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1 Zusammenfassung

Viele hochaktive Zytostatika sind zurzeit fur die systematische chemotherapeutische
Anwendung nicht einsetzbar, weil ihr Eintritt ins Gehirn durch die Blut-Hirn-Schranke
(BHS) blockiert wird. Die Entwicklung einer Moglichkeit zum Transport dieser Stoffe tiber
diese Schranke wiirde das Potenzial einer systemischen Chemotherapie bedeutend erhéhen.

Chemotherapie von Glioblastomen mit Doxorobicin beladenen Nanopartikeln

In friiheren Studien wurde gezeigt, dass die Uberlebenszeiten von Ratten mit ins Gehirn
transplantierten 101/8 Glioblastomen durch mit Polysorbat 80 tberzogenen Doxorubicin-
Nanopartikel signifikant verlangert werden kénnen. Ziel der vorliegenden Studie war es, die
Effizienz dieser Doxorubicin-beladenen Nanopartikel mit morphometrischen, histologischen
und immunohistologischen Methoden zu untersuchen, um so die Tiere weniger zu belasten
als das in Letalitatsstudien erfolgt. Das 101/8 Glioblastom wurde dazu intrakranial
méannlichen Wistar-Ratten implantiert. Die Ratten wurden randomisiert in drei Gruppen
geteilt: die erste Gruppe erhielt keine Behandlung (Kontrolle, n = 20), die zweite Gruppe
wurde mit Doxorubicin-Losung (Dox-sol, n = 18) und die dritte Gruppe mit Polysorbat 80-
uberzogenen Doxorubicin-Nanopartikeln (Dox-NP + PS 80, n = 18) behandelt.

Die Versuchstiere erhielten die Doxorubicin-haltige Zubereitung an den Tagen 2, 5 und 8
nach Tumorimplantation als Injektion in die Schwanzvene. Die Dosierung wurde an das
Korpergewicht der Tiere angepasst und betrug 3 x 1,5 mg/kg Doxorubicin.

Die Tiere der Kontrollgruppe wurden an den Tagen 6, 8, 10, 12, und 14 nach der
Tumorimplantation getdtet und ihre Gehirne entnommen. Die Gehirne der Ratten, die die
Doxorubicin-Zubereitungen erhielten, wurden an den Tagen 10, 14, und 18 nach der
Implantation entnommen. Die Rattenhirne wurden histologisch auf folgende Merkmale hin
untersucht:  TumorgroRBe, Zellproliferation, Gefdldichte, Expression des sauren
Gliafaserproteins (GFAP, Glial Fibrillary Acidic Protein), Expression des vaskularen
endothelialen Wachstumsfaktors (VEGF, Vascular Endothelia Growth Factor), Haufigkeit
und AusmaR des nekrotischen Areals und mikrovaskulére Proliferation.

Die Tumore zeigten die Zeichen von Malignitat wie z.B. Invasion in das Gehirngewebe und
rasche mitotische Aktivitat. Die Tumorproliferation blieb auf hohem Niveau stabil.
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Zusammenfassung

Insgesamt war der Tumor durch ein reproduzierbares Wachstumsmuster gekennzeichnet und
in seiner Entwicklung einem menschlichen Glioblastom vergleichbar und durch eine diffuse
Infiltration des Gehirn charakterisiert. Das umliegende Gehirngewebe wies an den Grenzen
des soliden Tumors keine Zeichen von Verkapselung auf. Somit erfullt das 101/8
Glioblastom dementsprechend Kriterien fir ein zuverlassiges, menschlichen Tumoren
adéquates Glioblastom-Modell.

Dox-NP + PS 80 zeigten im Vergleich zu Dox-sol und der Kontrollgruppe eine deutliche
Antitumoraktivitat, wie eine verkleinerte TumorgroRe, niedrige Proliferationsraten und
kleine nekrotische Flachen. Diese Ergebnisse korrelierten mit einer vorherigen
Letalitatsstudie (Steiniger 2004) bei der im gleichen Glioblastom-Modell mehr als 20% der
Tiere, die mit diesen Nanopartikeln behandelt wurden, eine Langzeitremission zeigten. Der
Behandlungseffekt mit den Nanopartikeln im Vergleich zur Behandlung mit Doxorubicin-
Losung oder der unbehandelten Kontrollgruppe wurde durch verminderte Geféaldichte,
Abnahme der VEGF-Expression und durch das Fehlen von mikrovaskulérer Proliferation
aufgezeigt. Die drastische Wirkung von Dox-NP + PS 80 auf die Vaskularisierung ist
vermutlich auf die zytotoxische und darliber hinaus auf eine anti-angiogenetische oder

Wirkung von Doxorubicin zuruckzufihren.

Verkapselung von schlecht wasserloslichen Arzneistoffen in Poly(butylcyanoacrylat)-
Nanopartikel (PBCA-NP)

Die Entwicklung von parenteralen Zubereitungen mit schlecht wasserléslichen Arzneistoffen
stellt eine grolRe Herausforderung dar. In diesen Praparaten wurden die Arzneistoffe bisher
meist in nichtwéssrigen, organischen Losungsmitteln geldst. Diese Losungen wurden meist,
aber nicht immer, unmittelbar vor der Anwendung mit wassrigen Medien verdunnt (Strickley
2004). Die meisten dieser Vehikel sind nicht innert und kénnen wéhrend der Therapie eine
Vielzahl von Nebenwirkungen oder Arzneistoffwechselwirkungen hervorrufen.

Die Nanopartikeltechnologie stellt eine vielversprechende Methode dar, den
Arzneistoffgehalt in einem wassrigen Medium zu erh6hen und damit die in-vivo-Effizienz zu
optimieren. Dementsprechend wurde in diesem Teil der vorliegenden Studie die Effizienz
dieser Methode unter Verwendung von Poly(butylcyanoacrylat)-Nanopartikeln und den
beiden hydrophoben Arzneistoffen Loperamid und Paclitaxel untersucht. Fir diesen Zweck
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Zusammenfassung

wurde das Standardprotokoll fiir die Herstellung von Nanopartikeln so modifiziert, dass
Arzneistoff-beladene Nanopartikel in einem Gemisch aus wéssrigem Medium und 10% (v/v)
organischem  Losungsmittel ~ durch  anionische  Emulsionspolymerisation  von
Butylcyanoacrylat (BCA) hergestellt und das Losungsmittel spater entfernt werden konnte.
Das Losungsmittel wurde je nach Arzneistoffloslichkeit ausgewahlt. Die Nanopartikel
wurden mit Dextran 70.000, Poloxamer 188 oder 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamin-N-[methoxy(polyethylene  glycol)-5000]-Natrium-Salz ~ (PEG-PE)
stabilisiert. Das Polymerisationsmedium bestand aus einer Stabilisator-Tensid-Mischung in
0,01 N HCI und einem geeigneten organischen Losungsmittel im Verhdltnis 1:9. Die
Anwesenheit von organischen Ldésungsmitteln im Polymerisationsmedium beeinflusste die
physikochemischen Eigenschaften von unbeladenen Nanopartikeln nicht. Es konnte gezeigt
werden, dass sich in Anwesenheit von Dichlormethan, Methanol oder Ethanol die Effizienz
der Einbettung von Loperamid in Nanopartikel bis zu 80% erhohte. Die Loperamid-
beladenen Nanopartikel wurden zusétzlich mit 1% Polysorbat 80 uberzogen.

Wie in den Verdéffentlichungen von Alyautdin et al. (Alyautdin 1997) beschrieben, wurde
diese Zubereitung mit und ohne Coating Mausen injiziert und der analgetische Effekt mittels
des Tail-Flick-Tests bestimmt. Als Kontrolle wurde eine Loperamidldsung verwendet. Der
Arzneistoff Loperamid gehort zur Klasse der Opioide, besitzt aber wegen der Effluxaktivitét
der Pgp-Pumpe keine Gehirngangigkeit und keine zentral-analgetischen Effekt. Wie
erwartet wies die Loperamidlésung deshalb dementsprechend keinen derartigen Effekt auf.
Im Gegensatz dazu erzeugten die Polysorbat 80-Uberzogenen Loperamid-Nanopartikel und
auch die nicht-uberzogenen Loperamid-Nanopartikel einen deutlichen analgetischen Effekt.
Unsere Ergebnisse zeigten dariber hinaus, dass auch Poloxamer 188 einen Transport von
Arzneistoffen tber die BHS ermdglicht.

Die Beladung von PBCA-NP mit Paclitaxel war auch in Anwesenheit eines
Stabilisatorgemisches aus Dextran und Poloxamer 188 relativ niedrig (~ 25%). Der
Hochstwert der Beladung wurde in Anwesenheit von PEG-PE (~ 45%) erreicht, und die
Effizienz der Verkapselung konnte bis auf 55 pg/mg PBCA-NP gesteigert werden. Dieses
Ergebnis korreliert mit den Ergebnissen von Mitra and Lin et al. (Mitra and Lin 2003). Es
wurde vermutet, dass dies auf die bessere Loslichkeit von Paclitaxel durch Einschluss in
PEG-PE-Mizellen und/oder die Affinitdt dieser Mizellen zur Nanopartikelmatrix
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Zusammenfassung

zuriickzufuhren ist. Paclitaxel ist ein Pgp-Substrat, weswegen die Penetration ins ZNS nach
einer systemischen Applikation fiir die Therapie nicht ausreichend ist. Das Ziel war es zu
untersuchen, ob mit Polysorbat 80- oder Poloxamer 188 (F68)-uberzogene Nanopartikel es
ermdglichen, Paclitaxel Uber die BHS zu transportieren. Deshalb wurde die
Antitumoreffizienz von drei Paclitaxel-Zubereitungen ebenfalls in den 101/8 Gehirntumor-
tragenden Ratten untersucht. Die verwendeten Formulierungen waren Paclitaxel-beladene
PBCA-Nanopartikel (PXL-NP), mit Polysorbat 80 liberzogene PXL-NP (PXL-NP + PS 80)
und mit Poloxamer 188 (iberzogene PXL-NP (PXL-NP + F68). Unbehandelte Ratten und
Ratten, die mit der Paclitaxel-Losung behandelt worden waren, wurden als Kontrolle
eingesetzt.

Wegen der niedrigen Paclitaxel-Beladung der Nanopartikel konnte die empfohlene
Dosierung von Paclitaxel (17,80 mg/kg (Fetell 1997, FDA)) nicht eingehalten werden.
Deshalb wurden diese Paclitaxel-Zubereitungen in der gleichen Dosierung wie Doxorubicin
appliziert (3 x 1,5 mg/kg an den Tagen 2, 5 und 8 nach Tumorimplantation). Keine der
Paclitaxel-Zubereitungen konnte die Uberlebenszeit im Vergleich mit der Kontrolle

verbessern, was an der niedrigen Dosierung und der kurzen Behandlungsdauer liegen kénnte.

Apolipoprotein A-I- und B-100-modifizierte Albumin-Nanopartikel zur Uberwindung
der Blut-Hirn-Schranke

Apolipoprotein A-1 und B-100 wurden kovalent durch den NHS-PEG-Mal 3400-Linker an
HSA Nanopartikel (HSA-NP) gebunden. Loperamid wurde als Model-Arzneistoff an die
Nanopartikel adsorbiert und Mausen injiziert und der analgetische Effekt mittels des Tail-
Flick-Tests bestimmt. Nach 15 Minuten wiesen beide Nanopartikel-Zubereitungen, an die
Apolipoprotein A-l1 oder B-100 gebunden worden war, starke analgetische Wirkungen auf,
die bis zu einer Stunde dauerten. Die MPE-Werte (,,maximal possible effect“-Wert) der
Zubereitungen betrugen ca. 65% beziehungsweise 50% und waren statistisch unterschiedlich
verglichen mit den beiden Kontrollen (unmodifizierte, Loperamid-beladene Nanopartikel
und Loperamidlésung). Letztere hatten keine Wirkung. Das Ergebnis zeigte auch, dass
mehr als ein Mechanismus der Interaktion der Nanopartikel mit den Endothelzellen des
Gehirns existiert, welcher im Folgenden dann einen Transport der Arzneistoffe ins ZNS
ermoglicht.  Apolipoprotein B-100 kann (ber Lipoprotein-Rezeptoren durch die BHS
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transportiert werden, Apolipoprotein A-1 ermdglicht dies tiber SR-BI (Scavenger-Rezeptor),
der auch in der BHS lokalisiert ist.

Thalidomid-beladene Human-Serumalbumin-Nanopartikel (Thal-HSA-NP)

Thalidomid ist ein antiangiogenetischer Arzneistoff mit schlechter Wasserloslichkeit, der
meistens oral verabreicht wird. Dennoch ware die parenterale Anwendung in besonderen
klinischen Situationen zu bevorzugen, wie z.B. bei schwacher Darmabsorption oder bei
durch Chemotherapie verursachter Ubelkeit.

Das Ziel dieses Teils der Arbeit war es, eine injizierbare Zubereitung auf Human-
Serumalbumin-Nanopartikel-Basis zu entwickeln. Wie bereits friiher berichtet wurde, ist die
Thalidomidloslichkeit in Wasser und in 5% Glukoseldsung nur 52 pg/ml beziehungsweise
70 pg/ml (Eriksson 2000). Es konnte nun in der vorliegenden Arbeit gezeigt werden, dass
die Thalidomidmenge in einer Zubereitung durch Bindung an die Nanopartikel verachtfacht
werden konnte und die Thalidomidkonzentration in der Nanopartikelsuspension bis zu 400
pg/ml betrug. In dieser Studie wurde zum Vergleich zusatzlich der Einfluss von Hilfsstoffen
auf die Thalidomidloslichkeit untersucht. Die Loésungen beinhalteten: 5% Glukose, 10%
Polysorbat 80, 10% Poloxamer 188 oder Cremophor® EL-Ethanol (51:49). Thalidomid
wurde als Racemat -eingesetzt. In  keiner dieser Losungen war jedoch die
Thalidomidldslichkeit hoher als in der Nanopartikelzubereitung.

Die Antitumoraktivitit von unmodifizierten Thalidomid-beladenen HSA-NP (Thal-HSA-NP)
und von mit Polysorbat 80-uberzogenen Thal-HSA-NP (Thal-HSA-NP + PS 80) wurden
sodann in 101/8 Gehirntumor-tragenden Ratten ermittelt. ~ Die Wirkungen dieser
Zubereitungen wurden mit einer oralen Zubereitung verglichen. Unbehandelte Tiere dienten
als Kontrollgruppe. Die Nanopartikel wurden intravends appliziert. Im Vergleich zu den
Kontrollgruppen hat jedoch keine dieser Zubereitungen eine Wirkung auf die Verlangerung
der Ratteniiberlebenszeit gezeigt. Dieses Ergebnis lag vermutlich an der niedrigen
Dosierung und dem unadaquaten Dosierungsplan.

Verkapselung von Diindolylmethan in Polymilchsdure-Nanopartikel
3,3’-Diindolylmethane (DIM) gehort zu den Indolalkoloiden von Kreuzblitlern und besitzt
eine Wirksamkeit gegen Krebs, besonders bei Estrogen-abhéngigen Tumoren (Chen 1998).
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Der Nachteil von DIM ist seine schlechte Wasserloslichkeit.  Zudem ist DIM
lichtempfindlich und produziert farbige Abbauprodukte. Allerdings behalten diese Produkte
trotz ihres farbigen Aussehens ihre Wirkung. Das Ziel in diesem Arbeitsteil war es zu
untersuchen, ob sich die Wasserloslichkeit von DIM und die Lichtstabilitdt durch die
(Poly[Lactid-co-Glycolid]-Nanopartikel (PLGA-NP)) verbessert. Die Verkapselung von
DIM in PLGA-NP ergab eine wesentlich verbesserte Zubereitung: DIM-Gehalt wurde 600-

fach erhéht und DIM konnte gegen die Farbverdnderungen geschtzt werden.
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2 Theory: Drug delivery to the brain by nanoparticles

The brain is one of the least accessible organs for the delivery of drugs due to the presence of
the blood-brain barrier (BBB) formed by the cerebral capillary endothelial cells. The BBB
provides the neuroprotective function against harmful substances in the blood stream, while
supplying the brain with the required nutrients for a proper function (Begely 2000).

The existence of such a barrier was first noticed by Paul Ehrlich in the late 19th century. In
1900, Lewandowsky suggested a presence of the mechanical membrane which separates the
blood from the brain and, therefore, limits the central nervous system (CNS) action of some
intravenously administered drugs (Zlokovic 2008). This theory was further expanded by
Goldmann (1909, 1913) who administered a dye, trypan blue, to stain the brain and spinal
cord tissue. It was suggested that such a barrier did not exist between the cerebrospinal fluid
(CSF) and the brain. Electron microscopy (EM) studies with ferritin and horseradish
peroxidase have shown that the BBB is localised at the level of tight junctions (TJ) between
adjacent brain endothelial cells (BEC) (Reese and Karnovsky, 1967; Brightman and Reese,
1969). Later, the definition of the BBB has changed from being an impermeable barrier to a
highly specialised and diverse transport system for chemically well-defined substrates

(Zlokovic 2008).

2.1 Structure of the blood-brain barrier

The BBB limits transport into the brain through both, physical (tight junctions) and
metabolic (enzymatic) barriers (Zlokovic 2008, Begley 2003a).

2.1.1 Physical barrier: Tight junctions

At the physical level, the BBB is composed of a tightly sealed monolayer of the BEC closely
joined to each other by tight junctions, thus forming a continuous cellular membrane which
restricts the transport of molecules from the blood to the brain interstitial fluid (BISF) and
vice versa (Zlokovic 2008).
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The tight junction consists of the three integral membrane proteins, claudin, occludin, and
junctional adhesion molecule (JAM) which together with several peripheral proteins
constitute the junctional complex (Figure 1).

A number of peripheral proteins, regarded as scaffolding or linkers for the integral molecules
of the tight junction in endothelia and epithelia, form a cytoplasmic plaque adjacent to the
junctional cell membrane. The plaque proteins are a part of the tight junction complex and
include the guanylate kinases such as ZO-1 (220 kDa), ZO-2 (160 kDa) and ZO-3 (130 kDa).
Another plaque protein is cingulin (140 kDa), which is myosin-like and binds to the ZO
complex and to F-actin of the cytoskeleton (Begley 2003b).
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Figure 1. Simplified illustration of the molecular composition of the tight junctions (TJ) and adherent junction
(AJ); The TJ proteins are occludin, claudins, zonula occludens (ZO)-1, ZO-2, ZO-3, cingulin, 7H6. The AJ are
composed of cadherins, catenins, and p120 (Kniesel 2000).

2.1.2 Neurovascular units/cells associated to the BBB

Pericytes are distributed discontinuously along the length of the capillaries and partially
surround the endothelium. The cerebral endothelial cells and the pericytes are surrounded by
the same extracellular matrix (basement membrane). Foot processes from astrocytes form a
network fully covering the capillaries. Axons from neurons also abut closely against the
endothelial cells and contain vasoactive neurotransmitters and peptides. Microglias
(perivascular macrophages) are the resident immunocompetent cells of the brain and they are

derived from systemic circulating monocytes and macrophages (Begley 2004) (Figure 2).
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Figure 2. Schematic diagram of the neurovascular unit/cell association forming the BBB; Tight junctions and
pericytes are surrounded by extracellular matrix. Foot processes from astrocytes and axons are closely against
the endothelial cells. Microglias are the resident immunocompetent cells of the brain (Begley 2004).

The cell membrane of the endothelial cell has a uniform thickness, with very few pinocytotic
vesicles (hollowed out portion of the cell membrane filled with fluid, forming a vacuole
which allows for nutrient transport), and it also lacks fenestrations (i.e. openings).
Therefore, the transit across the BBB involves translocation through the -capillary
endothelium, the internal cytoplasmic domain, and then through the abluminal membrane
and pericyte and / or basal lamina (Cucullo 2005).

The cerebral capillary endothelial cell possesses a higher number and volume of
mitochondria than the general body capillary cells suggesting that the enhanced cerebral
capillary work capacity may be related to the energy-dependent transcapillary transport
(Oldendorf 1977).

2.1.3 Metabolic barriers: Enzymes

The enzymatic barriers at the cerebral endothelia are capable of metabolising many drugs
and solutes as they pass through the BBB.

The barriers contain active phase 1 (cytochromes P450, flavin-dependent oxygenases,
monoamine oxidases, reductases, hydrolases) and phase 2 enzymes (conjugating enzymes,

sulphotransferases, GSH-transferases, UDP-glucuronosyltransferases) (Begely 2003b).
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There are a number of enzymes specific for the brain capillaries. Enzymes such as y-
glutamyl transpeptidase (y-GTP), alkaline phosphatase, and aromatic acid decarboxylase are
present in the cerebral microvessels in elevated concentrations; yet in the non-neuronal
capillaries the concentrations of these enzymes are either low or absent. The presence of y-
GTP and alkaline phosphatase enzymes at the luminal side of endothelium and functioning
of the Na"-K"-ATPase and the sodium dependent (A-system) neutral amino acid transporter
at the abluminal portion of the endothelium give the membrane surface of the endothelium a
polarity feature.

Structural, pharmacological, and biochemical evidence for luminal and abluminal
polarization of receptors, enzymes, and channels at the cerebral endothelia (Vorbrodt 1993)
establish the BBB to be a working non-stagnant membrane unequivocally evolved to

maintain brain homeostasis.

2.2 Transport across the blood-brain barrier

2.2.1 Cell migration

Under normal physiological condition, lymphocyte traffic into the CNS is very low and
tightly controlled by the BBB. In contrast, under inflammatory conditions of the CNS, such
as multiple sclerosis, circulating lymphocytes and monocytes/macrophages readily cross the
BBB and gain access to the CNS leading to edema, inflammation and demyelination.
Passage across endothelium must be preceded by temporary adhesion of the lymphocytes to
the endothelium by way of cell adhesion molecules expressed on both, immunocytes and
endothelium (Figure 3a). Immunocytes migrate across CNS endothelium both,

paracellularly and transcellularly (Begley 2003b).

2.2.2 Passive diffusion

The passive diffusion proceeds from low to high concentrations. Simple diffusion is a
spontaneous process depending on random movement of the solutes (Figure 3b). Some of
the lipophilic substances (alcohol, narcotics, and anticonvulsants) can diffuse passively

through the endothelial cell membrane and enter the CNS (Begley 2003b).
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2.2.3 Carrier-mediated efflux

Active efflux pumps such as the ATP-binding cassette (ABC) transporters, P-glycoprotein
(Pgp), multidrug resistance associated protein (MRP), multi-specific organic anion
transporter (MOAT), and breast cancer resistance protein (BCRP) represent the principle
efflux mechanisms which transport a wide range of compounds out of the CNS. The ABC
transporters are able to hydrolyse ATP which provides the energy for moving the substrates
against a concentration gradient and opposing their natural tendency to partition into the lipid
of the cell membrane. Pgp is the most important ABC transporter expressed at the apical
surface of the choroid plexus. Pgp is involved in extruding many of the drug molecules from
the brain. These drugs are mainly large planar molecules such as steroids and glucuronides

(Cordon-Cardo 1989) (Figure 3c).

2.2.4 Carrier-mediated influx

Carrier-mediated transport at the BBB contributes to the transport of many necessary polar
metabolites and nutiernts which they can carry into the CNS by transporters. Some polar
substances such as monocarboxylates, hexoses, amino acids, nucleoside, glutathione, and
small peptides are transported in this way. Carrier-mediated influx can be passive or
secondarily active. Some of these transporters are expressed in both, the luminal and

abluminal membranes of the cerebral endothelial cells (Figure 3d).

2.2.5 Vesicular transport

Viruses and some solutes such as peptides and proteins are transported across the cells by
vesicular transcytosis. Transcytosis begins as a microinvagination of the cell membrane to
form a caveola (pit) which later would pinch off and migrate to the opposite side of the cell
membrane. The free vesicle then would fuse and release its contents into the periendothelial

basal lamina (Begely 2003b).
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2.2.5.1 Absorptive-mediated transcytosis (AMT)

Absorptive-mediated transcytosis is a nonselective, slow process by which endothelial cells
endocytose macromolecules nonspecifically bound to the luminal surface, with subsequent
discharge to the perivascular space. Substances using this pathway include positively
charged proteins that interact with negative electric charges of the endothelial membrane and

accumulate on the membrane surface of the endothelial cells (Abbott 1996) (Figure 3f).

2.2.5.2 Receptor-mediated transcytosis (RMT)

The receptor at the apical plasma membrane of the endothelial cell binds to a circulating
ligand (Figure 3e). Once the receptor binds to the ligand, the process of endocytosis is
initiated as the receptor—ligand complexes cluster and then the membrane invaginates. This
leads to the formation of intracellular transport vesicles. Brain influx of nutrients such as
iron, insulin, and leptin occurs by a transcellular receptor-mediated transport mechanism

known as transcytosis (Brown 1991).

2.2.6 The role of tight junctions

The tight junctions between the BBB endothelial cells have a higher endothelial electrical
resistance, in the range of 1500 - 2000 Q x cm? (pial vessels), as compared to 3 - 33 Q x cm’
in the other tissues. The net result of this elevated resistance is a low paracellular pathway.
The tight junction effectively blocks an aqueous route of free diffusion for polar solutes from
the blood and prevents these solutes from free access to the brain interstitial (extracellular)
fluid.

