labeled HPBCD and BCDpolsner was investigated on Caco-2
cells compared to fluorescently labeled RAMEB. Futtermore, we aimed to investigate
the uptake of these cyclodextrin derivatives compied with fluorescently labeled
paclitaxel (Flutax-1) on Caco-2 cells.

At first the permeability test of the cyclodextringas performed on Caco-2
monolayers, and in accordance with our previouslt®svery low and not significantly
different apparent permeability values were measuré for all the studied derivatives
(FITC-HPBCD, FITC-RAMEB and FITC-BCDpolymer). Surpr isingly, all three types of
labeled cyclodextrins could be detected both in thieasal chamber and in the cytoplasm.

It was confirmed by fluorescent microscopy thaeaf80 min of incubation all the
labeled derivatives could be detected in attactedd.&ITC-HPBCD, FITC-BCDpolymer
and Rho-RAMEB were found in the cytoplasm in vesids of different size.

Nevertheless, flow cytometry results showed thahencase of Caco-2 cell suspension
only the monomer derivatives (FITC-HPBCD and FITBNREB) were detectable in the cells
after 30 min of incubation. This uptake could bleilited by keeping samples on ice and with
rottlerin pretreatment. However Rho-RAMEB intermation could not be inhibited by
rottlerin. In our previous publication (Fenyvesiat 2014) we demonstrated that rottlerin
decreased the endocytosis of FITC-RAMEB. Thesdteguise the possibility that FITC and
Rhodamine derivatives of methylatBetyclodextrins are internalized by different proxes
More types of endocytosis need to be examinedrfoom this hypothesis.

Cyclodextrins are hydrophilic molecules with lowtamol-water partition coefficients
(log P) (Kurkov & Loftsson 2013; Loftsson 2015). éffuorescein and rhodamine labeling
increased their molecular weight and altered tlugpgnties of the parental cyclodextrins, but
they kept their good water solubility. We predicted P values (c log P) for FITC-HPBCD,
Rho-RAMEB and their parent cyclodextrins and fouhdt fluorescent derivatives retained
their hydrophilicity. These data confirm that flescent cyclodextrins are not able to cross
cell membrane by passive diffusion, similarly te timlabeled cyclodextrins.

Finally, paclitaxel-cyclodextrin complexes were éstigated on Caco-2 cell layers.
was clearly shown that the complexes of RAMEB and PBCD were able to increase
Flutax uptake in Caco-2 monolayers, while BCDpolymehad no effect on it. It is in
accordance with our previous finding, where we hetvewn that RAMEB and its derivatives
were able to enhance paclitaxel permeability ono€amonolayers (Fenyvesi et al. 2011).

We also made Flutax-Rho-RAMEB complex in which both molecules are
fluorescently labeled (with different dyesnd we investigated the uptake of fluorescent
complexes at cellular level. The intracellular colcalization of the fluorescent paclitaxel
derivative, Flutax-1 and Rho-RAMEB could be identifed. We demonstrated for the first
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time that fluorescent cyclodextrins entered the c#d through endocytotic pathways with
a highly lipophilic substrate and host-guest moledas could be detected together in an
intracellular endosome.
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3. Summary

Cyclodextrins are used to increase solubility, badability and stability for drugs
with low water solubility. Our results demonstréte the first time that randomly methylated-
B-cyclodextrin, hydroxypropyp-cyclodextrin andp-cyclodextrin-polymer can enter into
intestinal epithelial cells by endocytosis. Thi®gess can contribute to the enhancement of
the intestinal delivery and bioavailability of dsu@py cyclodextrins in several ways. It can
help to overcome the intestinal membrane barrtee, éndosome formation increases the
contact surface area between the cyclodextrin-dargplexes and the cell membrane and
prolongs the retention time of cyclodextrins in theepithelial cells.

Then we demonstrated for the first time tiatyclodextrins can improve the
bioavailability of drugs with poor solubility andbsorption not only by solubility
improvement but by transporting the complexed dnig the cytoplasm of enterocytes via
endocytosis. The permeability and absorption enhgreffect of cyclodextrins might involve
several mechanisms, which may act simultaneousty tans, it is difficult to examine
separately in cellular systems. However, we empba#iiat in some special cases also
endocytotic processes should be considered.

