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Introduction

1 Introduction

1.1 Drug Delivery and Dendritic Drug Delivery Systems

1.1.1 Nanomedicine and Drug Delivery Systems

Nanomedicine can be described as the medical apiplc of different life sciences,
especially those with the focus on nanotechnolégyaddress diseases and dysfunctions of
the human biological system. With the help of nawickes and nanostructures, nanomedicine
develops new and highly efficient methods to teeat cure these diseast¥.New strategies
like nanoformulations or nanocarriers have emerfyech this field and are the modern
approaches of drug delivery.

Drug delivery is the application of pharmaceutigadictive agents to the human body,
including the administration and the localizatidrttee target site until a therapeutic effect is
achieved. The localization of a drug is fundameéyiafluenced by the way of administration.
Nowadays, the following routes of administratione aused: parenteral (intravascular,
intramuscular, subcutaneous, and inhalation), ahferal, sublingual, and rectal), and topical

(skin and mucosal membranes) (see Figufé 9).

oral, sublingual,

inhalation
injection (intravascular,
-«—— jntramuscular, sub-
cutaneous)
topical
rectal, (dermal, mucosal)
intravaginal

Figure 1. Main drug administration pathways: parenteral émascular, intramuscular,
subcutaneous, and inhalation), enteral (oral, sgbhal, and rectal), and topical (skin
and mucosal membranes).
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The fate of a drug administered by any of these swéipally depends on the
physiochemical and biochemical properties of thegdand the biophysical properties of the
body!”! Since almost all drugs are not produced naturailythe human body, their
pharmacokinetics is not optimized to achieve theghest pharmacological action. The
majority of clinically used drugs are low-moleculaeight compounds, which have short
half-life times in the blood stream and a high alleclearance rate (see Figure 2). They are
distributed all-over the human body and diffuseilgasto healthy tissues. The consequence
is that only small amounts of the drug reach tihgetiasite. Therefore, high doses or repetitive
injections are required to reach the therapeutmedat the target site. Due to the lack of
selectivity this leads to undesired side effectpdeially anti-cancer drugs can cause severe
damages in healthy tissue if they do not reachr tecific site of action as these types of

drugs are highly cytotoxi€ However, not only toxicity is a problem in drudidery.

=== injection of small drugs  ====controlled drug delivery

increased
side-effects

therapeutic
window
poor
activity

Figure 2. Comparison of drug concentration in the blood stred a small-molecular-

weight drug (blue curve) with a controlled drugidety system showing idealized
pharmacokinetics (red curve). While the small-molacweight drug needs to be
administered several times, because it is rapitgred, the controlled drug delivery
system remains at the desired concentration leiteinnthe therapeutic window of the

drug conc. in the blood

drug.

Another one is the poor bioavailability of many gt drugs. Due to their often hydrophobic
nature they cannot be administered and/or do rmahréheir site of action in the human body.

Furthermore, evolution has perfected the defensghamsm of the human body against nano-
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and micro-sized pathogelisBiologically active agents like RNA and DNA, whiette used
in gene therapy, or proteins have the problem tth@y do not pass through cell walls, are
often recognized as xenograft material, and areetbee rapidly degraded or excreted from
the body by the immune systé#t”

To overcome these problems connected with the etgliof active agents different types of
polymeric drug delivery systems (DDS) have beerettged. They include polymers, which
can act as active agents themselves, polymer catgsighydro- and nanogels, nanoparticles,
as well as systems based on self-assembly appmodikbepolymeric micelles, polyplexes,
and polymersomes (see Figure 3). The simplest apprto form a DDS is the conjugation of
an active agent to high-molecular-weight polymersresulting in so-called polymer
conjugates. The most prominent polymer used fos fhirpose is poly(ethylene glycol)
(PEG). The benefits of the conjugation of PEG (PEGgyn) onto different active agents, like
proteins, peptides, low-molecular-weight drugs polynucleotides are manifold. PEG on its
own has many beneficial properties, e.g., it is-ilmomunogenic, non-antigenic, and non-toxic
as well as highly soluble in water and many orgasotvents. Furthermore, it has been
approved by the US Food and Drug Administration AFDPEGylation of a drug leads to
reduced excretion by the kidneys, avoids or redwtegradation; it enhances the water
solubility, reduces clearance by the mononucleagphyte system (MPS, formerly known as
the reticuloendothelial system, RES), and reduneaunogenicity and antigenicity (mainly
for peptides and proteins) of the conjudaté® The decreased interaction with blood
components, e.g., complement activation and theeaement of long blood circulation times
are known as “stealth” properti€s® Here, PEGylation is still considered as the gold
standard to achieve the stealth effect. Due tattaglability of only two (PEG) or even only
one functional group in case of mono methyl ett@y(ethylene glycol) (MPEG), the amount
of active agents that can be attached to PEG amdiy limited. Therefore, other concepts
have been developed. For example, the attachmessvefal drug molecules via labile linker
groups to a polymeric backbone which can carry tadil solubilizing and targeting
moieties as a general concept for a polymeric DS mtroduced by Helmut Ringsdorf in
19751 Since then several polymer-based therapeutics Hzen developed and
investigated®*”