As assessed in vitro by the passive flux or extracellular probes such as albumin or inulin, the
phosporylation of the proteins constituting the tight junctions enhances their permeability.
Moreover, extracellular signals can influence the permeability of the tight junctions by the

cytoskeleton (Begley 2003b) (Figure 3g).

Potential routes for transport across the BBB are schematically presented in Figure 3.
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Figure 3. Potential routes for transport across the BBB. (a) Leukocytes may cross the BBB adjacent to, or by
modifying, the tight junctions. (b) Solutes, especially those with lipophilic properties may passively diffuse
through the cell membrane and cross the endothelium. (c) Active efflux carriers may intercept some of these
passively penetrating solutes and pump them out of the endothelial cell. (d) Carrier-mediated influx, which
may be passive or secondarily active, can transport many essential polar molecules such as glucose, amino
acids, and nucleosides into the CNS. (e) RMT can transport macromolecules such as peptides and proteins
across the cerebral endothelium. (f) AMT appears to be induced nonspecifically by charged macromolecules
can also result in transport across the BBB. (g) Tight junction modulation may occur, which relaxes the
junctions and wholly or partially opens the paracellular aqueous diffusional pathway (taken from Begley
2003a).

2.3 Drug delivery to the CNS

Many potentially active drugs are not able to enter the CNS in sufficient quantity to be
effective. In general, diffusion across the BBB is only feasible for lipophilic molecules
(<500 Da) with fewer than five hydrogen bonds via lipid-mediated diffusion. However,
accumulation of these molecules in the brain is often restricted due to the ABC efflux
transporters, such as Pgp or MRP (section 2.2.3).

A route for drugs delivery into the CNS via the olfactory epithelium is another possibility for
some type of drugs. However, a significant fraction of this fluid appears to re-circulate back
into the subarachnoid CSF and may carry the drug applied to the olfactory mucosa back into
the subarachnoid space of the CNS (Begley 2003b).
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The strategies employed to facilitate the drug transport to the CNS are described below.

2.3.1 Craniotomy-based drug delivery

Several strategies employ craniotomy-based drug delivery, including either intraventricular
drug diffusion or local intracerebral implants (Begely 2004).

Although these procedures can significantly increase drug levels in the brain, all of them are
highly invasive. In addition, the craniotomy-based drug delivery relies on diffusion from the
local depot sites; since diffusion decreases with the square of the diffusion distance, the
effective treatment volume is often limited (Pardridge 1999). Indeed, the diffusional
distance that can be reached in the brain using such systems does not exceed 5 mm whereas

tumour areas beyond this distance remain unattainable (Roullin 2002).

2.3.2 Disruption of the BBB

The rate of extravasation of the systemically administered drugs into the brain parenchyma
can be enhanced by an osmotic opening of the BBB (Misra 2003).

The osmotic opening was developed initially for the patients with rapidly growing high
grade gliomas. Intracarotid injection of an inert hypertonic solution such as mannitol or
arabinose or vasoactive agents such as bradykinin (Bonstelle 1983, Nomura 1994) has been
employed to initiate endothelial cells shrinkage and opening of the BBB tight junctions for a
period of a few hours (Misra 2003).

The above approaches are most suited to short-term treatments, where a single or infrequent
exposure to a drug is required. The determination of the therapeutic drug levels after
disrupting of the BBB showed that the drug accumulated in the tumour core, but it was
absent at its growing margins. Accordingly, the therapeutic drug levels could be found in
necrotic tumour areas, while in peritumoural regions the drug levels were markedly lower or

non-detectable (Donelli 1992).
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2.3.3 Chemical modification of the drug

The CNS penetration is feasible for substances characterised by low molecular weight, lack
of ionisation at physiological pH, and lipophilicity. Synthesising a hydrophobic analogue of
small hydrophilic drugs is a strategy. This strategy has been frequently employed, but the
results have often been disappointing due to an unexpected toxic effect of the new
hydrophobic analogue (Misra 2003). Additionally, the new lipophilic compounds are often
potential substrates for the ABC efflux transporters.

Another approach for the delivery to the CNS is the use of a prodrug, which involves the
administration of the drug in a form that is inactive, or weakly active, but it is readily able to
penetrate the BBB. In many cases, however, a suitable prodrug cannot be synthesised or the
resulting molecule is too large.

The conjugation of the drug with the BBB specific transport vector is another strategy. This
method takes advantage of the normal endogenous transport pathways within the brain
capillary endothelium; the disadvantage is a low carrying capacity of the vector molecules

that is generally limited by 1:1 stoichiometry of a carrier to a drug (Pardridge 1999).

2.3.4 Inhibition of efflux mechanisms

Several inhibitors, both competitive and noncompetitive, have been developed to modulate
the activity of the major ABC transporters Pgp, MRP, and BCRP such as verapamil (Bart
2000) or Pluronic® L-61 (Venne 1996). One recent example for inhibiting the activity of
Pgp efflux pump is the co-administration of valspodar with paclitaxel which produced an
increasing paclitaxel level in the brain. The results showed an improvement of the
therapeutic effect which assessed as the tumour growth inhibition in mice (Fellner 2002).

Although the use of the inhibitors of the ABC transporters can markedley enhance the BBB
uptake of the drugs, the down-modulation of the efflux transport activity may, however,
allow other toxic substrates to enter the brain more freely. Thus, the long-term treatment may

not be possible due to enhanced adverse effects (Begley 2004).
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2.4 Nanocarriers for brain delivery

Employment of the nanocarriers is a new strategy to enhance the drug delivery across the
BBB.

Nanoparticles (NP) for purposes of drug delivery, are defined as submicron (<1 pm)
colloidal particles. This definition includes solid nanoparticles (nanospheres) in which the
active ingredient (drug or bioactive agent) is adsorbed, dissolved, or dispersed throughout the
matrix and nanocapsules in which the active ingredient is confined to an aqueous or oily core
surrounded by a polymeric wall. Alternatively, the drug can be covalently attached to the
surface or into the matrix (Kreuter eds. 1994).

The nanoparticles are generally made from biocompatible and biodegradable materials, such
as polymers, either natural (e.g. gelatin, albumin) or synthetic (e.g. polylactides, poly(alkyl
cyanoacrylates)) or solid lipids. In the body, the drug loaded in nanoparticles will be
released from the polymer matrix. The release mechanism is usually diffusion assisted by
matrix swelling, erosion, or degradation.

In the early 1980s, Prof Speiser at the ETH (Swiss Federal Institute of Technology) in Zurich
suggested that nanoparticles could be used for the drug delivery across the BBB. He was
also the first to systematically develop nanoparticles for drug delivery purposes (Kreuter

2004).

2.4.1 Biodistribution of the nanoparticles to the normal brain

The pharmacokinetic rule states that the mass of drug delivered to the brain is equally
proportional to the BBB permeability coefficient and the area under the curve (AUC; plasma
drug concentration-time curve) (Pardridge 1999).

The general approach to increase drug circulation time is the application of the long-
circulating nanoparticles that avoid their rapid clearance by the tissues of the mononuclear
phagocyte system (MPS). The particle uptake by macrophages could be decreased by
interference with their opsonisation, which prevents complement activation and recognition
of the particles (steric stabilisation of the particles or the so-called “stealth” effect).
Generally, steric stabilisation of nanocarriers in the blood stream can be achieved by physical

adsorption of non-ionic surfactants or amphiphilic block copolymers, such as poloxamers or
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poloxamines (block copolymers of poly(oxyethylene) and poly(oxypropylene)) or by their
incorporation during the production of NP. Alternatively, particles can be formed from an
amphiphilic copolymer, in which the hydrophobic block is able to form a solid phase,
whereas the hydrophilic part provides the protection of the surface. All of these
technological approaches have proved to be successful for the extension of the circulation
time of NP and, in accordance with the pharmacokinetic rule. These approaches also
afforded an enhancement of the brain delivery of NP and bound drugs (Moghimi 2001 and
2003).

Hydrophilic poly(ethylene glycol) (PEG) conformation at the surface of nanoparticles is
another important factor for repelling of the opsonin and reducing the nanoparticle uptake by
neutrophilic granulocytes in vivo. The PEG blocks have a brush-like (elongated coil, high
density) or a mushroom-like (random coil, low density) conformation (Figure 4). The brush-
like and intermediate configurations of the PEG-blocks at the nanoparticle surface reduced
phagocytosis and complement activation, whereas the mushroom-like configuration of these
blocks activated the complement and favoured phagocytosis. Gref et al. (Gref 2000) showed

the maximum anti-opsonin effect with PEG of 5000 Da and above.

Figure 4. Schematic diagrams of PEG configurations on the upper hemisphere of a polymeric nanoparticle. (a)
the low density “mushroom” configuration where most of the chains are located closer to the particles surface,
(b) the high density of the PEG chains leads to the “brush” configuration where most of the chains are extended
away from the surface (Owens 20006).

This approach proved to be efficient for brain delivery. As an example, doxorubicin (Dox)

was delivered to the brain with the stealth (PEGylated) solid lipid nanoparticles (Zara 2002,
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Fundaro 2000). The pharmacokinetic study of Dox bound to solid lipid nanoparticles (SLN)
administered intravenously in rabbits demonstrated that the circulation time of the
nanoparticle-bound drug was considerably increased as well as the drug concentration in the
brain. The concentration of solid lipid nanoparticle was decreased in other organs (liver,
heart, lungs, spleen, and kidney) compared to the drug in the solution. It is noteworthy that a
decrease of Dox accumulation in the heart will reduce the cardiotoxicity of this drug. The
integral pharmacokinetic parameter, the AUC of SLN-bound doxorubicin increased with the
increasing content of a stealth agent (stearic acid - PEG 2000) present on the particles (Zara
2002). Compared to the non-stealth SLN, the SLN containing 0.45% of the stealth agent

produced a 9-fold increase of Dox concentration in the brain.

2.4.2 Distribution of the nanoparticles under the pathological condition of the

brain

The BBB function can be considerably compromised by tumour growth. As shown by
tomography and magnetic resonance imaging, microvascular permeability correlates with the
tumour histological grade. While the vasculature of low grade gliomas (brain tumours which
arise from glial cells) is close to normal, high-grade gliomas are characterised by both,
neovascularisation and vascular hyperpermeability, which is similar to other solid tumours,
although less pronounced (Hobbs 1998, Roberts 2001, Pluen 2001, Vajkoczy 2004).

In contrast to normal cerebral capillaries, vessels in gliomas are tortuous and sinusoidal; they
are characterised by open interendothelial and transendothelial gaps, fenestrations, and
increased microvascular diameter (3 - 40 um versus ~3 - 5 um for cortical capillaries) and
vessel wall thickness (0.5 pm versus 0.26 um) (Schlageter 1999). These abnormalities
contribute to an increase in non-selective transendothelial transport and microvascular
permeability and, consequently, impairment of the BBB functions at the tumour site. The
intravenously injected nanoparticles and macromolecules (with a molecular weight of above
45 kDa) are able to extravasate across the leaky endothelium and then they accumulate in the
tumour. This phenomenon is known as ‘the enhanced permeability and retention effect’ (the

EPR effect) (Figure 5).
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Figure 5. Enhanced permeability and retention (EPR) effect (Yokoyama 2005).

The lack of lymphatic drainage in tumours also contributes to the accumulation of the

nanoparticles in certain solid tumours.

However, in order to take good advantage of these features, the particles have to stay long
enough in the circulation to reach the tumour, which can be achieved by PEGylation or by
coating with certain surfactants (Kreuter 2004).

A comparative biodistribution study was done for PEGylated poly(hexadecyl cyanoacrylate)
nanoparticles (PEG-PHDCA-NP) and non-stealth PHDCA NP in rats bearing intracranial 9L
glioblastoma (Brigger 2002). As expected, accumulation in tumour was about 3 times higher
for the long-circulating PEG-PHDCA-NP than for PHDCA-NP; the latter had a very short
circulation time due to a rapid and massive uptake by the MPS tissues. Nevertheless, both
carriers were able to extravasate across the BBB at the tumour site and to accumulate
preferentially in the tumour rather than in the peritumoural brain or the healthy contralateral
hemisphere. In addition, a 4- to 8-fold higher accumulation of the PEGylated NP was
observed also in parts of the brain protected by the normal BBB, as compared to PHDCA-
NP.

2.4.3 Brain delivery with PBCA nanoparticles coated with polysorbate 80

One of the pioneer studies demonstrated the role of polysorbate 80 (Tween® 80; PS 80)
coating of the nanoparticles for brain delivery, was performed in vitro, for bovine brain
microvessel endothelial cells (Borchard 1994). The '*C-labelled poly(methyl methacrylate)
nanoparticle uptake into these cells was most effectively enhanced when they were coated

with PS 80. These results were later substantiated by Ramge et al. (Ramge 2000). This
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group investigated the uptake of rhodamine 6G-labelled poly(butyl cyanoacrylate)
nanoparticles (PBCA-NP) into human as well as bovine primary brain capillary endothelial
cells. The uptake was evidenced by fluorescence measurements as well as by laser confocal
scanning microscopy. The PS 80-coated particles were taken up much more rapidly and in
significant amounts, i. e. 20-fold, higher amounts than uncoated particles. These studies
indicated that the uptake apparently occurs by endocytosis. Similar results were obtained
with RBE4 cells (Alyautdin 2001).

The efficacy of PS 80-coating for brain targeting in vivo was most clearly demonstrated by
Gulyaev et al. (Gulyaev 1999). PS 80-coated PBCA nanoparticles delivered doxorubicin in
very considerable amounts to the rat brain (up to 6 pg/g), whereas a free drug could not
penetrate across the BBB in detectable concentrations. It is noteworthy that PS 80 coating
only moderately increased the plasma AUC of the nanoparticle-bound Dox (by ~70%) which
suggests that the mechanism of brain delivery could be specific (discussed below, section

2.5.2).

2.5 Pharmacological activity of the nanoparticle-bound drugs

2.5.1 Neuroactive agents

The PBCA-NP coated with PS 80 enabled transport of a number of drugs across the BBB,
following intravenous injection. These drugs include hexapeptide endorphin dalargin
(Kreuter 1995, Alyautdin 1995), dipeptide kyotorphin (Schroeder 1998), loperamide
(Alyautdin 1997), tubocurarine (Alyautdin 1998), and N-methyl-D-aspartate (NMDA)
receptor antagonists MRZ 2/576 and MRZ 2/596 (Friese 2000a, b).

The brain delivery of these substances using nanoparticles was supported by using
pharmacological tests. The nociceptive threshold of the nanoparticle formulations of
dalargin, kytorphin, and loperamide was determined by the tail-flick test (Alyautdin 1995,
Kreuter 1995) or by the hot-plate test (Schroeder 1996, Ramge 1999). In contrast to the
drugs bound to PS 80-coated NP, the drug solutions or uncoated nanoparticulate
formulations did not exhibit any significant effects (Figure 6). The antinociceptive effect of

dalargin bound to PS 80-coated NP was accompanied by a pronounced Straub effect (tail
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erection) and was totally blocked by a prior injection of naloxone (p-opiate receptor
antagonist) demonstrating the involvement of the opioid receptors. These CNS effects
provided additional evidence that dalargin was transported across the BBB in a dose-
dependent manner. The antinociceptive effects of dalargin were obtained also when the NP
were coated with polysorbates 20, 40, 60, or 80, whereas other surfactants, such as

poloxamers 184, 188, 338, 407, poloxamine 908, Brij®35, Cremophor®EZ, or
Cremophor®RH 40 were ineffective (Schroeder 1998, Kreuter 1997).
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Figure 6. Antinociceptive effect after intravenous injection of different dalargin (Dal) formulation into ICR
mice. Percentage of maximal possible effect (MPE%) determined by tail flick test 45 min after i.v. injection of
dalargin in solutions and bound to non-coated and polysorbate 80-coated PBCA-NP (n = 5); NP =
nanoparticles; PS 80 = polysorbate 80. Values are mean + SD. Adapted from Kreuter et al. (Kreuter 1995).

The same series of experiments were repeated with loperamide-bound PBCA-NP coated
with PS 80. Loperamide (u-opiate receptor agonist) is a Pgp substrate; therefore it lacks the
central pharmacological effect. Again, a strong dose-dependent analgesic effect and a
typical Straub effect were observed with loperamide after binding to nanoparticles and
overcoating with PS 80. There were no effects without this coating.

Transport of tubocurarine across the BBB was demonstrated using an in situ perfused rat
brain technique together with a simultaneous recording of the electroencephalogram
(Alyautdin 1998). Tubocurarine (a quaternary ammonium salt) does not penetrate into the
brain across the normal BBB. However, a direct intraventricular injection of tubocurarine

provokes the development of epileptiform spikes that can be recorded by the encephalogram.
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Neither tubocurarine solution nor tubocurarine-loaded NP without PS 80-coating or a
mixture of PS 80 and tubocurarine was able to influence the encephalogram. However, the

addition of tubocurarine-loaded NP coated with PS 80 caused frequent severe spikes.

A novel non-competitive NMDA receptor antagonist MRZ 2/576 is a potent but rather short-
acting anticonvulsant. The short effect of this drug (5 - 15 min) is most probably due to its
rapid elimination from the CNS by efflux transporters that can be blocked by probenecid.
Administration of the drug-bound PBCA-NP coated with PS 80 prolonged the duration of
the anticonvulsive activity in mice up to 210 min and after probenecid pre-treatment up to
270 min compared to 150 min with probenecid and MRZ 2/576 alone (Friese 2000b). The
results of this study demonstrate that PS 80-coated PBCA-NP not only enhances the brain
delivery of drugs that are not able to freely penetrate the BBB, but they can also prolong the
CNS availability of the drugs that have a short duration of action.

2.5.2 Doxorubicin

Doxorubicin (Dox) is an anthracycline antibiotic with a broad spectrum of the anticancer
activity. Dox is a DNA intercalator and inhibits also the progression of the enzyme
topoisomerase II. However, due to delivery problems, Dox is so far not applied for the
systemic treatment of gliomas: the drug is a substrate of the ABC transporter and does not
penetrate into the brain in therapeutic concentrations (von Holst 1990). However, Dox
exhibits a cytotoxic effect against glioma cells in vitro and prolongs the survival time in

patients with glioma upon intra-tumoural administration (Stan 1999, Walter 1995).

The cytotoxicity of Dox-loaded PBCA-NP coated with different surfactants was investigated
in the rat glioma cell lines GS-9L, F-98, and RG-2 employing the tetrazolium (MTT) and the
lactate dehydrogenase (LDH) assays (Sanchez de Juan 2006). The MTT assay based on the
mitochondrial activity and LDH assay based on the LDH, released from the cytosol of
damaged cellular membrane, are both demonstrating the cells viability after the exposure to
the drug. The results confirmed the high efficacy of Dox against glioblastoma cells in tissue

cultures as suggested earlier by Stan et al. (Stan 1999).
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The therapeutic potential of brain targeting using surfactant-coated Dox-loaded PBCA-NP
was clearly demonstrated by the experiments concerning the chemotherapy of intracranial
glioblastoma (Gulyaev 1999, Steiniger 2004, Ambruosi 2006a, Petri 2007).

In the study of Steiniger et al. (Steiniger 2004) the glioblastoma-bearing rats (total n = 151)
were subjected to 3 x 1.5 mg/kg or 3 x 2.5 mg/kg of Dox in different formulations injected
intravenously on days 2, 5, and 8 after tumour implantation. The most prominent result was
achieved in the group treated with 3 x 1.5 mg/kg of Dox-bound to PS 80-coated NP: a

significant increase in survival time was obtained and more than 20% animals showed a

long-term remission (Figure 7).
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Figure 7. Percentage of survival (Kaplan-Meier plot) of rats with intracranially transplanted glioblastoma 101/8
after intravenous injection of doxorubicin formulations: (left) doxorubicin dosage 1.5 mg/kg; (right)
doxorubicin dosage 2.5 mg/kg, both administered on days 2, 5 and 8 using one of the following formulations;
Dox, doxorubicin in saline; Dox+PS, doxorubicin in saline plus polysorbate 80; Dox-NP, doxorubicin bound to
poly(butyl cyanoacrylate) nanoparticles; Dox-NP+PS, doxorubicin bound to poly(butyl cyanoacrylate)
nanoparticles coated with polysorbate 80 (Steiniger 2004).

These animals were sacrificed after 6 months, and no histological evidence of tumour was
observed. Preliminary histology confirmed lower tumour sizes and lower values for
proliferation and apoptosis in this group. The mean survival time was even more prolonged
in the group treated with 3 x 2.5 mg/kg of Dox, indicating a dose dependence of the
antitumour effect. However, long-surviving animals in this group died before day 180 most
probably due to the high toxicity of this regimen. Interestingly, the survival time was also
increased in the groups treated with Dox solution in 1% PS 80 and Dox bound to non-coated

PBCA-NP. This phenomenon could most probably be explained by the EPR effect
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associated with a higher permeability of the BBB at the tumour site that allowed entry of
other formulations into the brain (Vajkoczy 2004).

The higher efficacy of the PS 80 coated nanoparticles may be explained by the ability of
these carriers to deliver the drug across the BBB at an early stage of tumour development
due to a receptor-mediated mechanism. In this way doxorubicin is able to reach those parts
of the brain which are still protected by an intact BBB.

It is noteworthy that clinical signs of neurotoxicity were absent throughout the study.
Moreover, the histological study of the animals treated with the dose of 3 x 2.5 mg/kg and

sacrificed on day 12 did not reveal any signs of neurotoxicity.

Ambruosi et al. (Ambruosi 2006) have extensively studied the role of passive doxorubicin
transport across the leaky BBB to the brain tumour using PBCA-NP coated with two
surfactants, poloxamer 188 and poloxamine 908. The long-term remission of 20% (4/20) of
both formulations was achieved and attributed to EPR effect. Although poloxamer 188 and
poloxamine 908 could not provide any drug transport across the intact BBB of healthy
animals (Kreuter 1997, Calvo 2001), these sufractants could facilitate the particle

extravasation across the BBB at the tumour site.

2.5.3 Mechanisms of drug delivery to the brain by nanoparticles

A number of possibilities could explain the mechanisms of drug delivery across the BBB by
means of NP:

1. Opening of the BBB due to surfactant coating or particle interaction with the brain
endothelium: A mechanism of general toxicity characterised by an increase in the
permeability of endothelial cell membranes and/or an opening of the tight junctions between
the endothelial cells.

2. Adhesion of NP to the capillary wall: Increased retention of NP in the brain blood
capillaries could create a higher concentration gradient that would enhance the transport to

the brain.

33



Theory

3. Endocytosis of the NP by brain endothelial cells: Uptake followed by the drug entering to
the residual brain and diffusion after its release by desorption or biodegradation from the
nanoparticle system (Begley 2000).

4. Transcytosis of the NP: Translocation of the NP through the endothelial cell layer with
bound drugs.

5. Influence on the cell membrane permeability: The nanoparticle could induce changes in
the endothelial cell membrane viscosity/fluidity thus enhancing drug penetration into these
cells.

6. Inactivation of the Pgp efflux pump: Certain surfactants, including PS 80, were shown to
inhibit this efflux system and to reverse MDR (Woodcock 1990 and 1992, Zordan-Nudo
1993, Nerurkar 1996).

The mechanism of the delivery of the drugs across the BBB by NP is not still fully
elucidated. However, it is reasonable to assume that more than one mechanism could enable

the significant drug transport by NP into the brain.

The theory of the non-specific permeabilisation and then opening of the BBB, mechanism 1,
is unlikely to contribute to the nanoparticle-mediated drug delivery to the brain. The
necessity of drug binding to the PBCA-NP and lack of efficacy of a drug in a surfactant
solution is suggesting more specific mechanism for drug transport across the BBB
(Alyautdin 1995, Gulyaev 1999, Kreuter 1995, Steiniger 2004, Kreuter 2003).

Moreover, the integrity of the BBB in rats was evaluated by the measurement of the inulin
spaces (Alyautdin 2001): After administration of PS 80-coated PBCA-NP, the space volumes
increased only slightly without significantly disrupting the BBB. In another study, with an in
vitro BBB model consisted of a co-culture of bovine brain capillary endothelial cells and rat
astrocytes, the permeability was evaluated by measuring the flux of the exrtracellular
markers ['*C]-sucrose and [*H]-inulin across a cell monolayer. After co-incubation of these
cells with PS 80-coated or uncoated PBCA-NP, no significant changes in permeability were
observed (Kreuter 2003). By contrast, in a similar study with the same BBB model, the result

showed over 10-fold increase in the sucrose and inulin fluxes. However, in this case, serum
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was not added to the cell medium, which could impair the integrity of the cell layer (Olivier
1999).

Steiniger et al. (Steiniger 2000) demonstrated that slight changes in the in vitro models of the
BBB can lead to considerable discrepancies in the results. In this study, a BBB model was
made from a cultivated bovine brain capillary endothelial cells which was originating from
the grey matter and no astrocytes were co-cultured. After incubation with 10 pg/ml of the NP
preparation, the ['*C]-sucrose flux increased 2-fold with uncoated and 6.5-fold with PS 80-
coated PBCA-NP.

In several studies, the opinion that toxicity is not the mechanism for the nanoparticle-
mediated drug transport across the BBB with other types of NP was substantiated (Calvo
2001, Koziara 2003 and Lockman 2003).