Since this study has demonstrated the role of opawocytosis in the uptake of
methylatedB-cyclodextrin in intestinal cells, this mechanisnerits further investigations in
connection with drug absorption mediated by cyckixies.

12



4. References

Anjana, M.N., Nair, S.C. & Joseph, J., 2013. Anated review of cyclodextrins -an enabling
technology for challenging pharmaceutical formwlas. International journal of
pharmacy and pharmaceutical science&), pp.54-58.

Arima, H. et al., 2004. Contribution of cholestearid phospholipids to inhibitory effect of
dimethyl-beta-cyclodextrin on efflux function of dPycoprotein and multidrug
resistance-associated protein 2 in vinblastinestasi Caco-2 cell monolayers.
Pharmaceutical resear¢i21(4), pp.625-634.

Artursson, P., Palm, K. & Luthman, K., 2001. Cacardnolayers in experimental and
theoretical predictions of drug transpoAdvanced drug delivery reviewg6(1-3),
pp.27-43.

Bacso, Z. et al., 2004. Raft and cytoskeleton asBons of an ABC transporter: P-
glycoprotein.Cytometry. Part A: the journal of the Internation@bciety for Analytical
Cytology 61(2), pp.105-116.

Brewster, M.E. et al., 2007. Effect of the unstirrgater layer on permeability enhancement
by hydrophilic cyclodextrinsinternational journal of pharmaceutic842(1-2), pp.250—
253.

Chen, F.W., Li, C. & loannou, Y.A., 2010. Cyclodent induces calcium-dependent
lysosomal exocytosi®loS one5(11), p.e15054.

Conner, S.D. & Schmid, S.L., 2003. Regulated psrtal entry into the cellNature
422(6927), pp.37-44.

Dai, S. et al., 2015. Rapid kinetics®tyclodextrin entering and exiting cells: Implicati of
its mechanism on reduction of cholesterol accuraran Niemann—Pick disease type C
cells.Molecular genetics and metabolisti4(2), p.S35.

Deli, M.A., 2009. Potential use of tight junctionodulators to reversibly open membranous
barriers and improve drug deliveBiochimica et biophysica actd788(4), pp.892—-910.

Fenyvesi, E., 2015. EMA Review on Cyclodextrin€asipients.Cyclodextrin News29(5).

Fenyvesi, F. et al.,, 2014. Fluorescently labeledhgideta-cyclodextrin enters intestinal
epithelial Caco-2 cells by fluid-phase endocytoBisS one9(1), p.e84856.

Fenyvesi, F. et al.,, 2008. P-glycoprotein inhilsitiby membrane cholesterol modulation.
European journal of pharmaceutical sciences: dfficjournal of the European
Federation for Pharmaceutical Scien¢84(4-5), pp.236—242.

Fenyvesi, F. et al., 2011. Randomly methylapedyclodextrin derivatives enhance taxol
permeability through human intestinal epithelialcG& cell monolayerJournal of
pharmaceutical science$00(11), pp.4734-4744.

Garrigues, A., Escargueil, A.E. & Orlowski, S., 200The multidrug transporter, P-
glycoprotein, actively mediates cholesterol redistion in the cell membrane.
Proceedings of the National Academy of Scienceth@fUnited States of America
99(16), pp.10347-10352.

Gonzalez-Gaitano, G. et al.,, 2002. The aggregationyclodextrins as studied by photon
correlation spectroscopyournal of Inclusion Phenomena and Macrocyclic Ciséy)
44(1/4), pp.101-105.

13



Hewlett, L.J., Prescott, A.R. & Watts, C., 1994 eT¢oated pit and macropinocytic pathways
serve distinct endosome populatiohbe Journal of cell biologyl124(5), pp.689—-703.

Homolya, L. et al., 1993. Fluorescent cellular aadors are extruded by the multidrug
resistance proteifl.he Journal of biological chemistr268(29), pp.21493—-21496.