Further concepts involved the encapsulation of slrido polymeric nanoparticles like
hollow capsules of poly(lactides-glycolide) (PLGA)™® Hydro- or nanogels consisting of
cross-linked polymer networks have also been usedessfully for the delivery of different

drugst*® These types of DDS can be swollen and shrunkearurettain conditions, allowing
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the entrapment of drugs inside the gel. Later atsite of action, the gel is either degraded or
swollen again to release the drug. Another DDS ephis based on the supramolecular self-
assembly of surfactants or amphiphilic block copwdys. The thereby formed micelles and
liposomes are inspired by their naturally occurroginterparts formed out of phospholipids,
which are as well used for drug delivery. Theseymp@ric micelles and polymersomes are
widely and successfully used for the delivery offedent active agent&®?! Polymeric
micelles and polymersomes are more stable thanrhbegirally occurring counterparts. Due to
their bigger hydrophobic segments, the critical raggtion concentration (CAC) is

polymeric micelle polyplex micelle polymersome

dendritic unimolecular unimolecular
drug conjugate core-shell architecture CMS architecture

linear polymer polymer hydrogel
drug conjugate nanoparticle

Figure 3. Overview of different polymer-based drug deliveggtems: self-assembled
polymeric micelles, polyplex micelles, and polynweres; drug conjugates based on
dendritic or linear polymer backbones; unimolecuydarticle based systems: core-shell
and core-multishell (CMS) architectures, polymemnayzarticles and hydrogels.
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significantly lower. Anyway, systems based on-assembly can have stability issues u
application caused by dilution and interaction with blood cénents like proteir.?? A
similar but chargeliven process is used for the formation o-called polyplexmicelles.
Here, a positively charged part of a bl-copolymer is used to complex the negative ch
of e.g. DNAP® 2

The size of the DDS is also a very crucial factdrich has to be considered for t
successful delivery of active agents. Nanopartteutggstems have to tackle two major hur
after systemic application, that are somewhatedl&d the size of the nanoparticle. First tl
renal excretion via the kidne'and second their capture by the MPS has to bersirented.
The threshold of renal clearance is reported tcatmeind 45 kDa or betweer-9 nm in
hydrodynamic diameté?*?>! The MPS on the other hand is known to especiaégrchighly
charged and larger particles from the human bodyiclhwhave sizes bigger than seve
hundreds of nanometers. Regarding this, an ideab Diat ca achieve long system

circulation has a size bigger than 10 nm, u200 nm, and is neutral in char***"]

Lymphatic System

J
J ( Normal tissuej

pH 6-7
Small Macromolecules — <C—
Oe@@@ Blood stream

Figure 4. Schematic drawing of trpermeability and retention properties of normal
tumor tissue in respect to small molecules and amactecules (EPR effectFigure
reprintedfrom the literaturé*®

Only DDS that achieve long blood circulation can bit from one of the majo
advantages of nanometarzed polymeric DDS, which is the passive targetimat can be

achieved by the enhanced permeation retention (EPR) effect (sefigure 4)2%! Tumors
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and inflamed tissue often have a more porous asrdputed endothelial cell layer due to their
rapidly forming vasculature. Therefore, macromolacwarchitectures are able to penetrate
into diseased tissue but are unable to cross theedmyer of endothelial cells present in
healthy tissue. Small-molecular-weight drugs intcast penetrate into diseased as well as
healthy tissue which can lead to severe and uratkside-effects. In addition to the enhanced
permeation into diseased tissue the less develbpedhatic drainage system causes an
accumulation and retention of the macromoleculsslendiseased tissue.