The evaluation of the modification of the BBB permeability due to PHDCA-NP or
surfactants using ['*C]-sucrose was performed Calvo et al. (Calvo 2001). None of the
nanoparticulate preparations modified the low passage of sucrose, which indicates that the
penetration of the NP was not associated with the increase of the BBB permeability.
However, 1% solution of PS 80 noticeably increased the concentration of sucrose in all the

brain structures.

Two types of SLN with a size of about 100 nm, consisting of emulsifying Wax / Brij® 78 or
Brij® 72 / PS 80, were made by Koziara et al. (Koziara 2003) and Lockman et al. (Lockman
2003). These NP were labeled with entrapped [’H]-cetyl alcohol and the permeability of the
BBB was investigated by an in situ brain perfusion measuring the cerebral perfusion flow of
the ['*CJ-sucrose. For both SLN types significant brain uptake was measured. The transfer
rate of the SLN stabilised by PS 80 (Brij® 72/PS 80) NP from perfusion fluid into the brain
was significantly higher than that of the NP stabilised by Brij® 78 (E. wax/Brij" 78). At the
same time, these NP did not induce statistically significant changes in the BBB integrity,
permeability, or choline transport. In addition, it was shown that the particles had a minimal
effect on the BBB integrity. The Western blot analysis confirmed that the incubation of
these NP with bovine brain microvessel endothelial cells did not alter the expression of the

BBB junctional proteins, such as occludin and claudin-1. The above data suggest that the
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brain uptake of these NP was not associated with paracellular transport or opening of the

tight junctions.

Although an increased concentration of the nanoparticles on the walls of the blood capillaries
of the brain would enhance the transport across the endothelial cell layer and delivery to the
brain, mechanism 2, the drug would still be subjected to very effective efflux pumps located
in the luminal membrane of the endothelial cells such as Pgp. The efficient efflux of known
substrates for Pgp loperamide, doxorubicin, and tubocurarine showed that this mechanism is
largely insignificant (Begley 1996).

The fundamental study of Troster et al. (Troster 1990) with '*C-labelled poly(methyl
methacrylate) nanoparticles (PMMA-NP) in rats investigated the influence of different
surfactants on the biodistribution and the brain uptake. The preparations were administered
intravenously after incubation of the NP in 1% surfactant solutions. Poloxamine 908 was the
most effective among other surfactants for increasing the plasma concentration of the NP
(100-fold increase 30 min after injection), whereas PS 80 produced only a 5-fold increase,
yet showed a similar brain uptake. The author suggested that the PMMA-NP were not
engulfed by the endothelial cells lining the vasculature but rather adhered to these cells.

This mechanism was also suggested by Zara et al. (Zara 2002), among other possibilities, for
doxorubicin-loaded stealth solid lipid nanoparticles (SLN). Doxorubicin was bound to these
particles using hexadecylphosphate as counterion. The enhanced uptake of doxorubicin in
the brain was associated with the increase in the concentration of stealth agent in the SLN.
Although the higher stealth agent concentration led to a parallel increase in the surface
hydrophilicity of the carriers, it did not hinder the NP interaction with the cell membrane and
the passage through the BBB. This observation implies the involvement of an additional

mechanism in the doxorubicin transport to the brain with the stealth SLN.

Endocytosis of the NP by brain microvessel endothelial cells and release of the drug in these
cells, mechanism 3, is the most likely mechanism which has been demonstrated for the drugs
loaded in the PBCA-NP in vitro and in vivo (Kreuter 2001 and 2002a).

In the study of Ambruosi et al. (Ambruosi 2005) the brain uptake of empty '*C-PBCA

nanoparticles overcoated with PS 80 and doxorubicin-loaded '“C-PBCA nanoparticles
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overcoated with PS 80 was investigated. An about one hour delay in the increase in the brain
concentrations with two polysorbate-coated nanoparticle preparations was observed. This
delay is attributed to delivery mediated by PS 80-coating (Alyautdin 1995 and 2001, Kreuter
1995, Alyautdin 1997, Gulayev 1999) and might reflect the time-consuming process of
endocytosis.

In addition, the uptake of fluorescent PBCA-NP labelled with rhodamine 6G was observed in
cultured human, bovine, and murine brain microvessel endothelial cells (Ramge 2000).
Uptake of the surfactant-coated NP was far more pronounced compared to the uncoated
particles, even though in the bovine cells a slight increase in uptake of the uncoated particles
was observed with the increasing time of incubation. Using image analysis software, a 20-
fold increase in uptake of coated with respect to uncoated nanoparticles was observed in 2 h.
The human cells also exhibited the enhanced uptake of the coated NP.

The uptake of fluorescent PBCA-NP by rat brain endothelial cells of the RBE4 cell line was
also demonstrated by Alyautdin et al. (Alyautdin 2001). The PBCA nanoparticles were
labeled with fluorescein isothiocyanate (FITC) dextran 70,000. After addition of PS 80-
coated NP, the cells showed a punctate appearance of fluorescence concentrated within the
cells. In contrast, after treatment with the uncoated nanoparticles no fluorescence was
observable within the cells, even after the addition of a 10-fold higher concentration of
nanoparticles, while a strong fluorescence was apparent in the surrounding medium. In none
of the above experiments addition of PS 80-coated or uncoated NP appeared to damage the
RBE4 cells.

There are indications that PS 80-coated PBCA-NP bind to a lipoprotein receptor, like low
density lipoprotein receptor (LDL-R) or low-density lipoprotein receptor-related protein
(LRP). The polysorbate coating led to the adsorption of apolipoprotein E (Apo E) and
apolipoprotein B (Apo B) from the blood after the i.v. injection. The NP thus could mimic
lipoprotein particles, which would then interact with the lipoprotein receptors located on the
brain capillary endothelial cells. A subsequent endocytosis of the NP together with the
bound drugs would then occur (Kreuter 2004).

Additionally, it was shown that coating of PBCA-NP with Apo E and B in the absence of
surfactant was also sufficient for drug transport to the brain (Kreuter 2002). PBCA-NP
loaded with dalargin or loperamide were coated with the Apo All, B, CII, E, or J without
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coating or after precoating with PS 80. After i.v. injection to mice the antinociceptive
threshold was measured by the tail flick test. An antinociceptive effect was achieved only
after the treatment with dalargin- or loperamide-loaded PBCA-NP coated with PS 80 and/or
with Apo B or E. The effect was higher when the NP were first coated with PS 80 and then
overcoated with apolipoprotein E. Furthermore, the antinociceptive threshold of PS 80-
coated dalargin-loaded PBCA-NP was determined in Apo E-deficient and normal mice. In
the apolipoprotein E-deficient mice, the antinociceptive effect was considerably reduced in
comparison to the normal mice. Similar antinociceptive effects were also achieved after

coating of dalargin-loaded particles with apolipoprotein B.

Consistent results were reported in the study of Michaelis et al. (Michaelis 2006). The
human serum albumin nanoparticles (HSA-NP) were modified by covalent linkage to Apo E,
and loperamide was absorbed on the surface of these NP. The ability of these particles to
transport loperamide across the BBB was tested via the tail-flick test. Loperamide solution
and unmodified HSA-NP loaded with loperamide were used as controls. The Apo E-coupled
HSA-NP revealed strong antinociceptive effects whereas the control formulations including
non-modified HSA-NP were unable to transport loperamide across the BBB. This result has
corroborated the earlier findings which showed that association of Apo E to the nanoparticles
can mediate the drug transport to the brain. Bound drugs then may further be transported
into the brain by diffusion after release within the endothelial cells or, alternatively, by
transcytosis, as observed for LDL by Dehouck et al. (Dehouck 1997).

Furthermore, Petri et al. (Petri 2007) observed the involvement of apolipoprotein A-I (Apo
A-]) in the brain delivery of Dox loaded in the surfactant-coated PBCA-NP in glioblastoma-
bearing rats. In this study, Dox loaded-PBCA-NP were produced using two different
stabilisers, dextran and poloxamer 188 (Pluronic® F68; F68). Then the NP were overcoated
with either F68 or PS 80. The treatment regimen used in this study was 3 x 1.5 mg/kg on
days 2, 5, and 8 after the tumour implantation. This regimen had previously proved to be
efficient against glioblastoma (Steiniger 2004). All formulations produced extended survival
times when compared to untreated animals. It was also shown that the presence of Dox and

the NP as formulation parameters increased the therapeutic efficacy, whereas the effect of
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the stabilisers/surfactants used (i.e. polysorbate 80, poloxamer 188, and dextran) could not be
differentiated from each other.

Both formulations of Dox containing poloxamer 188 as a coating material or as a stabiliser
produced a long-term remission in 20% of the animals (4/20 and 2/10, respectively). The
effect of these formulations was comparable to that of doxorubicin bound to PBCA-NP
stabilised with dextran and coated with PS 80, which produced 22% (5/23) of long-term
survivors. The study further investigated the plasma protein adsorption patterns of Dox-
loaded PBCA-NP stabilised with dextran and coated with poloxamer 188 or PS 80. Both
formulations adsorbed high amounts of Apo A-I and J. Furthermore, the adsorbed amounts
of albumin, IgG vy, Apo C-III, and thiostatin were comparable. Differences could be
observed, for example, in the adsorption of antitrypsin for the nanoparticles coated with

poloxamer 188 and transferrin for the nanoparticles coated with PS 80 (Figure 8).
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Figure 8. Similarity of plasma proteins pattern adsorbed by Dox-loaded PBCA nanoparticles coated with
polysorbate 80 (Dox-NP/Dex+PS 80) or poloxamer 188 (Dox-NP/Dex+F68) in rat plasma (taken from Petri
2007).

The protein patterns of the uncoated nanoparticles differed considerably from the adsorption
pattern of the surfactant-coated nanoparticles. The amount of albumin adsorbed on the

surface of uncoated particles exceeded 50% of the total amounts of adsorbed proteins.
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The role of PS 80-coating of the nanoparticles that facilitated their interaction with the brain
microvessel endothelial cells has been also demonstrated for other types of NP. Lipid drug
conjugate (LDC) nanoparticles were composed of stearic acid and diminazene. PS 80 was
used as an emulsifier (Gessner 2001). Confocal laser scanning microscopy of the murine
brain tissue showed Nile Red-labelled LDC particles adhering to the endothelium of the
brain vessels and dye diffusing into the brain tissue. After incubation of the nanoparticles in
murine plasma, the plasma protein adsorption pattern was investigated by two-dimensional
electrophoresis. The result revealed a strong adsorption of apolipoproteins A-I and A-IV
onto LDC the nanoparticles surfaces. However, apolipoprotein E could not be identified.
The authors suggested that the ability of the PS 80-coated nanoparticles to deliver drugs to
the brain is not only mediated by adsorption of apolipoprotein B and E but it probably
involves a “team-work” of other apolipoproteins that prevent the hepatic uptake of the
nanoparticles, thus facilitating brain delivery.

Petri et al. (Petri 2007) suggested another hypothesis. It was hypothesized that ApoA-I
adsorbed on the surface of Dox-loaded NP could bind to the scavenger receptor class B type
I (SR-BI). This receptor is expressed on the membranes of the endothelial cells of brain
capillaries (Panzenboeck 2002, Balazs 2004, Krieger 1999). The uptake of Dox into the
cells could be assisted by circumvention of the transmembrane efflux pump Pgp, which is
expressed by the blood-brain vessel endothelial cells and represents an important constituent
of the BBB. This circumvention could be enabled by simultaneous release of Dox and the
degradation product of PBCA (= polycyanoacrylic acid) at the cell membrane. An ion-pair
previously formed by polycyanoacrylic acid and Dox could enable the crossing of the cell
membrane without being recognised by Pgp (Verdiere 1997). Retention of the particles by
the SR-BI receptor on the cell walls combined with a slow degradation would augment this

process.

The adsorptive endocytosis is a likely mechanism of the enhanced transport of antisense
oligonucleotides (ODN) across the BBB with the positively charged Nanogel™ particles
(Vinogradov 2002 and 2004). The main obstacle to effective therapy with ODN compounds
is their anionic characteristic and relatively large molecular structure, which hampers their

access to the target sites localised in the cell cytoplasm and/or nucleus. On the other hand,
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the positively charged NP are believed to interact electrostatically with the negatively
charged cell membrane, which is followed by the internalisation of these particles within
these cells via the adsorptive endocytosis. Indeed, positively charged Nanogel formulation
allowed more effective ODN transfer across the monolayers of brain microvessel endothelial
cells, as compared to the electroneutral formulation. This result is in concert with the in vivo
data demonstrating the substantial brain/plasma ratio of the ODN achieved after injection of
ODN-loaded Nanogel particles. The cationic nature of this carrier system may also influence
intracellular trafficking of ODN. Thus, delivery with Nanogel particles afforded effective
release of ODN and its accumulation within the nucleus, whereas free ODN molecules are
mainly localised within endosomal and lysosomal compartments and their access to the
nucleus is usually achieved only after the addition of chloroquine. It is possible that
following the internalisation, the cationic nanoparticles interact with the negatively charged
endosomal membrane, which may cause destabilisation of the membrane and facilitate the

release of ODN and its access to the nucleus.

Presently, little is known about transcytosis of the nanoparticles with bound drugs,
mechanism 4. It is possible that after their endocytotic uptake the particles can be
transcytosed through the brain blood vessel endothelial cells.

In vitro transctosis of LDL across the blood-brain barrier was observed in the Cecchelli-
Model by Dehouck et al. (Dehouck 1997). Furthermore, cholesterol depletion was
upregulated the expression of the LDL receptor in this model.

Transcytosis of cationic polysaccharide nanoparticles coated with a lipid bilayer across the in
vitro BBB model was observed by Fenart et al. (Fenart 1999). The BBB model consisted of
a co-culture of bovine brain capillary endothelial cells and rat astrocytes. Neutral, anionic,
and cationic 60-nm NP were prepared from cross-linked maltodextrin derivatised or not
(neutral) with anionic (phosphates) or cationic (quaternary ammonium) ligands. The
particles were labelled with fluorescein and coated (or not) with a lipid bilayer. Cationic
lipid-coated NP were found to be the best for permeating across the BBB, whereas coating of
the neutral particles did not significantly alter their permeation characteristics. No
modification of the paracellular permeability was observed during the incubation of cells

with the NP, so this increase was not due to a breakdown of the barrier. The distribution of
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these particles throughout the cytoplasm was characteristic for transcytosis. In contrast, the
perinuclear localisation of non-coated polysaccharide nanoparticles showed an intracellular

accumulation of these NP in a degradation compartment.

The observations of Kreuter et al. (Kreuter 2003) did not support the theory of the
fluidisation of the endothelium by surfactants, mechanism 5. Experiments with some
surfactants using the tail-flick test and dalargin showed that polysorbate 20, 40, 60 were able
to transport dalargin into the brain and to produce an antinociceptive effect, although this
effect was somewhat lower than with polysorbate 80. However other polysorbates such as
PS 83 and PS 85 did not induce a significant CNS effect. This indicates that the transport of
dalargin and the other drugs across the BBB cannot be due to a simple surfactant effect on
the endothelial cells or on the tight junctions, since some of the surfactants were inactive. It
might be argued that polysorbates would interact much more strongly with the NP than other
surfactants (Kreuter 1997).

It was also reported that the treatment which caused membrane fluidisation can lead to
inhibition of Pgp. Pluronics with intermediate lipophilic properties, such as Pluronic® P85,
showed the strongest fluidisation effect on the cell membranes along with the most efficient
reduction of intracellular ATP synthesis. = The changes in the cell membrane
viscosity/fluidity inhibited the efflux system, such as Pgp, and facilitated the brain uptake of
Pgp-dependent drugs (Batrakova 2001 and 2003).

The enhanced drug delivery to the brain with PS 80-coated PBCA nanoparticles may be
associated with the inhibition of the transmembrane efflux pumps, such as MRP and Pgp,
mechanism 6. Indeed, all drugs delivered to the brain with PS 80-coated NP, such as
loperamide, dalargin, doxorubicin, and MRZ 2/576, are the Pgp and/or MRP substrates.

The ability of PACA-NP to overcome MDR mediated by Pgp was described extensively
(Vauthier 2003a, Hu 1996, Verdiere 1997). Poly(isobutyl cyanoacrylate) NP could reverse
the Pgp-dependent MDR to Dox and produced considerable cytotoxic effects in P388/ADR
cells resistant to Dox (Hu 1996, Verdiere 1997, Vauthier 2003b).
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Accordingly GS-9L cells exhibiting the highest Pgp expression were the most resistant
toward both, free and nanoparticle-bound Dox. Among the surfactants used, only PS 80-
coating significantly enhanced the cytotoxicity of the nanoparticle-bound doxorubicin in all
cell lines, including the Pgp-expressing GS-9L cells, whereas the other surfactants,
poloxamer 188, and poloxamine 908 (Tetronic® 908), had negligible influence (Sanchez de

Juan 2006).

Possible mechanisms of Dox transport across the BBB with PACA-NP are summarised in

Figure 9.
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Figure 9. Hypothetical mechanism of drug delivery to the brain by means of polysorbate 80-coated poly(alkyl
cyanoacrylate) nanoparticles. (1) adsorption of apolipoprotein(s) onto the nanoparticles; (2) transcytosis of the
nanoparticles; (3) endocytosis followed by intracellular degradation of the nanoparticles, resulting in release of
the drug and diffusion towards the interior of the brain; (4) inhibition of P-glycoprotein; (5) modulation of tight
junction opening (taken and modified from Vauthier 2003b).

2.6 Toxicological aspects

As mentioned above, NP are able to reduce drug toxicity largely due to their altered body
distribution and/or the absence of the peak concentration of the drug. In addition, the use of
nanoparticles has been shown to improve lifespan and inhibit tumour growth via an
increased distribution in tumour.

The acute toxicity after intravenous injection of doxorubicin bound to PBCA nanoparticles

was investigated in healthy and glioma 101/8-bearing rats (Gelperina 2002). No significant
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difference in the parameters of acute toxicity were found between the four Dox formulations:
Dox solution in saline, Dox solution in saline containing 1% PS 80, Dox bound to uncoated
NP, and Dox bound to PBCA-NP coated with PS 80. Moreover, the results of this study
indicated that the toxicity of doxorubicin bound to NP is similar to or even lower than that of
the free doxorubicin.

It is known that Dox displays a pronounced cardiotoxicity that is associated with the peak
cardiac concentration. The results of a recent study by Pereverzeva et al. (Pereverzeva 2007)
demonstrated that the hematological, cardiac, and testicular toxicity of doxorubicin could be
reduced by binding the drug to PBCA-NP and even more considerably by binding the drug
to HSA-NP. The intravenously injected dose of Dox was 1.5 mg/kg. It was administered
three times with 72-h intervals (days 2, 5, and 8 after tumour transplantation). Coating of
PBCA-NP with PS 80 contributed to the reduction of the toxicity. The lower toxicity of the
nanoparticle formulations most probably can be explained by the altered biodistribution of
the drug mediated by the NP.

In another comparative toxicological study, Dox was injected at a higher dose of 6 mg/kg
either as a single injection or in form of four weekly injections (Pereverzeva 2008). The
animals received for 4 and 40 days a single injection or for 25 and 61 days multiple
injections. The dynamics of body weight, haematological parameters, blood biochemical
parameters, and urinalysis were determined. The pathomorphological evaluation included
macroscopic evaluation and weight measurement of the internal organs. The heart, lung,
spleen, testes, and liver were also subjected to a histological evaluation. The overall result of
this study suggested that the surfactant-coated nanoparticles formulation of Dox possesses a
very favorable toxicological profile. Specifically, this study revealed again a major
advantage of these NP - a considerably reduced cardio- and testicular toxicity, as compared
to a free drug, thus corroborating previous observations (Couvreur 1982 and 1986,

Pereverzeva 2007).

Similar toxicological observations were made in the above mentioned chemotherapy study of
Steiniger et al. (Steiniger 2004). A limited dose-dependent systemic toxicity was found in
the group treated with Dox in saline. The autopsy of the whole body in healthy animals in

this study revealed an empty gastrointestinal tract only in animals treated with Dox solution.
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Healthy animals treated with Dox solution also showed slight signs of lung edema, which
was confirmed by histology. These changes were not observed in animals treated with Dox
bound to the NP.

Importantly, an indication of short-term neurotoxicity (increased apoptosis in areas distant
from the tumour, increased the expression of glial fibrillary acidic protein (GFAP) or ezrin
on distant astrocytes or degenerative morphological changes of neurons) were entirely absent
in the animals sacrified on the day 12 post-implantation. The neurotoxicity indication were
also absent in long-term survivors with no sign of chronic glial activation in areas distant
from the tumour site. Moreover, long-term survivors did not exhibit any obvious

neurological symptoms (Steiniger 2004).

In conclusion, the injectable NP carriers have the ability to revolutionize the treatment of the
CNS diseases. In particular, they have a potential for the systemic chemotherapy of

glioblastomas.
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3 Materials and Methods

3.1 Poly(butyl cyanoacrylate) nanoparticles

Three drugs, doxorubicin hydrochloride, loperamide hydrochloride, and paclitaxel, were
loaded to PBCA nanoparticles. The nanoparticles were prepared by anionic polymerisation

of n-butyl-2-cyanoacrylate (BCA) in the presence of the drug.

Chemicals Manufacturer/supplier

0.01 N Hydrochloric acid Merck, Darmstadt

1 N Sodium hydroxide Merck, Darmstadt
1,2-Dioleoyl-sn-Glycer-3 Avanti Polar Lipids, Alabaster

Phosphoethanolamine-N-
[Methoxy(Polyethylene glycol)-5000]
sodium salt (PEG-PE)

Dextran 70,000 Sigma, Steinheim

D-mannitol Merck, Darmstadt

Doxorubicin hydrochloride Sicor, Milan

Loperamide hydrochloride Sigma, Steinheim

Milli-Q® water Millipore, Eschborn
n-Butyl-(2)-cyanoacrylate (Sicomet” 6000)  Sichel-Werke, Hannover

Paclitaxel Yick-Vic Pharm-Chem. LTD, Hong-Kong
Poloxamer 188 (Pluronic” F68) Sigma, Steinheim

Solvents: dichloromethane, ethanol, Sigma, Steinheim

ethylacetate, isopropanol

Polysorbate 80 (Tween® 80) Fluka, Seelze
Instruments Manufacturer/supplier
Analytical balance Sartorius CP 224S Sartorius, Gottingen
Eppendorf Centrifuge 5415D Eppendorf AG, Hamburg
Knick pH-Meter 766 Knick, Berlin
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Lyovac GT 2 Freeze-dryer Leybold AG, Kdln

Magnetic Stirrer RCT basic IKA Labortechnik, Staufen
Magnetic Variomag® Multipoint HP15 Dr.Hoiss & Partner, Miinchen
Saftey Cabinet Herasafe HS 12 Heraeus, Hanau

Sintered glass filter (G2) Schott, Mainz

Ultrasonicator Sonorex RK 31 Bandeline, Berlin

Working parameters

Freeze-drying 24 h at 2x10” mbar
Stirring rate 550 rpm
Temperature 25 °C

3.1.1 Doxorubicin-loaded PBCA nanoparticles

Doxorubicin-loaded PBCA nanoparticles (Dox-PBCA-NP) were prepared by anionic
polymerisation, as described by Steiniger et al. (Steiniger 2004). 1% (w/v) of BCA was
added to a 1% (w/v) dextran 70,000 solution in 0.01 N HCI (pH 2) under constant stirring.
After 40 minutes, doxorubicin hydrochloride was added into the polymerisation medium to
obtain a final doxorubicin concentration of 0.25%. The polymerisation process was carried
out for 2.5 h and then was completed by neutralisation with 0.1 N NaOH to pH value of 6.5
+ 0.5. The nanosuspension was filtered through a sintered glass filter G2 (pore size of 40 -
100 um) to remove agglomerates that could occur during particle formation. Then the
nanoparticles were freeze-dried in the presence of mannitol (3% w/v) that was used as
cryoprotector. The samples were stored in a cool (4 °C) and dry place and protected from
light.

After reconstitution with water, the freeze-dried nanoparticles yielded a homogeneous
colloidal suspension stable for at least 24 h.

In some cases, for better reconstitution, vortexing (mechanical shaking) or ultrasonication
were applied for 1 - 2 min.

Empty PBCA-NPs were prepared as described above in the absence of the drug.
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3.1.2 Preparation of drug-loaded PBCA nanoparticles in the presence of organic

solvents

The drug-loaded PBCA nanoparticles were prepared by anionic polymerisation of n-butyl-2-
cyanoacrylate in the presence of a drug. 1% n-butyl-2-cyanoacrylate was added to a solution
of dextran 70,000 (1% w/v) and poloxamer 188 (0.2% w/v) in 0.01 N HCI (pH 2.0) under
stirring. In the case of paclitaxel, 1% PEG-PE also was used as an alternative stabiliser
instead of dextran and poloxamer 188. After 30 minutes, the drug was added as a 1%
solution in an organic solvent as follows: loperamide was dissolved in dichloromethane
(CH,Cl), methanol (MeOH) or ethanol (EtOH); paclitaxel was dissolved in
dichloromethane, methanol, iso-propanol (i-PrOH), or ethylacetate (EtOAc). The final drug
concentration in the reaction media was 0.1% (w/v). The drug-to-polymer ratio was 1:10.
The ratio organic phase — aqueous phase was always 1:10 (v/v). After 2.5 h the
polymerisation was completed by neutralisation with 0.1 N NaOH. Stirring was continued
for another 1.5 h at room temperature to achieve evaporation of the organic solvent; then the
suspension was filtered through a G2 sintered glass filter to remove the agglomerates, and
the final volume was adjusted to the initial quantity by water. The suspension was freeze-

dried after addition of 3% w/v mannitol as a cryoprotector.