Jicsinszky, L. & Fenyvesi, E., 2014. Statisticadlenation of the cyclodextrin related literature
published in Cyclodextrin News in 2013yclodextrin News28(1), pp.1-5.

Kilsdonk, E.P.C. et al., 1995. Cellular Cholestedflux Mediated by CyclodextrinsThe
Journal of biological chemistry270(29), pp.17250-17256.

Kiss, T. et al., 2010. Evaluation of the cytotoiiaf beta-cyclodextrin derivatives: evidence
for the role of cholesterol extractiofEuropean journal of pharmaceutical sciences:
official journal of the European Federation for Rhaaceutical Sciencegl0(4), pp.376—
380.

Kurkov, S.V. & Loftsson, T., 2013. Cyclodextriniternational journal of pharmaceutics
453(1), pp.167-180.

Lambert, D., O'Neill, C.A. & Padfield, P.J., 200Bepletion of Caco-2 cell cholesterol
disrupts barrier function by altering the detergsaoiubility and distribution of specific
tight-junction proteinsBiochemical Journal387(Pt 2), pp.553-560.

Lennernas, H., 1998. Human intestinal permeabilityurnal of pharmaceutical scienges
87(4), pp.403-410.

Lipinski, C.A. et al., 2001. Experimental and cortgtional approaches to estimate solubility
and permeability in drug discovery and developns&itings.Advanced drug delivery
reviews 46(1-3), pp.3—-26.

Loftsson, T. et al., 2005. Cyclodextrins in drudivcery. Expert opinion on drug delivery
2(2), pp.335-351.

Loftsson, T. et al.,, 2007. Effects of Cyclodextrios Drug Delivery Through Biological
MembranesJournal of pharmaceutical scien¢geé&d6(10), pp.2532—-2546.

Loftsson, T., 2015. Excipient pharmacokinetics gmafiling. International journal of
pharmaceutics480(1-2), pp.48-54.

Loftsson, T. & Brewster, M.E., 2011. Pharmaceutaggblications of cyclodextrins: effects on
drug permeation through biological membrand$e Journal of pharmacy and
pharmacology63(9), pp.1119-1135.

Mahammad, S., Saleemulla, M. & Ingela, P., 2014ol&terol Depletion Using Meth{i-
cyclodextrin. InMethods in Molecular Biologyp. 91-102.

Masson, M. et al., 1999. Cyclodextrins as permeatithancers: some theoretical evaluations
and in vitro testingJournal of controlled release: official journal dhe Controlled
Release Societ$9(1), pp.107-118.

Matilainen, L. et al., 2008. In vitro toxicity angermeation of cyclodextrins in Calu-3 cells.
Journal of controlled release: official journal tiie Controlled Release Sociey26(1),
pp.10-16.

Matsuo, M. et al., 2013. Effects of cyclodextrintimo patients with Niemann—Pick Type C
diseaseMolecular genetics and metabolis@08(1), pp.76—81.

14



O’ Neill, M.J. et al., 2011. Mechanistic studies thie uptake and intracellular trafficking of
novel cyclodextrin transfection complexes by intedt epithelial cells.International
journal of pharmaceutic413(1-2), pp.174-183.

Otta, K., 2014. Ciklodextrin téma multja, jelene gEwéje. Ciklodextrinek elallitasa,
tulajdonsagaiCyclolah Available at: http://cyclolab.hu/images/E-leagfipevezetes.pdf
[Accessed April 10, 2016].

Ottinger, E.A. et al., 2014. Collaborative devel@mnhof 2-hydroxypropyB-cyclodextrin for
the treatment of Niemann-Pick type C1 dise&arrent topics in medicinal chemisfry
14(3), pp.330-339.

Plazzo, A.P. et al.,, 2012. Uptake of a fluorescerdthyl{3-cyclodextrin via clathrin-
dependent endocytosiShemistry and physics of lipids65(5), pp.505-511.

Puskas, I. et al.,, 2012. Characterization and obndf the aggregation behavior of
cyclodextrins. Journal of inclusion phenomena and macrocyclic asag 75(3-4),
pp.269-276.