After the DDS has reached the diseased tissueds® cross the cell membrane in order
to reach the drugs site of action. The plasma mangregulates the entry and exit of all
small and large molecules into the cytopld&friMany small molecules, like ions, sugars, and
amino acids are brought into the cell by membransep pumps or channels. Larger
particles, on the other hand, are transferredtimgcacell by endocytosis (see Figure 5). Among
other properties, again the size of the DDS playsinaportant role. Particles with sizes
> 1 um are internalized by phagocytosis and thade sanaller diameters by pinocytosis. The
optimum size for cellular uptake of dendritic pdiygerol (dPG) without targeting ligands
was found to be around 200 kDa/12 Fith.

adsorptive endocytosis
fluid-phase endocytosis
°¢° | receptor-mediated endocytosis

diffusion of drug e
) into the cytoplasm
° ° . e |7

Figure 5. Schematic representation of the cellular uptakenatromolecules for drug
delivery via endocytosis. Figure adapted from ttezdture!®
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In general, all DDS should fulfill one or more dietfollowing points in order to enhance

the availability of the active agehit:>?

* Enhance the bioavailability of the applied drugdmhancing solubility, avoiding
clearance, immune response and/or degradation

» Specifically transport the drug to the desired sitaction, thereby avoiding its
spreading throughout the whole body and reducegyistemic toxicity

* Release the drug in response to an external stemuksent at the site of action

or locally applied from the outside of the body

Until now about a dozen nanomedicinal formulatiomst benefit from these advantages
have been approved and are available on the nfafiight of those are based on liposomes,
for example Abelcet® (liposomal formulation of anopéricin B, anti-fungal drug) and the
oldest example Doxil/Caelyx® (PEGylated liposomdsdoxorubicin, anti-cancer drug).
Abraxane® (albumin bound paclitaxel, anti-cancengdly Adagen® (PEGylated enzyme,
against severe combined immune deficiency), Onc@sfREGylated adenosine deaminase,
active against acute lymphoblastic leukemia) amth&n examples of marketed polymeric
nanoparticles. Only one micellar nanomedicine, @ehEM® (PEG-poly(lactide) micelle
formulation of paclitaxel, anticancer drug) reachdéide market, yet. Many more
nanomedicines are under clinical evaluation. Altbge about 41 different nanocarriers are
under investigatioff”! Additionally, one dendritic drug delivery systeMivagel® (anionic
G4-poly(L-lysine)-type dendrimer, against bactewahinosis) is in clinical trials and has

already reached phase lll studies.

1.1.2 Dendritic Drug Délivery Systems

Dendritic polymers evolved in the early 1980s. Ehesacromolecules have a highly
branched, tree-like architecture and were namedrdenpolymers after the Greek word for
tree ‘dendron®*3* The class of dendritic polymers includes (i) démers, (i) dendrons, (ii)
dendronized polymers, and (iv) hyperbranched potgnisee Figure 6). Dendrimers are
perfectly branched architectures in the nanometege. In case of perfect dendrimers, the
polydispersity index (PDI) is one, meaning that thelecules are actually monodisperse.

Dendrons, which are basically one branch of a demay also exhibit perfect structures. In
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contrast, dendronized polymers and hyperbranchédneos are polydisperse architectures.
Dendronized polymers usually have linear polymess aa backbone with dendrons or
hyperbranched polymers attached to it. Hyperbrashglodymers are similar to dendrimers but

have higher PDIs (typically around 1.5-2) and ar@lable in much bigger sizes (1-20 nm).

(0) (il

(iii) (iv)

Figure 6. Schematic representation of the family of dendpititymers: (i) dendrimers,
(ii) dendrons, (iii) dendronized polymers, and (mperbranched polymers.

Common examples of dendritic polymers that havenbeelely used for biomedical
applications are poly(propylene imine) (PPI), palwido amine) (PAMAM), poly(glycerol-
co-succinate), and dendritic polyglycerol (dPG).eifhstructures are shown in Figure 7.
Among all polymers used for the development of D@Specially dendrimers and
hyperbranched polymers have properties that atéyhagivantageous for nanocarri€rg? 3>
%" The advantages of dendritic polymers comparednilas linear polymers are their high
number of functional groups which allow various nrfigdtions with functional moieties for
solubilization, conjugation, targeting, and recaigm, formation of internal cavities for
encapsulation of guests, their high solubilft§® as well as a low intrinsic viscosif{:*"
Furthermore, dendrimers show a strong ability toidthe uptake by the non-specific MPS,
they can easily passage across biological batetsanscytosis, show a faster cellular entry,

and their size in the nanometer range induces #ssiye targeting of tumor and inflamed
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Figure 7. Examples of dendritic polymers that are commonlgduss scaffolds for
DDS: a) poly(propylene imine) (PPI), b) poly(amidmine) (PAMAM), c) poly-
(glycerol-co-succinate), and d) dendritic polygiyalgdPG).