Empty PBCA-NPs were prepared, as described above, in the absence of the drug. Organic

solvents were added into the polymerisation medium 30, 40, or 60 min after the monomer.

3.1.3 Characterisation of nanoparticles

The PBCA nanoparticles were tested in vitro for their size, size distribution, morphology,
surface charge, drug loading, and drug content. Additionally, the particles prepared in the

presence of organic solvents were tested for residual amount of these solvents.
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3.1.3.1 Determination of the particle size and the zeta potential

Chemicals Manufacturer/supplier
Milli-Q® water Millipore, Eschborn
Instruments Manufacturer/supplier
Dipcell Malvern,Worcestershire
Malvern Zetasizer 3000 HSA Malvern,Worcestershire
PCS-Cuvets (10 x 10 x 48 mm) Sarstedt, Niirnbrecht

Working parameters

Refractive index 1.333
Scattering angle 90 °C
Temperature 25 °C
Viscosity 0.01 poise

Particle size and polydispersity of the nanoparticles were measured by photon correlation
spectroscopy (PCS). The samples were diluted 1:400 with purified water (Milli-Q® water).
Milli-Q® water refers to ultra-pure laboratory grade water that has been filtered and purified
by reverse osmosis.

The zeta-potential (§-Potential) of the nanoparticles was measured by microelectrophoresis
using the Dip Cell and the same equipment. Since the charge measurement depends on the

ionic strength and the pH of the medium, all samples were prepared in purified water.
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3.1.3.2 Analytical ultracentrifugation (ANUC)

Chemicals
Milli-Q® water
Sodium Chloride

Instruments
An-50T1 Rotor
Beckman Optima XL-A Ultracentrifuge

Manufacturer/supplier
Millipore, Eschborn
Merck, Darmstadt

Manufacturer/supplier
Beckman Coulter, Fullerton

Beckman Coulter, Fullerton

Working parameters

Optical turbidity Between 0.6 and 0.7 at 420 nm
Optical path length of Cuvette 1 cm

Optical path length of double-sector 12 mm

Rotor speed 3000 or 4000 rpm
Temperature 20 °C

Additionally, the particle size of empty and loperamide-loaded nanoparticles was evaluated
by analytical ultracentrifugation on the basis of sedimentation velocity analysis, as described
in Vogel et al. (Vogel 2002), Langer et al. (Langer 2003), and Bootz et al. (Bootz 2004).
After redispersion the freeze-dried samples in water, they were further diluted 20-fold with a
0.9% NaCl solution in distilled water. Optical turbidity was between 0.6 and 0.7 at 420 nm
in a 1 cm cuvette. The sedimentation velocity experiments were carried out using a
Beckman Optima XL-A ultracentrifuge with an An-50Ti rotor, and double-sector charcoal-
filled Epon centerpieces of 12 mm optical path length. Apparent absorbance (turbidity)
versus radius data A(r,t) were collected at 420 nm, using a radial step size of 0.03 mm. The
sedimentation velocity data were modeled as a distribution of non-diffusing particles using
the 1-s g*(s) variant of the Sedfit program. The apparent sedimentation coefficients sy were
transformed to standard conditions and given as sy modeled as 1-s g*(s) distribution of
non-interactive species used in the Sedfit program by Schuck ef al. (Schuck 2000). For
transformation of the g*(s) data into diameter distribution g*(d) based on a solid sphere

model, the partial specific volume of the particles as 0.871 was used (Bootz 2004).
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3.1.3.3 Scanning Electron Microscopy (SEM)

Chemicals Manufacturer/supplier

Milli-Q® water Millipore, Eschborn

Sodium Chloride Merck, Darmstadt

Instruments Manufacturer/supplier
Aluminum sample plate Work Studio, Frankfurt University
EM Hitachi S-45000 Hitachi, Tokyo

Paint Shop Pro 5 Jasc, Fremont

Working parameters

Detector Upper detector
Duration of gold spraying 40 s
Electron emission 15-25 kv

A freeze-dried nanoparticle sample was redispersed in water to its initial volume and further
diluted with water (1:10). The nanoparticles were applied to an aluminum sample plate and
dried at room temperature for 2 h. In order to create electrical conductibility, the
nanoparticles were placed onto an agar sputter coater and sprayed with gold for 40 s under
argon gas. Then the sample was analysed with a field emission electron microscope at 15 -
25 kV with an upper detector. The pictures were taken using a digital system and the Paint

FElectronic software.

3.1.3.4 Atomic Force Microscopy (AFM)

Chemicals Manufacturer/supplier
Milli-Q® water Millipore, Eschborn
Instruments Manufacturer/supplier
Nanoscope [1la AFM Veeco, Santa Barbara

with commercial Si3N4 tip

Silicon plates VWR, Darmstadt
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Working parameters

Temperature 25°C
The samples were prepared by simply drying a small amount of the nanoparticle dispersion

on the silicon plates. The measurement was done by an atomic force microscope in tapping

mode. After the measurement, the images were flattened and no other filtering was done.

3.1.3.5 Evaluation of the loading capacity of the nanoparticles

Chemicals Manufacturer/supplier
Acetonitrile Merck, Darmstadt
Milli-Q® water Millipore, Eschborn
Instruments Manufacturer/supplier
HPLC UV/VIS system Merck Hitachi, Darmstadt
Interface: D-7000

Pump: D-7120

Autosampler: D-7200

Detector: D-7420, UV/VIS

Centrifuge filter devices Millipore, Eschborn
(Ultrafree MC, 100,000 NMWL)

Working parameters

Duration and speed of centrifugation 15 min at 16000 x g

The drug content was measured after dissolution of the freeze-dried formulation in
acetonitrile. The insoluble material was separated by centrifugation. The samples were then
diluted with acetonitrile, and the drug concentrations were analysed by high performance
lipuid chromatograph (HPLC), as described below.

The amounts of free drug that are associated with the nanoparticles were calculated after

separation by ultrafiltration: 400 pl of the nanoparticle suspension were centrifuged in
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centrifuge filter devices. 100 pl of the filtrate were diluted with 900 pl water, and the
concentration of the free drug was assessed by HPLC.

The percentage of the nanoparticle-bound drug was calculated by subtracting the free drug in
the supernatant from the total amount in the vials.

The loading capacity of the nanoparticles (ng/mg) was calculated as the ratio of the drug
content to the polymer amount, as assessed by the determination of the yield of PBCA
(section 3.1.3.6).

For poorly water soluble drugs that had a negligible detectable free-drug in supernatant, the
term encapsulation efficiency was used. The encapsulation efficiency (%) was calculated as

the ratio of the drug content to the initial drug amount added.

3.1.3.5.1 Doxorubicin assay

Chemicals Manufacturer/supplier
Acetonitrile Merck, Darmstadt
Milli-Q® water Millipore, Eschborn
Trifluoroacetic acid (TFA) Fluka, Seelze
Instruments Manufacturer/supplier
HPLC column: Merck, Darmstadt

Lichrospher®-100 HPLC RP-18

HPLC parameters

Detection wavelength A =250 nm
Flow rate 0.8 ml/min
Mobile phase

water:acetonitrile: TFA 70:30:0.1
Volume of injection 20 pl

The assay of doxorubicin was performed by HPLC as described by Ambruosi et al

(Ambruosi 2006a). Accurately weighed amounts of doxorubicin were dissolved in 5 ml of
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acetonitrile-water. This solution was further diluted to obtain solutions with known

concentrations in the range of 25 - 250 ug/ml. The chromatograms of these solutions were

registered, and the peak areas were measured. The retention time was about 12 min.

3.1.3.5.2 Loperamide assay

Chemicals

Acetonitrile

Ethanol

Milli-Q® water

Sodium phosphate (NaH,PO4 x 2 H,0)
buffer: (3.12 g/l)

Instruments
HPLC column:
Luna® 250 x 4.6 mm 5 um particle C18

HPLC parameters
Detection wavelength

Flow rate

Mobile phase
Acetonitrile:Sodium phosphate buffer

Volume of injection

Manufacturer/supplier
Merck, Darmstadt
Merck, Darmstadt
Millipore, Eschborn
Merck, Darmstadt

Manufacturer/supplier

Phenomenex, Torrance

A=195nm

1 ml/min

40:60
20 ul

The assay of loperamide was carried out as described by Chen et al. (Chen 2000).

Loperamide stock solution (10 mg/ml) was prepared in 70% ethanol. This solution was

further diluted to obtain solutions with known concentrations in the range of 10 - 100 pg/ml.

The chromatograms of these solutions were registered and the peak areas were measured.

The retention time of loperamide was 22 min.
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3.1.3.5.3 Paclitaxel assay

Chemicals
Acetonitrile

Milli-Q® water

Instruments
HPLC column:
Lichrospher®-100 HPLC RP-18

HPLC parameters
Detection wavelength

Flow rate

Mobile phase
Acetonitrile: Water

Volume of injection

Manufacturer/supplier
Merck, Darmstadt
Millipore, Eschborn

Manufacturer/supplier
Merck, Darmstadt

A=227nm

1 ml/min

6:40
20 pl

The assay of paclitaxel was performed as described in (Krishnadas 2003). A stock solution

of paclitaxel in acetonitrile (I mg/ml) was prepared. This solution was further diluted to

obtain solutions with known concentrations in the range of 10 - 100 pg/ml. The

chromatograms of these solutions were registered, and the peak areas were measured. The

retention time of paclitaxel was 5 min.

3.1.3.6 Determination of polymer yield

Chemicals

1 N NaOH
Dichlormethane
Milli-Q® water
n-Butanol
n-Pentanol

Sodium sulfate, water-free
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Instruments

Gas Chromatograph: 5890 Series 11
Integrator: HP3396 A

Fused Silica Capillary Column:

(25 m x 0.25 mm ID)

GC parameters
Injector
Detector

Oven temperature

Stationary phase

Polyethylene glycol-2-nitroterephthalic acid

Gas

Column flow

Split flow

Septum flow

Column + Aux

Column + Aux + Air
Column + Hydrogen + Aux

Column head pressure

The yield of PBCA was evaluated by the amount of butanol formed after hydrolysis of

Manufacturer/supplier
Hewlett-Packard, Bad Homburg

Macherey-Nagel, Diiren

split / splitless HP 19251 — 60540, 250 °C
FID, 250 °C

Gradient: 45 °C (3 min) — 10 °C (1 min)
— 130 °C (4 min)

0.1 pm film thickness

Auxillary gas Helium, Hydrogen and Air
1.0 ml/min

10.0 ml/min

1.1 ml/min

35 ml/min

430 ml/min

65 ml/min

94 kPa

PBCA by sodium hydroxide, as described by Langer ef al. (Langer 1994).

0.5 ml of the nanoparticle suspension were mixed with 0.5ml of 2 N NaOH and shaken
overnight at room temperature to hydrolyze the ester groups of the polymer. 50 pl of this
solution were mixed with 50 pl of internal standard (pentanol 0.5% solution) and diluted
with 900 pl of water. 500 pl of this dilution were extracted with 1000 pl of

dichloromethane, which then was dried with water-free sodium sulfate. 1 pl of the sample

was injected into the gas chromatograph (GC) and analysed for the amount of butanol.
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3.1.3.7 Determination of residual organic solvents

Chemicals

Benzene

Dimethylsulfoxide (DMSO)
Solvents: ethanol, iso-propanol,

dichloromethane, ethylacetate

Instruments
Gas chromatograph: Crystall 2000
Quartz capillary column: Zebron ZB-1

(methylpolysiloxane, 30 m x 0.53 mm x 0.3 pm)

GC parameters
Carrier gas

Carrier gas velocity
Column temperature
Gas flow regulation
Injection volume

Temperature of detector and injector

Empty PBCA nanoparticles prepared in the presence of organic solvents were tested for
residual amount of these solvents. The sample of PBCA nanoparticles prepared according to
the standard technique in the absence of the organic solvents was used as control.
residual amount of the organic solvents in the nanoparticles was measured by GC. The
samples of freeze-dried nanoparticles (0.20 - 0.30 g) were dissolved in 3 ml of DMSO. This
solution was mixed with 1 ml of internal standard (0.01% benzene). 1 ul of this mixture was
injected into the GC system, and the concentration of the organic solvent was measured. As
shown by the background measurements, the detection limits for the solvents were as

follows: > 30 ppm for ethanol and dichloromethane, > 20 ppm for iso-propanol, and > 5 - 10

ppm for ethylacetate.
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Preparation of the solutions:

Internal standard: 0.2 ml of benzene was transferred into a 25 ml vessel and diluted with
DMSO to 25ml. 1 ml of this solution was transferred into a 10 ml vessel and diluted with
DMSO to 10 ml.

Standard solution: 0.10 g of ethanol, iso-propanol, dichloromethane, and ethylacetate were
transferred to 25 ml vessels and diluted to 25 ml with DMSO. 1 ml of each solution and 2.5
ml the internal standard solution were transferred to 10 ml vessels and diluted to 10 ml with
DMSO.

Sample solution: approximately 0.20 - 0.30 g of the sample were transferred in to a vial, 3ml
of DMSO and 1 ml of the internal standard solution was added. The clear solution was
injected into a chromatograph.

The content of organic solvents was calculated as:

r o [
ST x S8, xm] x4

X = x 100
S xS? xm_ x25%x10

o SIS0, xmi x4
S, xS?xm_ %25

Where:

S’ -and - S} - peak area of an i-residual solvent in the chromatogram of the sample and

standard solution, respectively.

S" -and - S’ - peak area of benzene (internal standard) in the chromatogram of the sample

cm cm

and standard solution, respectively.

m; - weight of an i-residual solvent in the chromatogram of the standard solution

m_ - weight of a sample

3.1.4 Coating of the nanoparticles with surfactants

The surface-modified nanoparticles were used in the in vivo experiments. For the surface
modification, the freeze-dried nanoparticles were reconstituted with 1% (w/v) polysorbate 80

or poloxamer 188 (Table 1) and incubated for 30 minutes.
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Table 1. Characteristics of surfactants used for coating of the nanoparticles.

CMC, CMC%

Surfactant MW (Da) HLB Reference
UM (wiv)
Polysorbate 80 1310 12 0.0016 15 Merck index
Poloxamer 188 8400 — 8800 1140 1 29 Sigma Aldrich
CMC = critical micellar concentration, HLB = hydrophilic lipophilic balance
3.1.5 In vivo experiments
3.1.5.1 Tail-flick test
Animals Supplier
Female ICR (CD1) mice 23 -28 g Halan Winkelmann, Borchen
Instruments Manufacturer/supplier
Tail-Flick Analgesia meter Ugo Basile

The analgesic effect of the different nanoparticles preparation was measured using the tail-

flick test. The tail-flick test measures the nociceptive threshold of the animals (mice) as they

respond to the application of a hot light ray from a quartz projection bulb to a small area of

their tails, so that the time for tail withdrawal is recorded. To prevent injuries the test was

automatically truncated after 10 s (cut-off time). The response time for each animal was

measured before (= pre-drug latency) and 15, 30, 45, 60, 90, 120, and 180 min after dosing

(= post-drug latency). The maximal possible effect (MPE%) was calculated using the

following equation:

Post-drug latency — pre-drug latency

% MPE =
Cut-off time — pre-drug latency

X 100%

The loperamide formulations were administered in the dose of 7 mg/kg into the tail vein.
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3.1.5.1.1 Loperamide-loaded PBCA nanoparticles for tail-flick test

The animals were divided randomly into 3 groups (n = 10) and the following formulations
were used:
e Solution of loperamide in 2.6% aqueous ethanol
e Loperamide bound to non-coated PBCA nanoparticles stabilised with dextran (1%)
and poloxamer 188 (0.2%)
e Loperamide bound to PBCA nanoparticles stabilised with dextran (1%) and
poloxamer 188 (0.2%) coated with PS 80.

The concentration of loperamide in the injection solutions was 0.7 mg/ml.

3.1.5.2 Chemotherapy of 101/8 rat glioblastoma using doxorubicin
formulations

The animal experiments were performed in accordance to the German Guidelines for Animal
Experiments and authorized by the German Tierschutzgesetz and the Allgemeine
Verwaltungsvorschrift zur Durchfiihrung des Tierschutzgesetzes and were authorized by the

Regierungsprisident Darmstadt (V54 - 19 ¢ 20/15 - F116/15).

3.1.5.2.1 Intracranial implantation of rat glioblastoma

Animals Supplier

Male Wistar rats (200 - 250 g) Harlan Winkelmann GmbH, Borchen
Instruments Manufacturer/supplier

Glue (Turbo 2000 Kleber Universal) Boldt & Co, Wermelskirchen
Stereotactic device Leitz, Wetzlar

Tuberculine syringe B. Braun, Melsungen

The rat 101/8 glioblastoma was initially generated by injection of a-dimethylbenzanthracene
into the brain of Wistar rats (Yablonovskaya 1970). The transplantation of 101/8

glioblastoma in the present study was performed using fresh tumour tissue. Tumour tissue
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from frozen stocks was transplanted into adult male Wistar rats which were caged in groups
of 5 and acclimatized for 1 week and fed ad libitum with standard laboratory food and water.
For tumour implantation, animals were deeply anesthetized by intraperitoneal injections of
ketamin (80 mg/kg). Through a midline sagittal incision, a burr hole of 1.5 mm in diameter
was made with a dental drill at a point 2 mm posterior to the right coronal suture and 2 mm
lateral to the sagittal midline. Tumour cells were introduced into a tuberculin syringe linked
to a 21 gauge needle. The tip was placed 4 mm below the bone surface and the tumour tissue
was injected into the bottom of the right lateral ventricle. The scalp incision was closed with
surgical glue. On day 14 after transplantation, the animals were sacrificed by carbon dioxide
asphyxiation, and then decapitated. The tumour was excised, chopped with a scalpel, and
triturated. Fresh tumour tissue (~ 10° tumour cells) was inoculated into the brain of the

animals in the experimental groups, as described above.

3.1.5.2.2 Doxorubicin formulations and treatment regimen

The animals with implanted tumours were randomly divided into 3 groups;

e Untreated animals (control, n = 20)

e Animals treated with doxorubicin in solution (Dox-sol, n = 18)

e Animals treated with doxorubicin bound to PBCA nanoparticles coated with PS 80

(Dox-NP + PS 80, n = 18).

The treatment regimen was 3 x 1.5 mg/kg on days 2, 5, and 8 after tumour implantation.
The formulations were injected 7.v. into the tail vein. The animals were sacrificed by carbon
dioxide asphyxiation on days 10, 14, or 18 post-tumour implantation (n = 6/time point).
Untreated animals (Control, n = 20) were sacrificed on days 6, 8, 10, 12, or 14 post-tumour

implantation (n = 4/time point).

3.1.5.2.3 Histological analysis

Chemicals Manufacturer/supplier

Zinc formalin solution Thermo Shandon, Pittsburgh
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For histological analysis, brains were removed and fixed in zinc formalin solution at least 48
h and embedded in paraffin followed by routine hematoxylin and eosin (H&E) staining on 5
um thick sections using routine protocols (Schoch 2006). One slide was prepared and

analyzed for each animal.

3.1.5.2.4 Immunohistochemical analysis

Chemicals Manufacturer/supplier

Biotinylated Isolectin B4 B-1205, 1:20, Vector Labs, Burlingame
Bovine serum albumin (BSA) Sigma-Aldrich, Deisenhofen
Diaminobenzidine (DAB) Sigma-Aldrich, Deisenhofen

Histofine universal immuno-peroxidase Nichirei Biosciences Inc., Tokyo
polymer

Mouse monoclonal antibody against GFAP ~ DakoCytomation, Glostrup

Rabbit monoclonal antibody against ki67 Neomarkers, Lab Visions Products,
Fremont
Triton X-100 Zytomed, Berlin

Five pum thick deparaffinated sections were used for staining procedures. All slides were
counterstained with alum-hematoxylin. Blocking of endogenous peroxidase activity was
performed with 0.3% H,O, for 15 min. For antigen retrieval, the slides were boiled for 1 h
in 10 mM citrate buffer (pH 6.0) for staining with antibodies against glial fibrillary acidic
protein (GFAP) and Ki67. Then mouse monoclonal antibody against GFAP (M0761, 1:100)
or rabbit monoclonal antibody against ki67 (RM-9106-S, 1:50) in blocking buffer (5% goat
serum / 45% Tris buffered saline pH 7.6 (TBS) / 0.1% Triton X-100 in antibody diluent
solution were applied over night. Histofine universal immuno-peroxidase polymer or anti-
mouse or anti-rabbit were applied after washing with TBS. For staining with Isolectin B4,
the slides were treated in a microwave oven (640 W) for 20 min in 1 mM EDTA (pH 8.0).
Then, biotinylated Isolectin B4 (B-1205, 1:20) was applied for 30 min at room temterature in
100 pg/ml bovine serum albumin (BSA) in blocking buffer without goat serum.

StreptABComplex HRP duet solution (K0492, DakoCytomation) was applied after washing
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with PBS. The peroxidase reaction was detected using diaminobenzidine (DAB) as
chromogen. As negative control, alternating sections were incubated without primary

antibody or Isolectin B4.

3.1.5.2.5 Measurement of tumour size
Instruments Manufacturer/supplier
Axioskop microscope CarlZeiss Microimaging, Gottingen
Neurolucida software-controlled computer MicroBrightField Europe, Magdeburg

system

An Axioskop microscope and a Neurolucida software-controlled computer system were used
for quantitative analysis of the area occupied by the tumour on H&E stained tissue sections

to determine tumour size in each animal.

3.1.5.2.6 Analysis of proliferation

To analyse proliferation, immunohistochemical staining with antibodies against Ki67 were
performed on tissue sections in each animal. The percentage of positively stained nuclei of
all counterstained nuclei was determined in three visual fields (total area examined was 0.36

mm?).

3.1.5.2.7 Analysis of vessel density

Instruments Manufacturer/supplier
Axioskop microscope CarlZeiss Microimaging, Gottingen
Axiovision software MicroBrightField Europe, Magdeburg

To analyse vessel density, tissue sections were stained with Isolectin B4 and analysed with

Axiovision software. The software quantified the percentage of the area occupied by

Isolectin B4 vessels in visual fields with a size of 0.412 mm>.
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3.1.5.2.8 Analysis of necrosis

For the analysis of necrosis, the following scoring system was applied to hematoxylin and
eosin stained sections (only the tumour was assessed): 0 — no necrosis, 1 — solitary necroses,
2 — less than 50% of tumour area occupied by necroses, 3 — more than 50% of the tumour

area occupied by necroses.

3.1.5.2.9 Analysis of GFAP expression of glioma cells

For the analysis of GFAP expression, a score was assigned to tissue sections
immunohistochemically stained with an antibody against GFAP only considering the area
occupied by the tumour: 0 — no positive cells, 1 — less than 10% positive cells, 2 — more than
10% positive cells but less than 50% of cells, 3 — more than 50% of tumour cells positive for

GFAP.

3.1.5.2.10 Analysis of microvascular proliferation

For the analysis of microvascular proliferation, the following scoring system was applied to
hematoxylin and eosin stained sections (only the tumour was assessed): 0 — no microvascular
proliferation, 1 — solitary nodules of microvascular proliferation, 2 — more than five nodules

of microvascular proliferation.

3.1.5.2.11 Analysis of VEGF expression of glioma cells
For the analysis of VEGF expression, the following score was assigned to tissue sections

immunohistochemically stained with an antibody against VEGF only considering the area
occupied by the tumour: 0 — no positive cells, 1 — weak staining intensity, 2 — moderate

staining intensity, 3 — strong staining intensity.

3.1.5.2.12 Statistical analysis

All experiments were performed in a blinded manner. In case of comparision of two

independent groups at a certain time point, the pairwise Student’s t-test was used for the
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statistical evaluation. In case of simultaneous comparison of all three groups at a certain time

point, non-parametric, Kruskal-Wallis with post-hoc tests were used.