Rekharsky, M.V. et al., 1997. Thermodynamic and|BlaicMagnetic Resonance Study of the
Reactions ofi- andp-Cyclodextrin with Acids, Aliphatic Amines, and Qi Alcohols.
The journal of physical chemistry, BO1(1), pp.87—100.

Rink, J. et al., 2005. Rab conversion as a mechmmt progression from early to late
endosome<Lell, 122(5), pp.735-749.

Rosenbaum, A.l. et al., 2010. Endocytosis of bgtdedextrins is responsible for cholesterol
reduction in Niemann-Pick type C mutant celsoceedings of the National Academy of
Sciencesl107(12), pp.5477-5482.

Sallusto, F. et al., 1995. Dendritic cells use raprocytosis and the mannose receptor to
concentrate macromolecules in the major histocoimipgt complex class Il
compartment: downregulation by cytokines and b&dtguroducts. The Journal of
experimental medicind.82(2), pp.389—-400.

Sarkar, K. et al., 2005. Selective inhibition bytleyin of macropinocytosis in monocyte-
derived dendritic celldmmunology 116(4), pp.513-524.

Sebestyén, Z., Szepesi, K. & Szabd, B., 2013. Pdheeatical applications of
sulfobuthylether-beta-cyclodextriActa pharmaceutica Hungaric83(2), pp.57-67.

Stella, V.J. & He, Q., 2008. Cyclodextrinkoxicologic pathology36(1), pp.30—-42.

Swanson, J.A., Yirinec, B.D. & Silverstein, S.C985. Phorbol esters and horseradish
peroxidase stimulate pinocytosis and redirect thew fof pinocytosed fluid in
macrophageslhe Journal of cell biologyl00(3), pp.851—-859.

Szejtli, J., 1990. Ciklodextrinek és zarvanykompi&xa biotechnologidban és a vegyiparban.
Magyar Kémikusok Lapjat5(34).

Szejtli, J., 2004. Past, present and futute ofadektrin researchlournal of Macromolecular
Science, Part A:Pure and Applied Chemistry76(10). Available at:
http://dx.doi.org/10.1351/pac200476101825.

Szejtli, J., 1997. Utilization of cyclodextrins industrial products and processésurnal of
materials chemistry7(4), pp.575-587.

Szejtli, J., Gerloczy, A. & Fonagy, A., 1980. Irtieal absorption of 14C-labelled
betacyclodextrin in rat#rzneimittel-Forschung30, pp.808-810.

15



Vecsernyés, M. et al., 2014. Cyclodextrins, bloogifbbarrier, and treatment of neurological
diseasesArchives of medical researchi5(8), pp.711-729.

Wei, H. et al., 2011. Confocal laser scanning nscopy (CLSM) based evidence for cell
permeation by mono-4-(N-6-deoxy-6-amifayclodextrin)-7-nitrobenzofuran (NBPB-
CyD). International journal of pharmaceuticd03(1-2), pp.15-22.

Yokoo, M. et al., 2015. 2-HydroxyproppFCyclodextrin Acts as a Novel Anticancer Agent.
PloS one10(11), p.e0141946.

Zuhorn, I.S., Kalicharan, R. & Hoekstra, D., 2002poplex-mediated transfection of
mammalian cells occurs through the cholesterol-deget clathrin-mediated pathway of
endocytosisThe Journal of biological chemistrg77(20), pp.18021-18028.

16



5. Related publications by the candidate

j UNIVERSITY OF DEBRECEN ﬂ

/ UNIVERSITY AND NATIONAL LIBRARY DD
Registry number: DEENK/138/2016.PL
Subject: Ph.D. List of Publications

Candidate: Katalin Réti-Nagy

Neptun ID: EUDIDO

Doctoral School: Doctoral School of Pharmaceutical Sciences
MTMT ID: 10036779

List of publications related to the dissertation

1. Réti-Nagy, K., Malanga, M., Fenyvesi, E., Szente, L., Vamosi, G., Varadi, J., Bécskay, |., Fehér,
P., Ujhelyi, Z., Réka, E., Vecsernyés, M., Balogh, G., Vasvari, G., Fenyvesi, F.: Endocytosis
of fluorescent cyclodextrins by intestinal Caco-2 cells and its role in paclitaxel drug delivery.
Int. J. Pharm. 496, 509-517, 2015.