3.1.5.3 Chemotherapy of 101/8 rat glioblastoma using paclitaxel

formulations

Animals Supplier
Male Wistar rats (200 - 250 g) Harlan Winkelmann GmbH, Borchen

Paclitaxel formulations were used for chemotherapy of 101/8 glioblastoma in rats. Paclitaxel
formulations were injected i.v. into the tail caudal vein with the rate of 1 ml/min. The
animals were implanted intracranially with the orthotopic tumour model 101/8 glioblastoma
(sections 3.1.5.2.1 - 3).
The treatment regimen was 3 x 1.5 mg/kg as drug (total dose 4.5 mg/kg) on days 2, 5, and 8
post-tumour implantation.
The animals were divided randomly into 4 groups (n = 10) and the following formulations
were used:

e Paclitaxel-loaded PBCA nanoparticles (PXL-NP)

e Paclitaxel-loaded PBCA nanoparticles + polysorbate 80 (PXL-NP + PS 80)

e Paclitaxel-loaded PBCA nanoparticles + poloxamer 188 (PXL-NP + F68 )

e Paclitaxel in organic solution (PXL)
The organic solvent contained 51% chremophor and 49% ethanol. 1 mg paclitaxel was
dissolved in this solvent which prior to the administration was diluted with 5% glucose
solution to obtained the desired dosage. The untreated animals were used as control.
The antitumour efficacy of these formulations was estimated by Kaplan-Meier plots which
estimate the survival function from life-time data. The results also are presented as numeric
values in the form of median and mean survival times. Median survival times are defined as
the time from treatment at which half of the populations with tumour were found to be still
alive. The mean survival time is estimated as the area under the survival curve, which it is

the average time that animals remained alive.
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3.2 Human serum albumin nanoparticles

Chemicals

2, 4, 6-trinitrobenzenesulfonic acid (TNBS)

2-iminothiolane-HCI (Traut’s reagent)
Apolipoprotein A-I1 (Apo A-I)
Apolipoprotein B-100

Ethanol

Glutaraldehyde 25%

Human serum albumin (Fraction V)
(purity 96 - 99%), 65,000 Da
Milli-Q® water

NHS-PEG-Mal 3400

Instruments

Aluminum boats

Centrifuge filter devices
(Ultrafree MC 30,000 NMWL)

D-Salt™ Dextran desalting columns

Manufacturer/supplier
Sigma, Steinheim
Sigma, Steinheim
Calbiochem, Darmstadt
Calbiochem, Darmstadt
Merck, Darmstadt
Sigma, Steinheim

Sigma, Steinheim

Millipore, Eschborn
Nektar, Huntsville

Manufacturer/supplier
Liidi, Flawil

Millipore, Eschborn

Pierce, Rockford

Eppendorf Centrifuge 5417 Eppendorf AG, Engelsdorf
Eppendorf AG, Engelsdorf
Schleicher und Schiill, Dassel
Dr. Hoiss & Partner, Miinchen
Pierce, Rockford

Ismatec IPN, Glattbrugg

Berkshire, UK

Eppendorf thermomixer 5436
Filtration unit

Magnetic Variomag® Multipoint HP15
Micro BCA protein assay kit
Peristaltic pump

Spectrophotmeter Hitachi U3000
Supermicro Balance Sartorius, Goettingen
Working parameters

Duration and speed of centrifugation

8 min at 16000 x g

Rate of pumping 1 ml/min
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Rate of stirring 500 rpm
Temperature 25°C

3.2.1 Nanoparticle preparation

Empty HSA nanoparticles were prepared by an established desolvation technique (Weber
2000a, Langer 2003). Briefly, 200 mg of HSA were dissolved in 2.0 ml of a 10 mM NaCl
solution. The solution of HSA was filtered through 0.22 pm pore size Teflon syringe filters
to remove dimmers and trimers. After the adjustment of the pH to 8.5, the desolvation of the
HSA was performed by drop-wise addition of 8.0 ml ethanol under constant stirring. 100%
cross-linked nanoparticles were obtained by adding 0.588 pl of 8% glutaraldehyde per mg of
HSA. After 24 h of constant stirring, the resulting nanoparticles were purified by 3 cycles of
centrifugation. After yield determination (section 3.2.1.1) of the nanoparticles, the samples
were redispersed to the desired concentration (10 mg/ml) in water. Each redispersion step

was performed in an ultrasonic bath.

3.2.1.1 Yield determination of the HSA nanoparticles

In order to adjust the concentration of the nanoparticle, the content was determined by
gravimetry (Dreis 2007). A 50.0 pl aliquot of the nanoparticle suspension was transferred to
aluminum boats and dried for 2 h at 80 °C; the mass of the particle residue was determined

using a Supermicro Balance.

3.2.1.2 Preparation of sulfhydryl-reactive HSA nanoparticles

The nanoparticles were centrifuged and redispersed in phosphate buffered saline (PBS), pH
of 8.0. A 10-fold molar excess of the NHS-PEG-Mal 3400 linker was added to the medium
and for enhancing the reaction, the suspension was shaken for 1 h at room temperature.
Afterward, the activated nanoparticles were purified by centrifugation and redispersion as

described in section 3.2.1.
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3.2.1.3 Purification of apolipoproteins A-1 and B-100

The purification of the apolipoproteins was performed as described by Michaelis et al.
(Michaelis 2006). A D-salt™ Dextran Desalting column, equilibrated with PBS and
saturated with a 1% albumin solution, was used according to the instruction sheet. The
apolipoprotein solutions were added to the column, and fractions were collected stepwise by
photometrical detection of the proteins at 280 nm in order to separate the apolipoproteins

from disturbing salts.

3.2.1.4 Thiolation of apolipoproteins

In order to attach the apolipoproteins to the activated HSA nanoparticles, sulthydryl groups
had to be introduced into the apolipoproteins. The apolipoproteins were dissolved in a PBS
solution, pH 8.0, and a 50-fold molar excess of 2-iminothiolane (Traut’s reagent) was added.
The mixture was incubated for 12 h at 22 °C. The purification of the proteins was performed

by size exclusion chromatography as described above (section 3.2.1.3).

3.2.1.5 Modification of the nanoparticles by thiolated apolipoproteins

For the conjugation, 2 ml of thiolated lipoprotein solutions were added to 2 ml of activated
nanoparticles and the mixture was stirred for 12 h at room temperature. The apolipoprotein-
conjugated nanoparticles were purified by three steps of centrifugation and redispersed in
water. Supernatants were collected to determine the amount of unbound apolipoproteins by

standard micro BCA protein assay.

3.2.1.5.1 Micro BCA protein assay

500 pl of micro BCA working reagent was added to 500 pl of the supernatant; then the
mixture was incubated for 1h at 37 °C. The samples were analysed spectrophotometically at
562 nm. The protein content of the samples was calculated relative to reference samples,

which contained different concentrations of protein (HSA standards).
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3.2.1.6 Loperamide loading in the apolipoprotein-modified nanoparticles

10 mg of the apolipoprotein-modified nanoparticles were incubated with 400 pl of
loperamide solution (10 mg/ml in 42% (v/v) aqueous ethanol) under shaking for 2 h at room
temperature. Then the mixture was centrifuged, and the concentration of unbound
loperamide was determined in supernatant by HPLC. The nanoparticles were washed with
water by centrifugation (16000 g, 8 min) and then redispersed in water for injection. The
final concentration of the nanoparticles in the resulting suspension was 10 mg/ml.

Unbound loperamide in the supernatant was detected by HPLC according see section

3.1.3.5.2.

The size, polydispersity and the surface charge of the nanoparticles were measured as

described in section 3.1.3.1.

3.2.2 Apolipoprotein-modified HSA nanoparticles for tail-flick test
Animals Supplier

Female ICR (CD1) mice 23 -28 g Halan Winkelmann, Borchen

The tail-flick test was performed as described above (see 3.1.5.1).

The animals were divided randomly into 4 groups (n = 10) and the following loperamide
formulations were used.
e Loperamide-loaded in HSA nanoparticles with covalently attached apolipoprotein A-I
e Loperamide-loaded in HSA nanoparticles with covalently attached apolipoprotein B-100
e Loperamide-loaded in unmodified HSA nanoparticles

e Loperamide in solution

The dose of loperamide was 7.0 mg/kg. To prevent any injuries, the test was automatically
aborted after 10 seconds. The response time for each animal was tested before and 15, 30,

45, 60, 90, 120, and 180 minutes after dosing.
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3.2.3 Loading of thalidomide in HSA nanoparticles

Chemicals Manufacturer/supplier
Dimethylsulfoxide (DMSO) Sigma, Steinheim

Ethanol Merck, Darmstadt
Thalidomide Gruenenthal, Stolberg
Triethylamine Sigma, Steinheim
Instruments Manufacturer/supplier
Eppendorf Centrifuge 5417 Eppendorf AG, Engelsdorf
Eppendorf thermomixer 5436 Eppendorf AG, Engelsdorf
Magnetic Variomag® Multipoint HP15 Dr. Hoiss & Partner, Miinchen

Working parameters

Duration and speed of centrifugation 8 min at 20000 x g
Rate of stirring 500 rpm

Solvent: ethanol-DMSO 8:2

Temperature 25°C

The HSA nanoparticles were prepared by the earlier established desolvation technique as

described in section 3.2.1.

The preparation of thalidomide-loaded HSA nanoparticles (Thal-HSA-NP) was performed
by adding 0.1% triethylamine after redispersing of 10 mg HSA nanoparticles in 1 ml of
thalidomide solution in a mixture ethanol-DMSO (8:2). The final concentration of
thalidomide in the solvent was one mg/ml. The samples were shaken with thermomixer for
24 h. The residues of organic solvents were removed after being washed three times with
purified water. Then nanoparticles were characterised for their size, polydispersity, and
surface charge as described in section 3.1.3.1.

For the estimation of drug loading the supernatants were collected after each cycle of

washing and analysed by UV/VIS HPLC as described below (section 3.2.3.1).
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3.2.3.1 Determination of thalidomide loading

After each nanoparticle centrifugation, 100 pl of the supernatant were diluted with 900 pl of
a mixture ethanol-DMSO (8:2). For preparing standard dilutions, thalidomide was dissolved
in the same solvent. These standard dilutions were in 80 - 120% range of the theoretical
thalidomide concentration in the nanoparticle formulations. This solution was further diluted
to obtain solutions with known concentrations in the range of 10 - 250 pg/ml. The spectra of
the samples were recorded and calculated with values from standard solutions.

The drug loading (% of total amount) was calculated by subtracting the free drug amount in
the supernatant from the total amount in the vials. The drug concentration was determined
with HPLC as described on section 3.2.3.1.1.

The size, polydispersity and the surface charge of the nanoparticles were measured as

described in section 3.1.3.1.

3.2.3.1.1 Thalidomide assay by HPLC

Chemicals
Milli-Q® water

Acetonitrile

Instruments
HPLC column:
Lichrospher®-100 HPLC RP-18

HPLC parameters
Detection wavelength
Flow rate

Mobile phase

Water: Acetonitrile

Volume of injection

Manufacturer/supplier
Millipore, Eschborn
Merck, Darmstadt

Manufacturer/supplier

Merck, Darmstadt

A =220 nm

1.2 ml/min

75:25
20 pl
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The assay was performed as described by Gossen et al. (Goosen 2002) and using the Hitachi
D7000 HPLC system (section 3.1.3.5.1). Under these conditions, the retention time for

thalidomide was about 8 min.

3.2.3.2 Thalidomide solubility in different solvents and surfactants

Chemicals Manufacturer/supplier
Glucose Sigman, Steinheim

Milli-Q® water Millipore, Eschborn
poloxamer 188 (Pluronic® F68) Sigma, Steinheim

Solvents: dimethylsulfoxide, ethanol Sigma, Steinheim
Thalidomide Gruenenthal, Stolberg
Polysorbate 80 Fluka, Seelze

Instruments Manufacturer/supplier
Filtration unit Schleicher und Schiill, Dassel

Working parameters

Duration of storage 24 h
Rate of stirring 500 rpm
Solvent: ethanol-DMSO 8:2
Temperature 25 °C

The solubility of thalidomide was tested in the mixture of the water-miscible organic solvent
(ethanol-Cremophor” EL, 49:51). The solubility was also tested in water, 5% glucose as
well as 10% aqueous solutions of surfactants, such as poloxamer 188 and PS 80. A known
amount of drug (1000 pg/ml) was weighed, dissolved in the above solvents, and stored for
24 h at room temperature. Then these suspensions were filtered through Teflon syringe
filters (pore size 0.22 um) to remove crystals. 100 pl of each suspension was diluted with

900 pl of ethanol-DMSO (8:2), and the concentration of thalidomide was measured by
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HPLC. The concentrations of thalidomide in these media were compared with those of

thalidomide-loaded HSA nanoparticles.

3.2.3.3 Chemotherapy of 101/8 rat glioblastoma using thalidomide

formulations

Animals Supplier
Male Wistar rats (200 - 250 g) Harlan Winkelmann GmbH, Borchen

Thalidomide formulations were used for chemotherapy of 101/8 glioblastoma in rats.
Thalidomide formulations were injected i.v. into the tail caudal vein with the rate of 1
ml/min. The animals were implanted intracranially with the orthotopic model tumour
glioblastoma 101/8 (sections 3.1.5.2.1-3). The treatment regimen was 3 % 1 mg/kg as drug

(total dose 3 mg/kg) on days 2, 5, and 8 post-tumour implantation.

The animals were divided randomly into 4 groups (n = 10) and the following formulations

were used:
e Thalidomide-loaded to HSA nanoparticles (Thal-HSA-NP)

e Thalidomide-loaded to HSA nanoparticles coated with 1% polysorbate 80 (Thal-
HSA-NP + PS 80)

e Thalidomide dissolved in corn oil and applied orally with gavage (Thal)

e Untreated animals (control)
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3.3 Diindolylmethane-loaded poly(lactide-co-glycolide) nanoparticles

Chemicals

3,3’-Diindolylmethane (DIM)

Human serum albumin (HSA)
Mannitol

Milli-Q® water (purified water)
Poloxamer 188 (Pluronic® F68)
Polyvinylalcohol (PVA)

Resomer” RG 502 H

(50 lactide:50 glycolide), i.v. 0.2 dL/g

Solvents: acetonitrile, acetone

Instruments

Lyovac GT 2 Freeze-dryer

Magnetic Variomag® Multipoint HP15
Peristaltic pump

Sintered glass filter (G2)

Working parameters

Duration of evaporation procedure
Freeze-drying

Rate of pumping

Rate of stirring

Temperature

Manufacturer/supplier
Bioresponse LLC, Boulder
Sigma, Steinheim

Sigma, Steinheim
Millipore, Eschborn
Sigma, Steinheim

Sigma, Steinheim

Boeringher Ingelheim, Germany

Merck, Darmstadt

Manufacturer/supplier
Leybold AG, Koln

Dr. Hoiss & Partner, Miinchen
Ismatec IPN, Glattbrugg
Schott, Mainz

4h

24 hat2 x 10” mbar
1 ml/min

600 rpm

25°C

3.3.1 Preparation of DIM-loaded PLGA nanoparticles by nanoprecipitation

The poly(lactide-co-glycolide)  nanoparticles (PLGA-NP) were prepared by

nanoprecipitation (Bozikir 2005).  Polyvinylalcohol (PVA), HSA or poloxamer 188

(Pluronic® F68; F68) were used as stabilisers. Briefly, 100 mg of the polymer (Resomer”
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RG 502, i.v. 0.2 dL/g) and 10 mg of 3,3’-diindolylmethane (DIM) were dissolved in 3 ml of
acetone. This solution was added under magnetic stirring into a 1% solution of either
stabiliser (10 ml) at a rate of 1.0 ml/min using a tubing pump. Stirring was continued in
open vials for 4 h to achieve evaporation of the organic solvent and formation of the
nanoparticles; then the suspension was filtered through a G2 glass filter to remove the
agglomerates, and the final volume was adjusted to the initial quantity by water. The
suspension was freeze-dried after the addition of 3% w/v mannitol used as a cryoprotector.

Empty PLGA nanoparticles were prepared, as described above, in the absence of the drug.

3.3.1.1 Characterisation of the DIM-loaded PLGA nanoparticles

The size, polydispersity and the surface charge of the nanoparticles were measured as
described in section 3.1.3.1. The drug content was measured after dissolution of the freeze-
dried formulation in acetonitrile. The insoluble material was separated by centrifugation.
The samples were then diluted with acetonitrile, and the drug concentrations were analysed
by HPLC, as described in the section 3.3.3.1. All of the experiments were performed in

triplicate and the result given as the average with standard deviation (mean + SD).

3.3.2 Determination of DIM maximum solubility in aqueous media

Chemicals Manufacturer/supplier
0.01 N Hydrochloric acid Merck, Darmstadt
Milli-Q® water Millipore, Eschborn

Potassium dihydrogen phosphate (KH2PO4)  Sigma, Steinheim

Instruments Manufacturer/supplier
Polymax 1040 orbital shaker Heidolph, Schwalbach
Syringeless filters; Uniprep® Whatman Int. Ltd., Springfield Mill

Determination of maximum solubility of DIM in aqueous media was performed by shake-

flask method as described by Lindenberg et al. (Lindenberg 2004). The drug was weighed in
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excess of its expected solubility in Uniprep® vials equipped with a 0.45-pm membrane filter.
Then 2 ml of either Milli-Q® water, 0.01 N HCL (pH 2.0), or phosphate buffer (pH 7.4)
(USP) were added into the vial. The vials were incubated at 37 + 0.5 °C while shaking on a
“Polymax 1040 orbital shaker. The samples of the solutions were taken after 4 or 24 h by
pressing the Uniprep® plunger down, diluted as appropriate, and the concentration of DIM
was analysed by HPLC, as described below (section 3.3.3.1). The measurements were done

in triplicate (mean + SD).

3.3.3 Determination of DIM stability in organic media

Solutions of DIM in acetone and acetonitrile were prepared to test DIM stability in organic
media which were used for the preparation of the nanoparticle formulations; the
concentration was either 15 pg/ml or 25 mg/ml. The samples were stored in clear and brown
flasks at room temperature and analysed by HPLC for degradation products. The assay was

performed after 4 and 24 h and then after one week.

3.3.3.1 DIM assay by HPLC

Chemicals Manufacturer/supplier
Acetonitrile Merck, Darmstadt
Milli-Q® water Millipore, Eschborn
Trifluroacetic acid (TFA) Sigma, Steinheim
Instruments Manufacturer/supplier
HPLC column:

Lichrospher®-100 HPLC RP-18 Merck, Darmstadt

HPLC parameters
Detection wavelength A =280 nm

Flow rate 1.0 ml/min
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Mobile phases A (30%) 7 min — B (30%) 13 min
A:0.2% TFA water
B: 0.2% TFA in acetonitrile

Volume of injection 20 pl

Accurately weighed amounts of DIM were dissolved in 5 ml of the acetonitrile and further
diluted with the same solvent to obtain solutions with known concentrations in the range of
10 - 250 pg/ml. The chromatograms of these solutions and the peak areas were registered.

The retention time was about 7 minutes.
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4 Results

4.1 Poly(butyl cyanoacrylate) nanoparticles

Doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles coated with polysorbate 80
(Dox-NP + PS 80) have previously exhibited a high antitumour effect against the rat
glioblastoma 101/8 (Steiniger 2004). The objective of the present study was to substantiate

these findings by extensive histological investigation.

Similarly to the previous protocols used by Steiniger et al. (Steiniger 2004) or Petri et al.
(Petri 2007), the PBCA nanoparticles were prepared by anionic polymerisation carried out
by the addition of the monomer (n-butyl-2-cyanoacrylate; n-BCA) into the polymerisation
medium, which consisted of an aqueous acidic solution of 0.01 N HCI and dextran 70,000
used as a stabiliser. The polymerisation was initiated by the OH" ions resulting from the
dissociation of water (Figure 10). The polymerisation was completed after 2.5 h (Bootz

2004) and the medium was neutralised with 0.01 N sodium hydroxide.
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Figure 10. Polymerisation mechanism of poly(alkyl cyanoacrylate) (R = alkyl function). Taken from Bootz et
al. (Bootz 2005).

The doxorubicin (Dox) solution was added into the polymerisation medium 40 minutes after
the monomer to prevent the drug interference in the polymerization. The final drug

concentration was 0.25%.
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4.1.1 Characterisation of doxorubicin poly(butyl cyanoacrylate) nanoparticles

The physicochemical characterization of the nanoparticles included measurement of the size
and polydispersity, surface charge, investigation of the particle morphology by SEM, and

evaluation of the drug loading and drug content.

4.1.1.1 Size, polydispersity, and surface charge of the nanoparticles

The size of the nanoparticles was determined by photon-correlation spectroscopy (PCS).
The result showed that the doxorubicin-loaded polysorbate 80-coated nanoparticles had an
average diameter of 260 £ 5 nm. The empty nanoparticles prepared in the absence of drug
had a slightly smaller size of 230 + 5 nm. For both empty and drug-loaded nanoparticles, the
polydispersity index was 0.02. Coating with surfactant had no influence on the size

distribution.

The empty and drug-loaded nanoparticles showed negative zeta potentials in distilled water.
The empty nanoparticles had an average surface charge of -12 + 5 mV. Coating of dextran-
stabilised nanoparticles with polysorbate 80 (PS 80) had slightly reduced the surface charge

values. The average surface charge of the Dox-NP + PS 80 was -19 + 2 mV.

4.1.1.2 Morphology of the nanoparticles

The morphology of the nanoparticles was investigated by scanning electron microscopy
(SEM) without further purification. Typical micrographs of the empty and drug-loaded
nanoparticles are shown in Figure 11. The most prominent property of the particles was their
almost perfect spherical shape. The bi-modal size distribution, which is characteristic for
dextran stabilised PBCA-NP, were also observable in these figures. The result of SEM
measurements was in accordance with the PCS results: it showed a mean average size for
empty nanoparticles of about 200 - 230 nm. The loaded nanoparticles had an average size of

about 250 - 260 nm.
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Figure 11. Morphology of the PBCA nanoparticles determined by SEM. (A) empty (B) doxorubicin-loaded
poly(butylcyanoacrylate) nanoparticles, after freeze-drying. Bimodal distribution is visible in both samples,
Bar: 1um.

4.1.1.3 Drug loading

The percentage of doxorubicin bound to poly(butyl cyanoacrylate) nanoparticles was
assessed in the supernatant of the nanoparticles suspension after centrifugation and
calculated by subtracting the free drug from the total amount in the vials. It was shown that
70% of the drug in the nanoparticle suspension was associated with the nanoparticles. This
result was reported in the previous studies (Steiniger 2004, Petri 2007).

The loading capacity of the nanoparticles calculation (mg DOX/mg PBCA) was possible
after assessment of the polymerisation yield and the solubilisation of the nanoparticles in
acetonitrile. The polymerisation yield for Dox-NP + PS 80 was 70 £ 10% which was higher,
as compared to empty nanoparticles (65 = 1.5%). The loading capacity of the nanoparticles

was 0.154 mg doxorubicin per 1 mg polymer.

4.1.2 Histopathologic and immunocytochemical evaluation of the treatment with

different formulations of doxorubicin

The 101/8 glioblastoma is an orthotopic rat model of glioblastoma showing a high cellularity
with brisk mitotic activity, necroses, focal microvascular proliferation, and an invasive
growth pattern with destruction of parenchymal structures in the host brain satisfying the

criteria for the diagnosis of glioblastoma multiforme (Figures 12 and 13).
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Day 10 Dy 14 Day 18

Figure 12. Decreased tumour size following treatment with doxorubicin. Rat 101/8 glioblastoma was
implanted into the hemisphere of Wistar rats. Untreated animals (Control), animals treated by intravenous
injections of doxorubicin in solution (Dox-sol), or doxorubicin bound to polysorbate 80-coated PBCA
nanoparticles (Dox-NP + Ps 80), both 3 X 1.5 mg/kg on days 2, 5, and 8 were sacrificed at indicated time
points. Hematoxylin-eosin staining of representative brains on day 10, 14, and 18 after tumour implantation is
displayed. Note the decreased tumour size in the Dox-sol and especially the Dox-NP + PS 80 group.

Caontral

Dax-sal

Dox-NP + PS 80

The tumour shows generally a reproducible growth pattern leading to death of untreated
animals 15 to 17 days after intracerebral implantation. The untreated control animals were
sacrificed on days 6, 8, 10, 12, and 14 after implantation (Table 2). The brains were analysed
histologically to determine the tumour size, proliferation of the tumour cells, vessel density,

and area of necrosis.

Table 2. Incidence of 101/8 glioblastoma formation in control animals and animals treated with doxorubicin
formulations.

Doxorubicin Number of rats with tumours / total number of rats
Group dose
(mg/kg) Day 6 Day 8 Day 10 Day 12 Day 14 Day 18
Control - 3/4 4/4 4/4 4/4 4/4 -
Dox-sol 3x1.5 - - 5/6 - 5/6 6/6
Dox-NP + PS 80 3x1.5 - - 4/6 - 3/6 4/6
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Day 10 Day 14 Day 18

Dox-sol Control Dox-sol Dox-sol Dox-np

H&E

GFAP

Ki67

VEGF

Isolectin

immunohistochemical staining with antibodies against the glial fibrillary acidic protein (GFAP), Ki67, and with
Isolectin B4 (Isolectin) in brain sections of untreated control animals (Control), animals treated with
intravenous injections of doxorubicin in solution (Dox-sol), or with doxorubicin bound to polysorbate 80-
coated PBCA nanoparticles (Dox-NP + PS 80) is displayed. Scale bar =50 pm.

Six days after intracerebral implantation, 3 out of 4 of these animals developed a tumour.
After 8, 10, 12, and 14 days all of the controls animals had tumours. The 101/8 glioblastoma
showed an increase in size from 2 + 2 mm?” (maximal cross-sectional area) 6 days after the

implantation to 25 + 8 mm?” 14 days after the implantation (Figures 12 - 14a).

The proliferation of tumour cells remained high at all time points ranging from 78 £ 7% to
86 + 7% Ki67" cells (Figure 14b). The vessel density was negligible 6 days after the
implantation but increased significantly reaching a peak of 11 + 2% of the total cross-
sectional tumour area 10 days after the implantation (Figure 14c). Furthermore, necroses
were absent in the tumours in control animals 6 and 8 days after the implantation while a

high degree of necrosis was observed 10, 12, and 14 days after the implantation (Table 3).
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Figure 14. Treatment with nanoparticle-coated doxorubicin has antiangiogenic effects. Untreated animals
(Control), animals treated with intravenous injections of doxorubicin in solution (Dox-sol) or doxorubicin
bound to polysorbate 80-coated PBCA nanoparticles (Dox-NP + PS 80) both, 3 X 1.5 mg/kg on days 2, 5, and 8
were sacrificed at different time points after implantation. Statistical analysis of tumour size (a) estimated by
the maximal area occupied by the tumour in serial sections, proliferation (b) determined by analysing the
percentage of tumour cells stained with antibodies against Ki67, and vessel density (c) determined by
measuring the percentage of the tumour area occupied by cells stained with Isolectin B4 are displayed. On day
14 after tumour implantation, the tumour area occupied by Isolectin B4 cells was negligible in the Dox-NP +
PS 80 group. On day 18, the columns for the Dox-NP + PS 80 group display the mean values and standard
deviations of this group without the outlier. The values for the outlier are marked by the (T) symbol.
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Table 3. Histological and immunohistochemical evaluation of intracranially implanted 101/8 glioblastoma after treatment with formulations of doxorubicin.

Day 6 Day 8 Day 10 Day 12 Day 14 Day 18

Type of Dox- Dox- Dox- Dox- Dox- Dox-
X Dox- Dox- Dox- Dox- Dox- Dox-
evaluation Control NP +  Control NP +  Control NP + Control NP +  Control NP + Control NP +
sol sol sol sol sol sol
PS 80 PS 80 PS 80 PS 80 PS 80 PS 80

Necrosis

0 - - 0 - - 3 1 0 3 - - 3 2 0 - 3 1
(Score)
GFAP

1 - - 2 - - 1 1 1 1 - - 2 1 0 - 2 1
(Score)
Microvasscular
Proliferation 0 - - 1 - - 1 0 0 1 - - 2 1 0 - 1 0
(Score)
VEGF

1 - - 2 - - 2 2 0 2 - - 1 2 0 - 2 1
(Score)
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Microvascular proliferation was detected from day 8 after implantation. No significant
differences were detected in the GFAP expression with a patchy low to moderate expression
at all time points. Thus, the 101/8 rat glioblastoma model closely resembled human
glioblastomas and showed a reproducible growth pattern allowing its application in the
evaluation of potential new therapies for glioblastoma.

The effect of systemic chemotherapy on the temporal development of the 101/8 glioblastoma
was evaluated using two different formulations of doxorubicin; doxorubicin bound to PBCA
nanoparticles coated with PS 80 (Dox-NP + PS 80), and doxorubicin in solution (Dox-sol),
which compared to the untreated controls. The Dox-NP + PS 80 treatment significantly
decreased tumour formation. In the control groups, from day 8 to day 14, all animals
developed tumours. The tumour incidence at all three comparable time points (day 10, 14
and 18) for the Dox-sol group was 16 out of 18 and for the Dox-NP + PS 80 groups was
only 11 out of 18 (Table 2). Tumour size, proliferation of tumour cells, vessel density, and
necrosis were compared between the Dox-NP + PS 80, Dox-sol, and control group on day 10
and 14 after the implantation (Figure 14, Table 3). Additionally, the Dox-NP + PS 80 and
Dox-sol groups were compared on day 18 after the implantation. Previous experiments
demonstrated that only a minor fraction of the animals in the control group survived longer
than 16 days (d) after implantation (Steiniger 2004); therefore, day 14 was chosen as the last

time point for the tumour assessment in the control group.

4.1.2.1 Tumour size

On day 10, there was a significantly decreased tumour size in the Dox-sol (p = 0.025) and
the Dox-NP + PS 80 (p = 0.0003) groups when compared to the control group (Table 4,
Figure 14a). The mean areas occupied by the tumours on H&E stained brain sections for the
groups of untreated animals, Dox-sol and Dox-NP + PS 80 were 9.4 + 5.2 mm’, 2.4 + 1.2
mm” and 0.3 + 0.4 mm?, respectively.

On day 14, the mean tumour size in the control group reached 24.9 + 7.6 mm”. Dox-NP +
PS 80 considerably inhibited the tumour growth: the tumour size in this group was only 0.4
0.2 mm® (Figure 14a). The tumour growth in Dox-sol was also inhibited and reached 11.1 +

11.3 mm* Statistically significant differences were found between the control and Dox-NP
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+ PS 80 group both on day 10 (p = 0.0003) and day 14 (p = 0.0028) after the implantation.
There were also statistical significance differences found between the Dox-sol and Dox-NP +
PS 80 groups on day10 (p = 0.025) and on day 14 after the implantation (p = 0.04) (Table 4).
The considerable increase in efficacy of the tumour growth inhibition enabled by Dox-NP +
PS 80 was also visible on day 18 after implantation. The mean tumour size - including one
outlier - in this group was 11.7 = 22.4, whereas in the Dox-sol group, the size reached 23.0 £
13.5 mm®. It is important to note that only one animal (the outlier) in the Dox-NP + PS 80
group developed a considerable tumour of 45 mm?, whereas the tumours of other animals
were below 1 mm? (Figure 14a). Without the outlier, the mean tumour area in this group is
0.48 + 0.29 mm? which is significantly lower, as compared to the Dox-sol group (p <
0.0005) (Table 4). Thus, treatment of 101/8 rat glioblastoma with Dox-NP + PS 80
significantly decreased the incidence of tumours and tumour size when compared to the

Dox-sol and the untreated control groups.

4.1.2.2 Proliferation

Proliferation was determined by immunohistochemical staining with antibodies against Ki67.
Proliferation showed stable levels in all groups (Figure 14b) with an average of 80 + 8%
Ki67" cells in the control group versus 71 + 11% and 58 + 8% in the Dox-sol and Dox-NP +
PS 80 group, respectively. On day 10, the Dox-sol and the Dox-NP + PS 80 groups showed
a significantly decreased proliferation after the implantation, when compared to the control;
p = 0.02 and 0.005 respectively. No statistical significancy was observed on day 14 between
the groups (Table 4 and Figure 14b). However, a significant decrease of the tumour cells
proliferation was observed on day 18 when compared with the Dox-sol group (p < 0.0005).
Thus, treatment with Dox-NP + PS 80 decreased proliferation of the tumour cells when

compared to treatment with Dox-sol and untreated control animals.

4.1.2.3 Vessel density

The vessel density in the tumour tissue was determined by measuring the percentage of the

tumour area occupied by blood vessels and microvascular proliferation in serial sections
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(Figure 14c). On day 10, the tumours in animals treated with Dox-NP + PS 80 showed a
decreased vessel density when compared to animals treated with Dox-sol or untreated control
animals (2 + 2%, 7 £ 4%, 11 + 2%, respectively). A statistical significant difference was
found only between the control and the Dox-NP + PS 80 groups (p = 0.017) (Table 4). The
advantage of Dox-NP + PS 80 became even more pronounced on day 14: the vessel density
in this group was negligible, whereas in the group treated with Dox-sol the density was
similar to the untreated control (8 + 6% and 9 + 4%, respectively). On day 18 after the
implantation, the vessel density was decreased in the Dox-NP + PS 80 group when compared
to the Dox-sol group (3 = 5% and 6 £ 1%, respectively). Again the high standard deviation
for the Dox-NP + PS 80 group is due to the single outlier. Without the outlier the mean
vessel density in the Dox-NP + PS 80 group is 0.85 = 0.28% which in this case, the
difference between the Dox-NP + PS 80 and Dox-sol groups was statistically significant (p <
0.0005) (Table 4). Thus, vessel density in the tumour tissue was drastically decreased after
treatment with Dox-NP + PS 80 when compared to treatment with Dox-sol and untreated

control animals.

4.1.2.4 Expression of glial fibrillary acidic protein (GFAP), expression of
vascular endothelial growth factor (VEGF), incidence and dimension of
necrosis, and microvascular proliferation

The efficacy of the chemotherapy was further characterized by GFAP expression, VEGF

expression, the incidence and dimension of necrosis, and microvascular proliferation (Table
3). While no considerable differences were observed in GFAP expression, the expression of
VEGF was decreased in the Dox-NP + PS 80 group when compared to the Dox-sol and the
control group at all time points (Figure 13). The incidence of necrosis was decreased in the
Dox-sol group when compared to untreated control animals. Necrosis was rarely observed in
the Dox-NP + PS 80 group. Microvascular proliferation increased with time in the control
group. The Dox-sol group showed decreased microvascular proliferation when compared to
the control group, while in the Dox-NP + PS 80 group microvascular proliferation was
completely absent. Thus, treatment of rat 101/8 glioblastoma with Dox-sol led to a slight
decrease of necrosis and microvascular proliferation, whereas Dox-NP + PS 80 drastically

decreased necrosis and led to the complete disappearance of microvascular proliferation.

87




Results

Table 4. Statistical analysis of the anti-tumour effect of doxorubicin formulations in rats bearing intracranial
101/8 glioblastoma tumour.

Day of
Type of test fixation Groups p-value
Control vs Dox-sol 0.025%*
Day 10 Control vs Dox-NP + PS 80 0.0003*
Dox-sol vs Dox-NP + PS 80 0.025*
Tumour size Control vs Dox-sol 0.15
Day 14 Control vs Dox-NP + PS 80 0.0028*
Dox-sol vs Dox-NP + PS 80 0.04*
Day 18** Dox-sol vs Dox-NP + PS 80 <0.0005*
Control vs Dox-sol 0.02*
Day 10 Control vs Dox-NP + PS 80 0.005*
Dox-sol vs Dox-NP + PS 80 1
Proliferation Control vs Dox-sol 1
Day 14 Control vs Dox-NP + PS 80 0.16
Dox-sol vs Dox-NP + PS 80 0.58
Day 18%* Dox-sol vs Dox-NP + PS 80 <0.0005*
Control vs Dox-sol 0.17
Day 10 Control vs Dox-NP + PS 80 0.015*
Dox-sol vs Dox-NP + PS 80 0.2
Vessel Density Control vs Dox-sol 0.35
Day 14 Control vs Dox-NP + PS 80 <0.0005*
Dox-sol vs Dox-NP + PS 80 <0.0005*
Day 18** Dox-sol vs Dox-NP + PS 80 <0.0005*

* Statisticaly significant. The significance level was set at 0.05 (p < 0.05).
** The comparison between the two groups was performed with the pairwise Student’s t-test. The simultaneous
comparison between three groups was evaluated with the Kruskal-Wallis model with post-hoc test.

4.1.3 Characterisation of drug-loaded PBCA nanoparticles prepared in the
presence of organic solvents
The drug-loaded PBCA nanoparticles were produced by anionic polymerisation of n-butyl-2-

cyanoacrylate in the presence of a drug. The polymerisation media consisted of a solution of

stabilisers/surfactants in a mixture of 0.01 N HCI and an appropriate organic solvent (9:1).
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Two substances were chosen; paclitaxel, a widely used antitumour agent and a model drug,
loperamide (opiate receptor agonist). The paclitaxel solubility in water is about 1 pg/ml
(Liggins 1997); the solubility of loperamide is about 2 pg/ml (Merck ed. 2001). These drugs
are sufficiently soluble in organic solvents (Merck 2001, Kim 2004). The drug-to-polymer-
ratio was 1:10. The particles were stabilised by commonly used excipients, dextran 70,000
(1%) and poloxamer 188 (0.2%) or, in the case of paclitaxel, also by PEG-PE, a micelle-
forming PEGylated phospholipid.

The data on the influence of organic solvents on the physicochemical parameters of the drug-

loaded and empty PBCA nanoparticles are presented in Tables 5 - 7 and Figures 15 - 17.

4.1.3.1 Size, polydispersity and surface charge of the nanoparticles

The average particle diameter and polydispersity of the nanoparticles are shown in Table 5.
The polymerisation of n-butyl-2-cyanoacrylate in the presence of dextran and poloxamer 188
enabled the preparation of 220 nm nanoparticles with a narrow polydispersity of 0.05, which

correlates with the results of other studies (Bootz 2004, Ambrousi 2006).

Table 5. Physicochemical parameters of empty PBCA nanoparticles prepared in the presence of organic
solvents (a mean value of 3 measurements + SD).

Particle size measured by PCS Charge Yield of PBCA
Organic solvent
Mean diameter (nm) Polydispersity (mV) (%)
None 220+5 0.05£0.02 -17 65+ 1.61
MeOH 200+ 11 0.045+0.015 -12 50.50£2.0
EtOH 230+ 10 0.035+0.02 -10 45.55+6.25
i-PrOH 240+ 8 0.02 £0.01 -10 56.29+2.0
EtOAc 195+7 0.05+0.01 -11 56.70 £ 10.5
CH,Cl, 185+5 0.025 £ 0.01 -14 65.60 £2.6
CH,CL/PEG-PE 320+ 10 0.3+0.05 -17 55.87+5.11
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The presence of the organic solvents in the polymerisation medium did not considerably
influence the physicochemical parameters of the empty nanoparticles.

The surface charges of all samples were negative with values between -10 to -17 mV with
similar sizes in the range of 185 - 240 nm and a narrow size distribution of 0.02 to 0.05. The
empty nanoparticles produced using 1% PEG-PE were characterised by a larger size of 320
nm with a higher polydispersity of 0.3. The results of the PCS measurements of the particle

size were consistent with the data obtained by analytical ultracentrifugation (Figure 15).

0.016+

0.012+

Particle size distribution g*(D)
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Particle diameter, nm

Figure 15. Particle size distribution determined by analytical ultracentrifugation (ANUC) of empty (dotted
line) and loperamide-loaded (solid line) PBCA nanoparticles prepared in the presence of dichloromethane after
freeze-drying.

The empty nanoparticles showed a relatively homogeneous size distribution with a peak at
220 nm. A broad shoulder in the range of ~ 250 nm and a small peak at about 500 nm were
obviously caused by the presence of particles of these sizes. These particle populations,
however, were not large since they did not produce any significant isolated peaks.

The size and size distribution of loperamide-loaded PBCA nanoparticles determined by PCS
and analytical ultracentrifugation did not differ significantly from those of empty

nanoparticles (Table 5 - 6, Figure 15).
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Table 6. Parameters of loperamide-loaded PBCA nanoparticles prepared in the presence of organic solvents
(mean values + SD from three replicate samples).

Particle size measured by Drug conc.
. Substance PCS Surface Encapsulation Loading capacity in the Yield of
O;f::elc solubility Mean charge efficiency (ng bound drug/ nanoparticle PBCA
(mg/ml)* diameter  Polydispersity (mV) (%) mg PBCA) suspension (%)
(nm) (mg/ml)

MeOH 28.6 22545 0.035+0.02 -5 82.5«£5 157.44 0.825 + 0.05 52.4+£10.9

EtOH 5.37 245+ 5 0.030+0.01 -10 85.5+5 145.41 0.85.5+0.05 58.8+20.5
CH,Cl, 35.1 22345 0.020 = 0.01 -4 80.2+2 131.60 0.802 +0.02 60.9 £10.1

* Data from Merck index, edition 13

The surface charges were less negative, as compared to the empty particles, but remained
negative in the range of -5 mV to -10 mV. The encapsulation efficiency of loperamide was
as high as 80 - 85%; the capacity of the particles reached 130 - 160 ug bound drug/mg
PBCA. The yield of PBCA was 50 - 60%, which was similar to that of the empty

nanoparticles.

Table 7. Parameters of paclitaxel-loaded PBCA nanoparticles prepared in the presence of organic solvents
(mean values + SD from three replicate samples).

Particle size measured by Loading Drug conc.
Yield
PCS Surface Encapsulation capacity in the
Organic Substance of
. Mean charge efficiency (ng bound nanoparticle
phase Solubility PBCA
diameter  Polydispersity (mV) (%) drug/ suspension %)
(am) mg PBCA) (mg/ml) °
MeOH Soluble 353.2+33 0.36+0.02 -15 20+5 32.0 0.20 +0.05 62.5
i-PrOH Soluble 421.3+£423 0.38 £0.05 -19 16.5+2 31.31 0.165 +0.02 52.7
EtOAc n/a 365.8+2.3 0.58+0.01 -11 20.5+2 30.73 0.205+0.02 66.7
CH,Cl, Soluble 307.6 £12 0.24 £0.03 -17 242+5 40.33 0.242 +0.05 60
CH,Cl,/ PE-
PEG n/a 3553+5 0.33+£0.05 -20 45+5 55.90 0.45 £0.05 80.53

* Data from Kim et al. (Kim 2004).

The size of paclitaxel-loaded nanoparticles was larger than the empty nanoparticles, with the
mean particle diameters ranging from 308 nm to 427 nm depending on the solvent that was
used. The polydispersity was also higher — up to 0.3 (Table 7).

The charge of these particles did not considerably differ from that of the empty particles.
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4.1.3.2 Morphology of the nanoparticles
The morphology of the PBCA nanoparticles was investigated by scanning electron

microscopy (SEM) and atomic force microscopy (AFM). The samples for microscopy were
prepared after freeze-drying without further purification. Typical micrographs of empty and

loperamide-loaded particles are shown in Figures 16 and 17.

Figure 16 Scanning electron micrographs (SEM) of the PC nanoparticles prepared in the presence of
dichloromethane after freeze-drying and redispersion in water: (A) empty and (B) loperamide-loaded
nanoparticles. Bar: 800 nm.

It can be seen that both types of particles had a spherical shape. Importantly, the
micrographs of loperamide-loaded particles did not exhibit any crystals on the surface of the
particles or in the medium, which indicates that all drugs in this formulation were indeed

encapsulated and not precipitated in the form of crystals.

Figure 17. AFM surface morphology of the PBCA nanoparticles in the presence of dichloromethane after
freeze-drying and redispersion in water: (A) empty and (B) loperamide-loaded nanoparticles. Bar: 200 nm.
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4.1.3.3 Particle yield

The yield of PBCA particles were measured with gas chromatography. The particle yield
appeared to be lower in the presence of alcohols and ethylacetate, whereas dichloromethane
did not affect this parameter. The polymerisation time before adding the organic solvent (30,
40, or 60 min) did not produce any considerable changes in the above parameters of the
empty nanoparticles. The presence of the drug appeared to have no major influence on the
particle yield. However, the polymerisation yield in the presence of PEG-PE reached about
80%, which was the highest particle yield compared to other excipient (dextran 70,000 (1%)
and poloxamer 188 (0.2%)) (Tables 5 - 7).

4.1.3.4 Drug loading

The encapsulation efficiency of paclitaxel in the particles stabilised by dextran and
poloxamer 188 was low (16 - 24%); however, in the presence of PEG-PE the loading
increased to 45% and the capacity reached 55 pg/ mg PBCA (Table 6). PEG-PE also
produced the highest PBCA yield of 80%; whereas for other samples, the yield remained in
the range of 50 - 65%.

The concentration of loperamide in the nanoparticle suspensions was ~ 0.8 mg/ml. The
measurements of the drug loading performed after freeze-drying demonstrated that the
filtrates obtained by ultrafiltration of the nanoparticle suspension contained only trace
amounts of free drugs, which suggested that practically all of the drugs in the formulations
were incorporated in the nanoparticles. Therefore, the nanoparticles enabled a 400-fold
increase in drug content in an aqueous medium (800 pg/ml versus initial 2 pg/ml) (Table 6).
Similar results were obtained for paclitaxel: its total concentration in the aqueous medium
was increased 200-fold for the dextran/poloxamer-stabilised particles and 450-fold in the
case of PEG-PE (Table 6).

4.1.3.5 The content of residual organic solvents

The residual content of the organic solvents in the samples of empty nanoparticle after

freeze-drying was analysed by gas chromatography. It was found that the nanoparticles
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produced in the presence of ethanol contained the highest residual amount of 1400 ppm
organic solvents, whereas the particles produced in the presence of ethylacetate exhibited
only trace amounts of 5 ppm. The amounts of residual solvents in the samples prepared in

the presence of iso-propanol and dichloromethane were 340 ppm and 50 ppm, respectively.

4.1.3.6 Loperamide-loaded PBCA-based formulations for the tail-flick test

The pharmacological efficacy of the nanoparticulate loperamide was tested using the tail-
flick test, as described by Alyautdin et al. (Alyautdin 1997). The antinociceptive effects of

the formulations measured as percentage of a maximal possible effect (MPE%) are presented

in Figure 18.

120

100 -

80

60 -

40

20

Maximal possible effect %

-20 ) ) ) ) ) ) ) ) ) )

0 20 40 60 80 100 120 140 160 180 200
Time post injection, min
Figure 18. Antinociceptive effect of loperamide formulations assessed by a tail-flick test after i.v. injection in
mice (7.0 mg/kg): e loperamide bound to non-coated, o polysorbate 80-coated PBCA nanoparticles and
A loperamide solution (n = 10).
It can be seen that loperamide bound to PBCA nanoparticles coated with polysorbate 80

produced an analgesic effect that reached its maximum of 80% MPE 15 min after injection

and was measurable for 120 min. As expected, loperamide in solution was ineffective, and
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after 60 minutes the evaluation of this formulation was terminated. These data correlate with
the results of Alyautdin et al. (Alyautdin 1997). Similarly to the polysorbate 80-coated
nanoparticles a considerable analgesia also was produced by the non-coated nanoparticles.
The maximal effect of the non-coated nanoparticles formulation (100% MPE) was observed

15 min after injection. However, in this case analgesia lasted only 60 min.

4.1.3.7 Treatment of rats bearing intracranial transplanted glioblastoma
101/8 using paclitaxel-loaded nanoparticle formulations

The antitumour efficacy of paclitaxel in three nanoparticle formulations including paclitaxel
bound to PBCA nanoparticles (PXL-NP), PXL-NP coated with polysorbate 80 (PXL-NP +
PS 80), and PXL-NP coated with poloxamer 188 (PXL-NP + F68) was tested in
glioblastoma-bearing rats. Untreated glioblastoma-bearing rats and the animals treated with
the paclitaxel solution (PXL) were used as controls.

The brain tumour model and the treatment regimen for the present study were chosen based
on the results of the previous experiments, where this experimental protocol using
doxorubicin formulations proved to be effective (Steiniger 2004, Ambrousi 2006, Petri
2007). Therefore, the objective of this experiment was to investigate if this technology could
be extended to paclitaxel.

Due to the low loading of paclitaxel to PBCA-NP, administration of a high dose was not
possible. Therefore, the chemotherapy of paclitaxel was carried out using the total dose of
4.5 mg/kg (3 x 1.5 mg/kg). The result of the chemotherapy is presented as numeric values in
the form of median and mean survival time (Table 8) and the Kaplan-Meier survival curves

(Figure 19).
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Table 8. Median and mean survival time of the 101/8 glioblastoma-bearing rats after treatment with different
paclitaxel formulations; (PXL-NP), PXL-NP coated with polysorbate 80 (PXL-NP + PS 80) or coated with
poloxamer 188 (PXL-NP + F68), and paclitaxel solution (PXL) which compared with untreated animals
(Control).

Survival time, days

Groups Median Mean
Untreated control 11 13
PXL 14 15
PXL-NP 12 13
PXL-NP + PS 80 13 14
PXL-NP + F68 15 14

The median survival time represents the day at which half of the populations with tumour
were still alive. As seen from Table 8, the median of survival in the groups treated with PXL
and PXL-NP + F68 were 14 and 15 days, respectively, which was slightly higher than in the
other groups. The mean survival times measured starting from the day of the tumour
implantation were similar in all groups (14 days). None of the groups treated with paclitaxel
formulations showed improvement in the mean survival time, as compared to the untreated
animals.

As seen from the Kaplan-Meier survival curves, the longest survival time was achieved in
the group treated with paclitaxel solution: 25% of the animals (2/8) survived till day 20 post-
tumour implantation. However, this effect was not significant. In addition, there were no

cases of long-term remission.
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Figure 19. Survival (Kaplan-Meier plot) of rats bearing intracranially transplanted 101/8 glioblastoma after i.v.
administration of paclitaxel-loaded in PBCA nanoparticles formulation; (PXL-NP), PXL-NP coated with

polysorbate 80 (PXL-NP + PS 80) or coated with poloxamer 188 (PXL-NP + F68) which compared with
paclitaxel solution (PXL), and untreated animals (Control).

All animals were sacrificed after the appearance of the clinical signs of the disease (mostly
day 15). The macroscopical observation of the internal organs showed no signs of drug

related toxicity.

4.2 Characterisation of human serum albumin nanoparticles

The human serum albumin nanoparticles (HSA-NP) were prepared by desolvation of HSA
with ethanol followed by crosslinking with glutaraldehyde (Weber 2000a, Weber 2000b).
The desolvation procedure was performed by the addition of the desolvating agent, ethanol
to the protein. The desolvation resulted in the precipitation of the HSA macromolecules.
With the help of ethanol the swelling of macromolecules in solution reversed, and the
diameter of the macromolecule coil become smaller. After a certain degree of desolvation,
the molecules began to aggregate. When sufficient desolvation had occurred, phase
separation took place (Kreuter, J. Ed. 1994).

After the desolvation of HSA solution, the nanoparticles were stabilised with glutaraldehyde.