DOI: http://dx.doi.org/10.1016/j.ijpharm.2015.10.049
IF:3.65 (2014)

2. Fenyvesi, F., Réti-Nagy, K., Bacs6, Z., Gutay-Téth, Z., Malanga, M., Fenyvesi, E., Szente, L,
Véradi, J., Ujhelyi, Z., Fehér, P., Szabd, G., Vecsernyés, M., Bacskay, |.: Fluorescently
Labeled Methyl-Beta-Cyclodextrin Enters Intestinal Epithelial Caco-2 Cells by Fluid-Phase
Endocytosis.

PL0S One. 9 (1), e84856, 2014.
DOI: http://dx.doi.org/10.1371/journal.pone.0084856
IF:3.234

List of other publications

3. Szaszné Réti-Nagy Katalin, Fenyvesi F.: Ciklodextrinek alkalmazésa 2.
Gyogyszerészet. 58, 568-570, 2014.

Dh‘g

| ~T0
| \ & el R o / .

4. Szaszné Réti-Nagy Katalin, Fenyvesi F.: Ciklodextrinek ali%knazasg\:; X ,é R -
Gydgyszerészet. 58, 663-666, 2014. 6,_\ w7 'y C

& B s o

Address: 1 Egyetem tér, Debrecen 4032, Hungary Postal address: Pf. 39. Debrecen 4010, Hungary
Tel.: +36 52 410 443 Fax: +36 52 512 900/63847 E-mail: publikaciok@lib unideb hu, © Web: www libunideb hu

17



% UNIVERSITY OF DEBRECEN [I
I& UNIVERSITY AND NATIONAL LIBRARY DD

5. Szaszné Réti-Nagy Katalin, Sohajda T., Forgé P., Varadi J., Vecsernyés M., Fenyvesi F..
Ciklodextrinek alkalmazésa 1..
Gyoégyszerészet. 58, 468-472, 2014.

6. Ujhelyi, Z., Roka, E., Fenyvesi, F., Fehér, P., Véradi, J., Réti-Nagy, K., Vecsernyés, M., Bacskay,
I.: Assessment of the hemolytic activity and cytotoxicity of different PEG-based solubilizing
agents.

Pharmazie. 68, 383-384, 2013.
DOI: http://dx.doi.org/10.1691/ph.2013.2207
IF:1.003

7. Fenyvesi, F., Pétervari, M., Nagy, L., Kéki, S., Zsuga, M., Bacskay, |., Kiss, T., Varadi, J., Fehér,
P., Ujhelyi, Z., Réti-Nagy, K., Vecsernyés, M.: Solubility increasing experiments of sylimarin
with cyclodextrins.

J. Med. Aradean. 14 (2), 13-17, 2011.

8. Fehér, P., Vecsernyés, M., Fenyvesi, F., Varadi, J., Kiss, T., Ujhelyi, Z., Nagy, K., Bacskay, |.:
Topical application of Sylibum Marianum extract.
J. Med. Aradean. 14, 5-8, 2011.

9. Ambrus, R., Pomazi, A, Réti-Nagy, K., Fenyvesi, F., Vecsernyés, M., Szab6-Révész, P.:
Cytotoxicity testingof carrier-based microcomposites for DPI application.
Pharmazie. 66 (7), 549-550, 2011.
IF:1.006

Total IF of journals (all publications): 8,893
Total IF of journals (publications related to the dissertation): 6,884

The Candidate's publication data submitted to the iDEa Tudéstér have been validated by DEENK on
the basis of Web of Science, Scopus and Journal Citation Report (Impaot Factor) 'd'ataba.ses.

5 a
03 June, 2016 [ ol
19 2 & Oy P 1
- -
* v@- > - "i - J
\G g 2

Address: 1 Egyetem tér, Debrecen 4032, Hungary Postal address: Pf. 39. Debrecen 4010, Hungary
Tel.: +36 52 410 443 Fax: +36 52 512 900/63847 E-mail: publikaciok@lib unideb hu, © Web: www lib unideb hu

18