The aldehyde amount was corresponding to 100% of the theoretic amount necessary for the
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quantitative cross-linking of the 59 e-amino groups in the HSA molecules of the particle
matrix (Langer 2003, Weber 2000a).
The resulting nanoparticles were purified by repetitive washing and the pellets were re-

dispersed to the original volume in water.

4.2.1 Size, polydispersity and surface charge of the nanoparticles

By using a combination of the pump-controlled system and adjusting of the pH in the
presence of sodium chloride, rather homogenous sizes and polydispersities of the
nanoparticles were achieved. The size of the empty nanoparticles at pH 8.0 was about 170 +
20 with the polydispersity of 0.25 + 0.05. The purification process removed all particles of
diameter below 50 nm, which lead to much more narrow size distributions. The size of
nanoparticles after purification was 200 £ 25 nm with a narrow size distribution of 0.05 *

0.01.

The surface charge of the empty nanoparticles was -50 £ 6.5 mV.

4.2.2 Characterisation of the HSA nanoparticles modified by apolipoprotein A-I
and B-100

The mechanism of the delivery of the drugs across the BBB by nanoparticles still is not fully
elucidated. The involvement of different apolipoproteins which enable the interaction of the
nanoparticles with the brain endothelial cells and subsequent drug transfer into the brain was
demonstrated in different studies (Kreuter 2002, Gessner 2001, Petri 2007).

In the present study, apolipoprotein A-I (Apo A-I) and B-100 (Apo B-100) were covalently
coupled to human serum albumin (HSA-NP), and the central analgesic effect of loperamide
which was adsorbed to the nanoparticles surface was tested with the tail-flick test.

For the covalent attachment of the apolipoproteins to the nanoparticle, it was necessary to
achieve reactive sulfahydryl functions on the surface of the nanoparticles. The nanoparticles
were activated using a heterobifuntional PEG-based crosslinker; NHS-PEG3400-MAL.

At pH 8.0, the spacer reacted selectively with primary amine groups which were available on

the nanoparticle surface. To achieve complete reaction, the spacer was used in 50-fold molar
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excess. After 2 h, the unreacted spacer was separated with centrifugation from NHS-PEG-
MAL activated nanoparticle (Figure 20). The nanoparticles were redispersed in phosphate
buffer (pH 8.5).
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Figure 20. Chemical representation of the nanoparticles with the bifunctional NHS-PEG-MAL (mw = 3400).
In a second step, a free sulfyhydryl group was introduced on the surface of apolipoproteins

by reaction of apolipoprotein amino groups with 2-iminothiolane (Figure 21). 2-

iminothiolane (Traut’s reagent) is a water soluble reagent and reacts at pH 7 to 10.

NG

Figure 21. Thiolated apolipoprotein.

After thiolation of the apolipoproteins, the nanoparticles were attached via a thioether
linkage between the sulthydryl reactive NHS-PEG-maleimide group of the activated
nanoparticles and the sulfhydryl groups on the apolipoprotein surface. The apolipoproteins
were employed in the highest concentrations (Table 9) that could be attached to the
nanoparticles. The Apo A-I concentration was 150 pg/ml nanoparticle suspension which

was 3 times higher than that of Apo B-100 (50 pg/ml).
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Loperamide was loaded by the absorption method on the surface of the nanoparticles. The
final HSA nanoparticles concentration was 10 mg/ml corresponding to 0.7 mg loperamide.
Figure 22 shows the schematic structure of the covalently apolipoprotein modified HSA

nanoparticles.
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Figure 22. Schematic illustration of covalently apolipoprotein-modified HSA-NP. Thiolated apolipoprotein
attached via thioether linkage to activated nanoparticles. Loperamide loaded to nanoparticle by adsorption
method.
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4.2.2.1 Size, polydispersity and surface of the nanoparticles

Table 9 shows three preparations based on the HSA nanoparticles which were used in the
tail-flick test: loperamide-loaded unmodified nanoparticles (HSA-NP), loperamide-loaded
HSA nanoparticles with covalently attached apolipoproteins A-I or B-100 (HSA-NP+ApoA-
I, HSA-NP+ApoB-100, respectively).

The nanoparticle preparations were characterised by a similar size, polydispersity index, and
zeta potential. The size of the nanoparticles with covalently bound ApoB-100 was about 240
nm which was slighty bigger than that of HSA-NP modified with Apo A-I (225 nm) and the
unmodified loperamide-loaded nanoparticles (218 nm). The attachment of apolipoproteins
slightly increased the nanoparticles polydispersity from 0.05 (HSA-NP) to 0.3 (HSA-NP +
Apo A-I) and 0.6 (HSA-NP + Apo B-100). The surface charges remained negative for all
particles. However, the empty nanoparticles showed a slightly more negative charge (-42

mV).
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Table 9. Physicochemical characteristics of loperamide-loaded HSA nanoparticles (HSA-NP) with
apolipoproteins A-I and B-100 (Apo A-I, Apo B-100) covalently attached using the NHS-PEG-Mal 3400
linker.

Mean Loperamide
Charge Apolipoprotein
Preparations particle size  Polydispersity conc.
(mV) conc. (ng/ml)
(nm) (mg/ml)
HSA-NP + Apo A-1 225 0.38 -35 0.86 150
HSA-NP + Apo B-100 240 0.66 -37 0.86 50
HSA-NP 218 0.05 -42 0.86 -

The highest concentrations of the apolipoproteins which could bind to the HSA nanoparticles
were differed from each other (Table 9). The highest apolipoprotein A-I concentration was
150 pg/ml of the nanoparticle suspention which was three times higher compared to the
nanoparticle preparation with apolipoprotein B-100. However the loperamide loading was

similar for all nanoparticle preparations.

4.2.2.2 Tail-flick test with apolipoprotein-modified HSA nanoparticle
formulations

The antinociceptive response demonstrating the transport of loperamide across the BBB was
measured by the tail-flick test after intravenous injection of the loperamide formulations in
mice. A significant antinociceptive response was achieved only in animals treated with
loperamide bound to HSA nanoparticles modified by the apolipoproteins A-I and B-100
compared, whereas the effect of empty nanoparticles and the loperamide solution was

negligible (Figure 23).
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Figure 23. Maximal possible effect (MPE) (mean + SD) of the antinociceptive response of male ICR (CD-1)
mice after injection of one of the following loperamide formulations into the tail vein in the dose of 7.0 mg/kg
(n=10): e loperamide loaded in HSA nanoparticles with covalently attached apolipoprotein A-I; o loperamide

loaded in HSA nanoparticles with covalently attached apolipoprotein B-100; V¥ loperamide loaded HSA-NP,
and A loperamide solution.

The antinociceptive effect of the particles modified by apolipoprotein A-I reached 65% after
15 min. The maximal possible effect (MPE) of the particles modified by apolipoprotein B-
100 at this time was below 50% but was still statistically different (2p < 0.02) from the
loperamide solution and the unmodified nanoparticles. The antinociceptive effect of these
preparations lasted for over 60 minutes, although at this time, there was no significant
difference between two types of the modified nanoparticles. The loperamide-loaded
unmodified nanoparticles and loperamide solution produced no considerable effect (MPE
below 20%).

These results clearly demonstrated that the binding of apolipoproteins to the surface of the

nanoparticles facilitated the transport of this drug across the BBB.
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4.2.3 Thalidomide bound to human serum albumin nanoparticles

The empty HSA nanoparticles were prepared using the desolvation technique as described in
the section 3.1. For thalidomide loading in the HSA-NP, 1 mg of the drug was dissolved in 1
ml of ethanol-DMSO (8:2) mixture. The drug solution then was added to 10 mg of HSA-NP.
To destabilise the crystalline structure of thalidomide and to enhance the loading, 10 pl

trietylamine was added to the suspension, and the mixture was shaken for 24 h.

4.2.3.1 Size, polydispersity, and surface of the nanoparticles

The size of empty nanoparticles produced at pH 8.5 was 173 £ 24 nm with a narrow
polydispersity of 0.05 + 0.01. The purification process slightly increased the size to 185 +
10 nm. After thalidomide loading to HSA-NP, the size of the nanoparticles was increased to
210 £ 40 nm (Figure 24). However, the polydispersity was not changed and remained

similar to the empty nanoparticles after the purification (0.05 £ 0.01).

Size (nin)
L

empty NP after purification Thal-HS A-NP

Figure 24. Average size of empty HSA nanoparticles (before and after purification with water) and
Thalidomide loaded HSA-NP.

The charge of the nanoparticles was -50 £ 6.5 mV and did not change after the drug loading.
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4.2.3.2 Drug loading

The loading (%) was calculated as the ratio of the drug bound to the particles to the initial
drug concentration. The result showed that the loading of thalidomide to HSA-NP
considerably increased after the addition of triethylamine. The solubility of thalidomide in
20 mg/ml HSA-NP suspension reached up to 800 pg of thalidomide (40 pg Thal/mg HSA-
NP), whereas the solubility of the free drug (a mixture of enantiomers) in water and 5%

glucose solution was only 52 and 70 pg/ml, respectively (Eriksson 2000).

4.2.3.3 Solubility of thalidomide

Thalidomide has a poor solubility in water. For this reason, only peroral formulations of this
drug are available, although parenteral administration would be desirable in some clinical
situations (Eriksson 2000).

The purpose of this set of experiments was to investigate the possibility to increase the
solubility of thalidomide by using pharmaceutical excipients. These solvents included 5%
glucose solution, 10% polysorbate 80, 10% poloxamer 188, cremophor® EL-ethanol (51:49).
Thalidomide was used in a form of racemate (a mixture of two enantiomers). The aqueous
solubility of thalidomide in water and 5% glucose solution was also tested. The result was
compared with the thalidomide concentration in the HSA-NP formulation (400 pg Thal/ml
NP suspension).

These formulations were also tested for their stability (storage for 24 h at room temperature).
The concentration of thalidomide after 24 h was measured by HPLC and compared with the
freshly prepared formulations. The preparations containing more than 5 % of precipitated
thalidomide were discarded.

The solubility of thalidomide in 10% solutions of poloxamer 188 or polysorbate 80 was
154.75 and 213.13 pg/ml, respectively. Similar solubility (215 pg/ml) was achieved using
the mixture of 51% Cremophor® EL and 49% ethanol. These results are summarised in

Figure 25.
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Figure 25. Solubility of thalidomide in different organic solvents; water, 5% glucose solution, 10%
polysorbate 80, 10% poloxamer 188, 51% cremophor and 49% ethanol and thalidomide-HSA-NP.

The thalidomide solubility in water and in 5% glucose was 50 and 75 pg/ml, respectively,
which correlated with the results of Eriksson et al. (Eriksson 2000).

In neither of these formulations, solubility of thalidomide could exceed the content of
thalidomide in the nanoparticle formulation (400 pg/ml). Furthermore, the solubility of
thalidomide in clinically applicable vehicles such as 0.5% solutions of polysorbate 80 or

poloxamer 188 was only 75 pg/ml, i.e. the same as in the 5% glucose solution.

4.2.3.4 Treatment of rats bearing intracranial transplanted glioblastoma
101/8 using different thalidomide formulations
The antitumour efficacy of the unmodified thalidomide-loaded HSA-NP (Thal-HSA-NP) and

Thal-HSA-NP coated with 1% polysorbate 80 (Thal-HSA-NP + PS 80) were evaluated in the
glioblastoma-bearing rats. The effect of these formulations was compared to orally
administered thalidomide. Untreated animals were used as control. The nanoparticle
formulations were injected intravenously into the tail caudal vein. The treatment regimen
was 3 % 1 mg/kg (total dose 3 mg/kg) on days 2, 5, and 8 post-tumour implantation.

Figure 26 shows the Kaplan-Meier survival plot of the rats treated with these formulations.

All animals died between day 20 and 25 post-implantation.
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Figure 26. Survival (Kaplan-Meier plot) of rats bearing intracranially transplanted 101/8 glioblastoma after i.v.
administration of thalidomide-loaded in HSA nanoparticles included, the unmodified surface thalidomide HSA-
NP (Thal-HSA-NP), coated with 1% polysorbate 80 (Thal-HSA-NP + PS 80).

Table 10. Median and mean survival time of the 101/8 glioblastoma-bearing rats after treatment with different
thalidomide formulations.

Survival time, days

Groups
Median Mean
Untreated control 17 15
Thalidomide (oral) 16 16
Thal-HSA-NP 19 15
Thal-HSA-NP + PS 80 18 14

As seen in Table 10, the median and mean survival times among the groups were similar.
The group treated with thalidomide given orally survived longer than other groups with
mean survival of 16 days. The unmodified thalidomide-loaded HSA-NP had the highest
median time of the day 19 compared to other groups. However, these differences were not
significant.

Thus, thalidomide formulations did not increase survival time of tumour-bearing rats. All

the animals were sacrificed after the appearance of the tumour-related illness.
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4.3 Characterisation of poly(lactide-co-glycolide) nanoparticles
Poly(lactide-co-glycolide) nanoparticles (PLGA-NP) were produced by the precipitation

solvent diffusion technique. In this study, polymers were dissolved in an organic solvent
miscible with water (acetone) and dispersed in an aqueous phase containing a colloid
stabiliser. The stabilisers were polyvinyl alcohol (PVA), human serum albumin (HSA), and
poloxamer 188 (F68). The almost instantaneous diffusion of the organic solvent into the
aqueous phase resulted in the precipitation of the copolymers as in the form of the
nanoparticles. Then the solvent was evaporated.

The hydrophobic drug, 3,3’-diindolylmethane (DIM), was dissolved in acetone and added to
the preparation as described above. The drug-to-polymer ratio was 1:10.

For a more homogenous nanoparticles preparation, a pump was used for the addition of the

organic phase.

4.3.1 Size, polydispersity, and surface charge of the nanoparticles

The physicochemical parameters of the nanoparticles are shown in Table 11. It can be seen
that the size and surface charge of the nanoparticles depended on the type of a stabiliser and
were not influenced by the presence of DIM. Among the preparations, the HSA-stabilised
nanoparticles had the biggest size of about 330 nm and the lowest negative surface charge
(-40 mV). These nanoparticles also had a slightly higher polydispersity of 0.18 - 0.15. Other
nanoparticles had similar sizes of 225 - 269 nm and polydispersity of 0.03 - 0.11.

Table 11. Physicochemical parameters of empty and DIM-loaded PLGA nanoparticles

DIM conc.

Stabiliser in Mean diameter PD Surface charge

(1% wiv) NP suspension (nm) (mV)
(mg/ml)*

PVA - 269.2 0.03 -20.4
0.65 263.5 0.08 -24.2
HSA - 333.9 0.18 -38.2
0.71 334.7 0.15 -42.3
Fo8 - 2253 0.08 -34.5
0.67 2342 0.11 -38.1

* Initial DIM concentration in the reaction medium was 1 mg/ml.
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4.3.2 Morphology of the nanoparticles
Investigation of the nanoparticle morphology was performed by scanning electron

microscopy. Figure 27 shows the nanoparticles after freeze-drying which were redispersed

in water. The samples were used without further purification.

Figure 27. Scanning electron micrographs of PLGA nanoparticles after freeze-drying and redispersion in
water: (A) empty and (B) DIM-loaded nanoparticles stabilised with PVA, (C) empty and (D) DIM-loaded
nanoparticles stabilised with HSA. Bar: 1000 nm.

It can be seen that only particles stabilised with PVA had a round shape. It is obvious from
Figure 27 that the preparation method applying a pump system led to the homogenous mean
particle size as well as to the narrow particle size distribution. The nanoparticles stabilised
with HSA were not spherical and were not always stable after reconstitution in water. No

signs of DIM crystallisation were detected in the samples (Figure 27).

4.3.3 Drug loading
All types of the nanoparticles enhanced the content of DIM in the aqueous media, which

reached 0.65 - 0.71 mg/ml (Table 11). Therefore the DIM solubility was increased 650 - 700-
fold, as compared to its solubility in the aqueous solution. The drug might be entrapped and
adsorbed on the nanoparticle surface. Interestingly, the nanoparticles stabilised by PVA and

HSA also seemed to increase the photostability of DIM.
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4.3.4 Determination of maximum solubility in aqueous media
The solubility data obtained using the filter device and the shake-flask method, is displayed

in Figure 28. The maximum concentration of DIM in aqueous media used in this study was
~ 1 pg/ml. The solubility was not influenced by pH and was similar in water, 0.01 N HCI or
PBS pH 7.4 (Figure 28). The solubilities after 24 h were similar to the values obtained after
4 h.
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Figure 28. Maximum concentration solubility of DIM in water, 0.01 N HCI or phosphate buffer pH 7.4 after 4
and 24 h.

4.3.5 DIM stability in organic media

The HPLC detection limit of DIM in acetone and acetonitrile was 1.5 pg/ml. After 4 h, the
solutions in acetone and acetonitrile acquired a red colour indicating the appearance of a
degradation product. However, the retention time of DIM and its area under the curve values
were not changed as compared to the chromatographs of the freshly prepared solutions. No
extra peak was observed at either of 15 pg/ml or 25 mg/ml concentrations during 4 and 24 h
or after one week. The brown flask could not protect the solution from the formation of a

red-coloured product.
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5 Discussion

5.1 Doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles
The objective of this study was the in-depth evaluation of antitumour effect of doxorubicin

bound to PBCA nanoparticles coated with polysorbate 80 (Dox-NP + PS 80) against 101/8
rat glioblastoma. This tumour model is an orthotopic model initially generated by the
injection of a-dimethylbenzanthracene into the cerebellum of Wistar rats followed by a
serial transplantation of the tumour tissues into the hemisphere of Wistar rats
(Yablonovskaya 1970). Thus, the rat 101/8 glioblastoma differed from other established rat
brain tumour models that were generated by an injection of derivatives of nitrosourea or
Rous sarcoma virus or by xenografting human glioma cell lines (Barth 1998). The 101/8
glioblastoma is characterised by a reproducable host survival time of sufficient duration to
permit therapy and determination of its efficacy. Indeed, this model has been successfully
applied in a variety of studies for the evaluation of experimental therapies (Steiniger 2004,
Gelperina 2002, Ambruosi 2006).

The morphological evaluation of the 101/8 glioblastoma performed in this study also
evidenced that the proliferation of this tumour remained at high levels throughout the host
survival time. Moreover, the tumour showed a reproducible growth pattern and temporal
development that is comparable to human glioblastomas. The tumours increased in size,
vessel density, necrosis, and showed abundant microvascular proliferation. Furthermore, the
101/8 glioblastoma showed an invasive growth pattern with tumour cells diffusely
infiltrating surrounding host brain at the edge of the solid tumour mass without signs of
encapsulation. Thus the 101/8 rat glioblastoma fulfills most criteria for a valid glioma model
(Barth 1998, Peterson 1994, Maggio 1996). It can also be qualified as a reliable brain
tumour model for therapeutic studies besides the established models such as the F98 (Barth
1998) and 9L gliosarcoma (Weizsacker 1981), the C6 glioma (Benda 1971), and RG2 glioma
(Ko 1980).

According to Professor Glatzel (Institut fuer Neuropathologie, Universtaetsklinikum
Hamburg, Eppendorf), the 101/8 rat glioblastoma is the experimental rat glioblastoma that

most resembles human glioblastomas (personal communication).
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The effects of the therapy of this orthotopic rat glioblastoma model using Dox-NP + PS 80
and Dox-sol was evaluated by morphometric, histochemical and immunohistochemical
methods. It was shown that the tumour formation was significantly reduced in the Dox-NP +
PS 80 versus the Dox-sol and control groups. These data confirmed the results of the earlier
study where more than 20% of the animals treated with Dox-NP + PS 80 showed the long-
term remission in the same glioblastoma model (Steiniger 2004). This effect was
presumably mediated by the antiangiogenic or cytotoxic effects of doxorubicin. Stan et al.
(Stan 1999) described a dose-dependent cytotoxic effect of doxorubicin on glioma cell lines
in vitro. These authors showed that pre-treatment of tumour cells with doxorubicin precluded
tumour formation after implantation of tumour cells on the chorioallantoic membrane of
embryonated hen eggs.

Moreover, treatment with doxorubicin-loaded nanoparticles showed reduced proliferation
and tumour sizes when compared to treatment with doxorubicin in solution and untreated
control animals. The antiproliferative effect of doxorubicin was described in organotypic
multicellular spheroids of glioma cells in vitro (Kaaijk 1996) and also after subcutaneous
implantation of rat C6 glioma cells (Van Waarde 2007). However, both are models that do
not require passage through the BBB. In our study, doxorubicin in solution produced
decreased proliferation of the tumour cells and reduced tumor sizes when compared to
untreated controls. However, the excellent result achieved by Dox-NP + PS 80 confirms
again that the enhanced transport of doxorubicin through the BBB drastically improves the
drug effect against intracranial glioblastoma.

The vessel density, necrosis, and expression of VEGF were decreased and microvascular
proliferation was absent in animals treated with doxorubicin-loaded nanoparticles when
compared with untreated controls. Treatment with a solution of doxorubicin showed a
tendency towards the decreased vessel density that was not statistically significant. At the
same time, measurements of vessel density and microvascular proliferation in Dox-NP+PS
80-treated rats demonstrated that the drastic decrease of the vessel density going hand in
hand with the virtual absence of microvascular proliferation. These data corroborated the
results of the previous studies showing the antiangiogenic effects of doxorubicin (Bocci
2002, Zhou 2002, Straubinger 2004).
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5.2 Drug-loaded PBCA nanoparticles prepared in the presence of organic
solvents

The objective of this part of the study was to develop a method for the loading of water-
insoluble drugs in the PBCA nanoparticles. The drug-loaded poly(alkyl cyanoacrylate)
nanoparticles are generally prepared by anionic polymerization of alkyl cyanoacrylates in an
aqueous acidic media in the presence of a drug. Commonly used stabilisers are dextran
and/or poloxamer 188 (Vauthier 2003, Couvreur 1979). This method allows efficient
loading of hydrophilic or amphiphilic drugs such as ampicillin or doxorubicin (Youssef
1988, Steiniger 2004). However, it is not obviously suitable for the encapsulation of poorly
soluble drugs. Attempts to overcome this difficulty included the preparations of the particles
in the ethanol-containing media (Alyautdin 1997, Beck 1994) or in the presence of
cyclodextrins (Duchene 1999). While the first method is applicable only to the drugs that are
soluble in ethanol and is difficult to reproduce, cyclodextrins indeed allowed to considerably
increasing the encapsulation efficiency of poorly soluble substances, such as progesterone
and testosterone.

In the present study, the method of the preparation was modified so that the drug-loaded
PBCA nanoparticles were produced in agueous media containing 10% (v/v) of the organic
solvents. The type of solvent was chosen depending on the drug solubility.

This study shows that the presence of organic solvents did not significantly influence the
morphology of the nanoparticles or their physicochemical parameters, such as the surface
charge, size and polydispersity, as well as the yield of the polymer. Importantly, the solvents
could be efficiently removed from the nanoparticles by evaporation under normal pressure
and subsequent lyophilisation. The residual amounts of the solvents in the nanoparticles met
the requirements of the European Pharmacopoeia (Eur Pharm. 5™ eds.).

A high loading of loperamide of about 80% in the nanoparticles was achieved with all tested
solvents. The loading capacity of the particles reached 130 - 160 pg bound drug/mg PBCA.
In the study of Alyautidin et al. (Alyautidin 1997), where the PBCA nanoparticles were
manufactured in 50% aqueous ethanol, a considerably lower encapsulation efficiency of
loperamide (47%) was obtained.

The encapsulation efficiency of paclitaxel was much lower - about 25%. Therefore, the

loading capacity of the particles reached only 30 - 40 pg bound drug/mg PBCA. These
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parameters were considerably improved when a PEGylated phospholipid was used as a
stabiliser: the encapsulation efficiency increased to 45% and the loading capacity to 55
png/mg PBCA. This result correlates with the results of Mitra and Lin et al. (Mitra and Lin
2003) who also showed that the loading of paclitaxel in PBCA nanoparticles could be
increased in the presence of lipids. A higher encapsulation of paclitaxel was achieved in the
presence of PEG-PE. It is probably explained by a more efficient solubilisation of paclitaxel
within PEG-PE micelles and/or the affinity of these micelles to the growing nanoparticle
matrices.

As shown by the determination of the drug loading after freeze-drying, both, loperamide and
paclitaxel, were almost fully encapsulated in the nanoparticles. The formulations contained
only trace amounts of free drugs. This conclusion is further supported by the absence of the
crystals in the micrographs of loperamide-loaded nanoparticles. Remarkably, by means of
the nanoparticles, the content of these substances in the aqueous media for a given volume
could be increased 200 - 450-fold.

5.2.1 Analgesic effect of loperamide-loaded in PBCA nanoparticles (tail-flick
test)

The pharmacological efficacy of the nanoparticulate formulations of loperamide was tested
using a tail-flick test. Loperamide is a peripherally acting opioid receptor agonist used for
the management of chronic diarrhea. This drug is a substrate of P-glycoprotein (Pgp), its
lack of central opioid effects is due to the efflux activity of the Pgp at the blood-brain barrier
(Upton 2007). As shown by previous studies, the PBCA nanoparticles coated with
polysorbate 80 enabled the delivery of a number of drugs, including loperamide, across the
blood-brain barrier. In particular, in the study of Alyautdin et al. (Alyautidin 1997)
loperamide bound to PBCA nanoparticles coated with polysorbate 80 produced a
considerable analgesic effect thus providing evidence of the CNS activity, whereas the free
drug was ineffective. Similar results were obtained in the present study. However, in
contrast to the study of Alyautdin et al. (Alyautidin 1997), loperamide bound to the non-
coated nanoparticles also produced a significant analgesia, which was equally pronounced

although less prolonged as compared to the polysorbate 80-coated particles (Figure 18).
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Obviously, this result suggests that poloxamer 188-coated nanoparticles also enabled the
delivery of loperamide across the blood-brain barrier thus inducing the CNS effect. This
result correlates with the data obtained in a recent study of Petri et al. (Petri 2007), which
provided evidence that the coating of PBCA nanoparticles with poloxamer 188 could

facilitate drug delivery to the brain.

5.2.2 Chemotherapy of 101/8 glioblastoma using paclitaxel-loaded PBCA

nanoparticles

The natural taxan diterpenoid paclitaxel is one of the most important anticancer agents.
Although it is known that paclitaxel exhibits activity against malignant glioma and brain
metastases (Fellner 2002), its application for the treatment of brain tumours is limited since
this drug is a substrate of Pgp and, therefore, its penetration into the CNS is not efficient.
The attempts to increase the drug concentrations in the parenchyma by co-administration of
the efflux pump inhibitors have been abandoned due to substantial toxicity (Fellner 2002).
As shown by the previous studies, the PBCA-NP coated with polysorbate 80 (PS 80) or
poloxamer 188 (F68) could efficiently transport doxorubicin (also a Pgp substrate) across the
BBB (Steiniger 2004, Ambruosi 2006, Petri 2007). The uptake of doxorubicin into the brain
blood vessels endothelial cells possibly also could be assisted by the circumvention of the
Pgp caused by a simultaneous release of doxorubicin and the degradation product of PBCA
(polycyanoacrylic acid) at the cell membrane. An ion-pair formed by polycyanoacrylic acid
and doxorubicin could enable passage of doxorubicin across the cell membrane without
being recognized by P-glycoprotein (Verdiere 1997). Moreover, in the case of brain tumour,
the penetration of the nanoparticles into the tumour could be enhanced due to a higher
permeability of the BBB at the tumour site (EPR effect).

Therefore, in the present study, it was also assumed that loading of paclitaxel in the surface-
modified PBCA-NP would increase the drug therapeutic effect against glioblastoma.

To evaluate paclitaxel delivery to the brain, three paclitaxel-loaded nanoparticle formulations
including the unmodified nanoparticles and particles coated with surfactants (polysorbate 80

or poloxamer 188) were tested against 101/8 human glioblastoma implanted in rats. The
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effect of the nanoparticulate formulations was compared to that of a paclitaxel solution.
Untreated rats were used as control.

The recommended dose of paclitaxel against human glioblastoma is 140 mg/m? (Fetell 1997,
FDA) which corresponds to the rat dose of about 17.80 mg/kg. However, due to the low
loading of paclitaxel to nanoparticles, this dose could not be administered. Therefore, the
same dose regimen as doxorubicin was used for the chemotherapy of 101/8 glioblastoma.
Thus the treatment regimen was 3 x 1.5 mg/kg on days 2, 5, and 8 post-tumour implantation
(total dose was 4.5 mg/kg). None of the formulations containing paclitaxel could improve
survival time compared to the control groups. Since the cytotoxic effect of paclitaxel
depends on two important factors — the dose and duration of exposure, this lack of efficacy in
the present experiment is most probably explained by the low dose and short treatment
course. Indeed, in the study performed by Xu et al. (Xu 2005) the antitumour effect of the
nanoparticle-bound paclitaxel in mice was achieved at a much more intensive treatment
regimen of 5 x 20 mg/kg/day. The effect of the paclitaxel conjugate with Angiopep-2 (an
aprotinin-derived peptide) against intracerebral U87 MG glioblastoma was also achieved

after injection of the dose of 5 x 25 mg/kg (Regina 2008).

5.3 Human serum albumin nanoparticles

5.3.1 Covalent linkage of Apolipoprotein A-1 and B-100 to human serum

albumin nanoparticles

Previously it was believed that apolipoprotein E and to a minor extent apolipoprotein B play
a crucial role in the delivery of the drugs to the brain by nanoparticles (Kreuter 2002). Both
apolipoproteins bind to lipoprotein receptors including low-density lipoprotein receptor or
LDL-R (Knott 1986, De Loof 1986, Kreuter 2004) and lipoprotein receptor-related protein,
LRP (Dergunov 2004, Croy 2004). Moreover, the LDL-R is up-regulated on the brain
endothelium compared to peripheral vessels (Dehouck 1997, Lucarelli 2002, Vasile 1983,
Meresse 1989), and lipoprotein particles appeared to be transported across the BBB by
transcytosis (Dehouck 1997). As a consequence, it was hypothesized that the nanoparticles

with adsorbed or covalently attached apolipoprotein B or E mimic lipoprotein particles, and
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that this represented the exclusive or at least dominating mechanism of the nanoparticle-
mediated drug transport across the BBB.

Indeed, the results of the present study corroborate the previous observation. The
apolipoproteins B or E attached to the particle surface serve as vectors trafficking
nanoparticles to the brain, thus providing the analgesic effect of the otherwise CNS-inactive
drug (Kreuter 2002, Michaelis 2006). Furthermore, as evidenced by a pharmacological
response, the brain delivery of loperamide also could be mediated by apolipoprotein A-I.
However, the mechanism of its interaction with the brain vessel endothelial cells is different
and it occurs via a different receptor. Apolipoprotein A-l is one of the major components of
high density lipoproteins (HDL), whose function is to transfer cholesterol between cells and
other lipoproteins. This transfer is facilitated via highly specific interaction of HDL with the
scavenger receptor class B type | (SR-BI) located at the BBB (Krieger 1999, Petri 2007,
Balazs 2004). It is, therefore, possible that drug delivery to the brain by HSA nanoparticles
is enabled by the interaction of apolipoprotein A-I attached to these particles with the SR-BI
expressed by the brain vessels endothelial cells.

Interestingly, the results of the present study correlate with the study about the interaction of
lipid drug conjugate (LDC) nanoparticles with the brain vessels endothelial cells which
considerable amounts of apolipoprotein A-1 were found to be adsorbed on their surface from
the blood (Gessner 2001).

5.3.2 Thalidomide bound to HSA nanoparticles

In this part of the study, the therapeutic potential of thalidomide bound to the HSA
nanoparticles for the therapy of rats with intracranially implanted glioblastomas was
investigated. The accumulation of albumin in solid tumours forms the rationale for
developing the albumin-based drug delivery systems for tumour targeting. Albumin
accumulates in malignant tissue due to two major reasons: Firstly, albumin is a major energy
and nutrition source for the tumour growth (Stehle 1997). Secondly, penetration of albumin
into the tumour could be enhanced due to the leaky capillaries feeding the tumour and

defective lymphatic drainage system (EPR effect). The tumour uptake of albumin can be
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easily visualised by injecting the Evans Blue dye that binds rapidly and tightly to circulating
albumin and makes the tumour turn blue withing few hours post injection.

Recently, a methotrexate-albumin conjugate, an albumin-bound prodrug of doxorubicin, i.e,
the (6-maleimido)caproylhyrazone, and paclitaxel bound to albumin nanoparticles
(Abraxane) have been evaluated clinically. Specifically, Abraxane has been approved for
treating meastatic breast cancer. Additionally, the biodegradability, lack of toxicity, and
immunogenicity of denaturated aloumin makes it an ideal candidate for drug delivery (Kratz
2008).

Thalidomide is a known teratogenic agent which induces the inhibition of the blood vessel
growth in the development of fetal limb buds. The mechanism of action of thalidomide is
complex and it probably includes different molecular targets. The inhibition of angiogenesis
by interrupting processes mediated by bFGF and/or vascular endothelial growth factor
(VEGF) is one of the prominent thalidomide mechanisms of action (Eleutherakis-
Papaiakovou 2004). The effect of thalidomide on the glioma and glioblastoma as highly
vascularised tumours that overexpress angiogenic factors provides the rationale for the
evaluation of antiangiogenic effect of thalidomide-loaded nanoparticles. Since
antiangiogenic action of doxorubicin loaded nanoparticles was indicated by the histological
investigations (section 5.1) the loading of nanoparticles with thalidomide appeared as a
rational strategy. However, monotherapy of brain tumours using thalidomide seems to be
not effective. As shown by the results of three phase Il trials including patients with
recurrent glioma, astrocytoma or glioblastoma multiforme thalidomide was generally well
tolerated but objective responses were rare (Papaiakovou 2004). The daily dose was from
100 to 1200 mg.

Similarly, in our study, thalidomide bound to HSA nanoparticles had exerted no effect on the
prolongation of the survival times in the rats bearing glioblastoma, as compared to the
untreated animals. There was also no improvement in the group treated with polysorbate 80-
coated nanoparticles. The treatment regimen in our study was 3 x 1 mg/kg on days 2, 5, and
8 post-tumour implantation (the total dose was 3 mg/kg). The poor results in the thalidomide

groups treated orally suggest that the dose level and the dosing regimen were not adequate.
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5.4 DIM loaded in PLGA nanoparticles

Poly (lactide-co-glycolide) nanoparticles (PLGA-NP) are a biodegradable polymeric system
has a good CNS biocompatibility. Kreuter et al. (Kreurter 2008) have recently shown that
doxorubicin loaded in the PLGA nanoparticles coated with poloxamer 188 have promising
effects for the treatment of brain tumours. Treatment of 101/8 glioblastomas with this
formulation yielded 40% of long term survivors.

In the present study, a carcinogenesis inhibitor, diindolylmethane (DIM; Figure 29), was
loaded to PLGA-NP. DIM is a cruciferous indole which exhibits a potential cancer-
protective effect especially in estrogen-related conditions (Chen 1998). The active agent,

DIM, is derived from the digestion of indole-3-carbinol, found in Brassica vegetables such as

m
H

H

broccoli and cauliflower.

Figure 29. Structure of 3-(1H-Indol-3-ylmethyl)-1H-indole, 3,3’-Diindolylmethane (DIM).

Because of its various potent anticancer properties, the National Cancer Institute of the
United States has begun clinical trials of DIM as a therapeutic treatment for numerous forms
of cancer. It is currently being used as a part of treatment for tumours in the upper
respiratory tracts caused by the Human Papilloma Virus. The disadvantage of DIM is its
very low solubility in water. Moreover, this substance is sensitive to light and forms highly-
coloured degradation products which do not affect the efficacy of the final formulation but
they are unfavourable for its appearance.

The nanoparticles were prepared by the nanoprecipitation method. The preparation of the
nanoparticles by using a pump for the addition of the organic phase (1 ml/min) yielded
relatively homogeneous preparations with reproducible characteristics, whereas manual
addition of the organic phase resulted in the variability in size of the nanoparticles for the
same preparation procedure. Encapsulation of DIM in PLGA-NP appears to be a suitable
formulation approach that enables a >600-fold increase of DIM content in aqueous media

and can increase DIM photostability.
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6 Conclusion

6.1 Antiangiogenic effects of doxorubicin-loaded poly(butyl cyanoacrylate)
nanoparticles

Immunohistology showed that the rat 101/8 glioblastoma is a valid brain tumour model with
morphologic characteristics of human glioblastoma. The intravenous treatment with
doxorubicin-loaded polysorbate 80-coated nanoparticles reduced tumour formation, tumour
size, and proliferation of tumour cells. Importantly, the intratumoural vessel density and
necrosis were drastically reduced and microvascular proliferations were absent pointing to
antiangiogenic effects of doxorubicin. This study confirms the promise of nanoparticles in
the delivery of compounds to the central nervous system. Furthermore, it indicates that the
growth-retarding effect of doxorubicin on gliomas may be attributed to antiangiogenic

effects.

6.2 Encapsulation of water-insoluble drugs in poly(butyl cyanoacrylate)
nanoparticles

The preparation of poly(butyl cyanoacrylate) nanoparticles by anionic polymerization in
aqueous-organic media appeared to be a suitable method for encapsulation of water-
insoluble substances. Among other techniques, this method based on rapidly biodegradable
nanoparticles may serve as a formulation approach for “difficult” substances, clinical

application of which is hampered by low solubility.

Paclitaxel-loaded poly(butyl cyanoacrylate) nanoparticles showed no improvement in the
increasing survival times of glioblastoma implanted rats. Increasing the dose or combining it

with other potent anticancer formulations could be beneficial.
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6.3 Covalent attachment of apolipoprotein A-1 and apolipoprotein B-100 to
albumin nanoparticles enables drug transport into the brain

The present investigation demonstrates that the delivery of drugs to the brain with
nanoparticles is at least partly associable with the apolipoprotein E and B pathway. The drug
delivery to brain may also be augmented by the interaction of apolipoprotein A-I covalently
attached to these nanoparticles with the scavenger receptor SR-BI located at the blood-brain
barrier.

Consequently, these results demonstrate the existence of more than one possible interaction
mechanism of nanoparticles with the brain endothelium and the followed by delivery of
drugs to the CNS.

6.4 Thalidomide bound to human serum albumin nanoparticles

The thalidomide content in the aqueous phase was increased 8-fold as compared to its
aqueous solution due to the drug binding to the nanoparticles. However, the in vivo response
to thalidomide HSA-NP formulation against glioblastoma multiforme of orally administered
thalidomide was not improved, as compared to an equal dose. It is known that thalidomide
has no immediate antiangiogenic or antiproliferative effect. Higher dosing parallel to early
administration of thalidomide in combination with other potent cytostatic agents such as

doxorubicin may be a new strategy for the glioblastoma treatment.

6.5 Encapsulation of diindolylmethane in poly(lactide-co-glycolide)
nanoparticles

The preparation of DIM-loaded nanoparticles by precipitation yielded nanoparticles with a
narrow size distribution. The encapsulation of DIM in PLGA-NP appears to be a suitable
formulation approach that enables a >600-fold increase of DIM content in aqueous media

and can prevent DIM from unfavourable colour changing in the formulation.
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7 Summary
Many highly active antitumour agents are currently not employable for the systemic

chemotherapy of brain tumours since their entrance into the brain is blocked by the BBB.
Obviously, the development of a strategy allowing effective delivery of these agents across

the BBB would enormously extend the potential of the systemic chemotherapy.

Chemotherapy of rat glioblastoma using nanoparticle-bound doxorubicin

Doxorubicin bound to polysorbate-coated nanoparticles had been previously shown to
significantly enhance survival in the orthotopic rat 101/8 glioblastoma model. The objective
of this study was to investigate the therapeutic effects of this formulation by morphometric,
histological and immunohistological methods.

The 101/8 glioblastoma was implanted intracranially into the male Wistar rats. The animals
were randomly divided into 3 groups; one group served as untreated control (n = 20). The
second group received doxorubicin in solution (Dox-sol, n = 18), and the third group
received doxorubicin bound to PBCA nanoparticles coated with PS 80 (Dox-NP + PS 80, n =
18). The treatment regimen was 3 % 1.5 mg/kg on days 2, 5, and 8 after tumor implantation.
The formulations were injected into the tail vein.

The untreated control animals were sacrificed on days 6, 8, 10, 12, and 14 after the
implantation. The animals that had received chemotherapy were sacrificed on day 10, 14
and 18 after the implantation. The brains were investigated by morphometrical,
histochemical, and immunohistochemical methods such as the measurement of the tumor
size, proliferation of tumor cells, vessel density, expression of glial fibrillary acidic protein
(GFAP), expression of vascular endothelial growth factor (VEGF), incidence and dimension
of necrosis, and microvascular proliferation.

Tumours showed signs of malignancy including invasion to brain tissue and brisk mitotic
activity. The tumor proliferation remained stable at high levels throughout the host survival
time. Overall, the tumor showed a reproducible growth pattern and temporal development
that is comparable to human glioblastoma. Furthermore, the 101/8 glioblastoma had
infiltrated diffusely the surrounding host brain at the edge of the solid tumor mass showed no
signs of encapsulation. Thus the 101/8 glioblastoma fulfills the most criteria for an adequate

glioma model and can be qualified as a reliable model.
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Dox-NP + PS 80 produced a pronounced antitumour effect which exhibited as a reduced
tumour size, lower proliferation, and a decreased necrotic area compared to Dox-sol and to
untreated control groups. This result correlates with the results of the earlier study (Steiniger
2004) where more than 20% of the animals treated with the same nanoparticles showed a
long-term remission in the same glioblastoma model. The treatment effect of the
nanoparticles was also exhibited as impaired vascular density, decrease in the expression of
the VEGF and lack of microvascular proliferation in the 101/8 glioblastoma model when
compared to the solution of doxorubicin (Dox-sol) and the untreated animals (control). A
drastic effect of Dox-NP + PS 80 on vascularisation was presumably mediated by

antiangiogenic or cytotoxic effects of doxorubicin.

Encapsulation of water-insoluble drugs in poly(butyl cyanoacrylate) nanoparticles
Development of the parenteral formulations of the poorly water soluble drugs is considered
to be a challenging task. These drugs can be solubilized in non-aqueous solutions composed
entirely of organic solvent(s), which are usually but not always diluted prior to
administration (Strickley 2004). Many of these currently used excipients are not inert
vehicles and could exert a range of intrinsic adverse effects and have the potential to cause
clinically significant drug interactions.

The nanoparticle technology represents a promising approach to enhance the content of these
drugs in the aqueous media and may optimize their in-vivo performance.

In this study, the effectiveness of this approach was investigated using poly(butyl
cyanoacrylate) nanoparticles and two hydrophobic drugs, loperamide and paclitaxel. For this
purpose, the standard method of the preparation of these particles was modified so that the
drug-loaded PBCA nanoparticles were produced in aqueous media containing 10% (v/v) of
the organic solvents. The type of solvent was chosen depending on the drug solubility.

The nanoparticles were produced by anionic polymerization of n-butyl-2-cyanoacrylate in
aqueous-organic media in the presence of a drug. The particles were stabilized by dextran
70,000 and poloxamer 188 or by 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-5000] sodium salt. The polymerization media consisted of a
solution of stabilizers/surfactants in a mixture of 0.01 N HCIl and an appropriate organic

solvent (1 : 9). The presence of the organic solvents in the polymerization medium did not
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considerably influence the physicochemical parameters of the empty nanoparticles. It was
shown that in the presence of dichloromethane, methanol, or ethanol the encapsulation
efficiency of loperamide in the nanoparticles reached 80%. The loperamide-loaded
nanoparticles were coated additionally with 1% polysorbate 80. The analgesic effect of these
formulations (with or without PS 80 coating) was measured in vivo using the tail-flick test,
as described in the paper of Alyautdin et al. (Alyautdin 1997). The loperamide solution was
chosen as a control formulation. Loperamide is a substrate of P-glycoprotein (Pgp), its lack
of central opioid effects is due to the efflux activity of the Pgp at the blood-brain barrier
(Upton 2007).

As expected, the loperamide solution was ineffective of exerting the central analgesic effect,
whereas the polysorbate 80-coated nanoparticles as well as the non-coated nanoparticles
produced considerable analgesia, providing the evidence of the CNS activity. However, the
central analgesic effect of the nanoparticles without coating did not last as long as with the
coated nanoparticles. Similar results were obtained in the study of Alyautdin et al.
(Alyautidin 1997) and Petri et al. (Petri 2007). Obviously, this result suggests that the
presence of poloxamer 188 in nanoparticles also enabled the drug delivery of across the

blood-brain barrier thus inducing the CNS effect of loperamide.

The paclitaxel loading in the PBCA-NP in the presence of dextran/poloxamer 188 as a
mixture of stabilizers, was low (~ 25%). The maximum loading was achieved in the
presence of the lipid (~ 45%) which lead to an encapsulation efficacy of 55 pg/mg PBCA.
This result correlated with the results of Mitra and Lin et al. (Mitra and Lin 2003) and is due
to more efficient solubilisation of paclitaxel within PEG-PE micelles and/or the affinity of
these micelles to the growing nanoparticle matrices.

Paclitaxel also is a substrate of Pgp and, therefore, its penetration into the CNS after
systemic administration is not efficient. The objective of this study was to investigate if the
PBCA-NP coated with polysorbate 80 (PS 80) or poloxamer 188 (F68) were able to deliver
paclitaxel across the BBB. As shown by the previous studies, these NP could efficiently
transport doxorubicin (also a Pgp substrate) across the BBB (Steiniger 2004, Ambruosi 2006,
Petri 2007). Moreover, in the case of brain tumour, the penetration of the nanoparticles into

the tumour could be enhanced due to a higher permeability of the BBB at the tumour site.
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Therefore, the antitumour efficacy of three formulations of paclitaxel including: paclitaxel
bound to PBCA nanoparticles (PXL-NP), PXL-NP coated with polysorbate 80 (PXL-NP +
PS 80) and PXL-NP coated with poloxamer 188 (PXL-NP + F68) was tested in glioblastoma
101/8-bearing rats. Untreated glioblastoma-bearing rats and the animals treated with the
paclitaxel solution (PXL) were used as controls.

Due to the low loading of paclitaxel in the nanoparticles, the recommended dose of
paclitaxel against glioblastoma, which is 17.80 mg/kg (Fetell 1997, FDA), could not be
administered. Therefore, the paclitaxel formulations were administered in the same dose
regimen as doxorubicin: 3 x 1.5 mg/kg on days 2, 5, and 8 post tumour implantation. None
of the formulations containing paclitaxel could improve the survival time compared to the
control groups. This lack of efficiency is thought to be due to the low drug dosage and the

short duration of the treatment course.

Covalent attachment of apolipoprotein A-1 and apolipoprotein B-100 to albumin
nanoparticles enabled drug transport into the brain

Apolipoproteins A-I and B-100 were covalently attached to the HSA nanoparticles via the
NHS-PEG-Mal 3400 linker. Loperamide as a model drug was bound to these nanoparticles,
and the antinociceptive reaction of these preparations was recorded after intravenous
injection in mice by the tail-flick test. After 15 min, both nanoparticle preparations with the
coupled apolipoproteins A-I and B-100 yielded considerable antinociceptive effects which
lasted over 1 h. The maximally possible effects (MPE) of these preparations reached 65%
and 50%, respectively, and were statistically different from the controls (loperamide loaded
to unmodified nanoparticles and loperamide solution). The loperamide solution achieved no
effect. This result demonstrates that more than one mechanism is involved in the interaction
of nanoparticles with the brain endothelial cells and the resulting delivery of drugs to the
central nervous system: while Apo B can transport the drug across the BBB via binding to
the lipoprotein receptor expressed at the BBB, Apo A-I enables this transport via the
scavenger receptor SR-BI also located at the BBB.
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Thalidomide bound to human serum albumin nanoparticles

Thalidomide, an antiangiogenic drug, has poor solublity in water and, so far, is administered
only orally, although parenteral administration would be desirable in certain clinical
situations such as impaired intestinal absorption or chemotherapy-induced nausea hampering
drug intake.

The objective of the present study was to develop an injectable formulation of thalidomide
based on the HSA nanoparticles (HSA-NP). As previously reported, the solubility of the free
drug (a mixture of enantiomers) in water and 5% glucose solution was only 52 and 70 pg/ml,
respectively (Eriksson 2000). It was shown that binding of thalidomide to these
nanoparticles enabled a 8-fold increase of the drug content in the water phase which reached
400 pg Thal/ml NP suspension.

In this study, the influence of water soluble organic solvents/surfactants on the solubility of
thalidomide also has been studied The solvents included 5% glucose solution, 10%
polysorbate 80, 10% poloxamer 188, Cremophor® EL - ethanol (51:49). Thalidomide was
used in a form of racemate (a mixture of two enantiomers). In neither of the above
mentioned solvents, the solubility of thalidomide could exceed the content of thalidomide in
the nanoparticle formulation.

The antitumour efficacy of the unmodified thalidomide-loaded HSA-NP (Thal-HSA-NP) and
Thal-HSA-NP coated with 1% polysorbate 80 (Thal-HSA-NP + PS 80) was evaluated in the
glioblastoma 101/8-bearing rats. The effect of these formulations was compared to orally
administered thalidomide. Untreated animals were used as control. The nanoparticle
formulations were injected into the tail caudal vein. Thalidomide bound to HSA
nanoparticles exerted no effect on the prolongation of the survival times in the rats bearing
the glioblastoma, as compared to the untreated animals. There was also no improvement in
the group treated with the polysorbate 80-coated nanoparticles. The poor results in the
thalidomide groups treated orally suggest that the dose level and the dosing regimen were not

adequate.

Encapsulation of diindolylmethane in poly(lactide-co-glycolide) nanoparticles
3,3’-Diindolylmethane (DIM) is a cruciferous indole which exhibits a potential

cancerprotective effect especially in estrogen-related conditions (Chen 1998). The
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disadvantage of DIM is its very low solubility in water. Moreover, this substance is sensitive
to light and forms highly coloured degradation products that, however, do not affect the
efficacy of the final formulation but are unfavorable for the appearance. The objective of the
present study was to investigate the feasibility of increasing DIM contents in the aqueous
phase as well as its photostability by encapsulation in poly(lactide-co-glycolide)
nanoparticles (PLGA-NP).

Encapsulation of DIM in PLGA-NP appeared to be a suitable formulation approach that
enabled a > 600 fold increase of the DIM content in aqueous media and could prevent DIM

from unfavorable color changing in the formulation.
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