tissue based on the EPR efféct? *!In addition, it was shown that with an increasing
number of branches or arms the blood circulatidftlti@a was increased compared to linear
polymeric analogs with similar molecular weight actiemistry. This was shown with the
help of several PEGylated polyester “bow-tie” demers. For these bow-ties there was an
18-fold increase of the blood circulation half-lifeetween the two-arm dendrimer
(comparable to a linear polymer) and the four-aremditimer while retaining a similar
molecular weight. The eight-arm dendrimer furthed ko a 1.2-fold increase of the blood
circulation half-life. In vivo experiments showea significant variation in tissue uptake

between the polymers. Furthermore, a decreasedmpolyexcretion via the urine with
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increased branching was found. Overall, this déicddDS showed outstanding effectiveness
in delivering doxorubicin to tumors of C26 colomtor bearing mic&?**!

There are three principles of how to use dendrgmymers as DDS either by
supramolecular complexation of the guest (Figure Bw covalent conjugation of the active
species to the polymer (Figure 8b), or by usingeaddtic polymer with a multivalent
expression of pharmacologically active endgrouips diulfates and phosphates (Figure!¢).
! |n case of supramolecular complexes, the drug ipalg interacts with the dendritic
backbone of the polymer by hydrogen bonding, hydodyic interactions, or electrostatic
interactions. The pioneering work of the Meijer gwoabout the ‘dendritic box’ opened the
way for the application of dendritic polymers as ®Drhey utilized PPI dendrimers of
generation five as carriers for Rose Bengal pmdtrobenzoic acid and demonstrated the
release of the guests upon a drop in"8! As impressive as this initial work was,
unfortunately the carrier was not water-solublewideer, inspired by this work many new
dendritic polymers have been investigated for theitability as DDS. To further enhance the
transport capacities of the dendritic DDS they hiawen chemically modified. Most often the
chemical modification is built up in such a mantieat it forms a dense shell around the
dendritic core which results in a barrier shielditige encapsulated guests against the
surrounding medium. These so-called core-shelli@atures will be discussed in the next
subchapter (see Chapter 1.1.3). There have also $tedies on unfunctionalized or only
slightly modified dendritic polymers. Paleos ete@tplored hyperbranched polyether polyols
for the transport of pyrene and tamoxiféh The complexation of PAMAM and a polyester
dendrimer with ibuprofen has also been investigaAMAM dendrimers were able to
complex more ibuprofen than the dendritic polyestdrich was most likely due to the better
interaction of the terminal amine groups of PAMAMtlwibuprofen in contrast to the
terminal hydroxyl groups of the polyester dendrimeterestingly, the complexes were stable
in water and methanol and enhanced the cellulakepf ibuprofeﬁS.O] PAMAM was as well
used for the transport of the highly efficient azdincer drug cisplatin which showed a higher
in vivo activity if complexed by the dendrim@t Dendritic polymers have been used for the
formation of polymer-drug conjugates following tRéngsdorf model***® In this case drugs,
targeting moieties and, if necessary, solubilizagents were attached to the multiple
functional groups of the dendritic molecule. Inead drug-conjugates the linker chemistry
plays a key role, because the drug has to be atlaolsuch a fashion that it remains active or
it is released as its active form. Therefore, iatisactive to use linkages that can be cleaved

under physiological conditions, e.g., esters, asjide disulfides.

10
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a) b) ©)

() = active agent ~~ = cleavable linker
ﬂ = biologicallly active group e.g. ligands/inhibitors

Figure 8. Three different principles of dendritic polymersdisig delivery systems: a)
non-covalent/supramolecular encapsulation approaah, dendritic polymer-drug
conjugates, and c) multivalent presentation ofdgalally active groups, e.g., ligands or
inhibitors on a dendritic scaffold. Figure adaptemn the literaturé*”

An early example of a dendritic drug conjugate vigsoduced by Duncan and co-
workers® They used a PAMAM dendrimer with a carboxylatefate to covalently link
cisplatin to the dendrimer, which could be releaseditro. Since then, a range of drugs has
been conjugated to PAMAM derivatives, e.g., peliiciV,®¥ the antidepressant ven-
lafaxine!®" 5-aminosalicylic aci#® and propranoldf® Other dendritic architectures have as
well been used for the design of drug-conjugates. €xample, the group of Fréchet
synthesized dendritic polyesters and covalentlgicated the anticancer drug doxorubicin to
these dendritic scaffold¥*® The in vivo evaluation showed an increased seraffilife of
the conjugate and less accumulation in the vitglans, proofing this conjugate to be a
promising DDS.

Another application of positively charged dendriéicchitectures is gene delivery, which
utilizes the strong interaction of the polyvaleharged scaffolds with the multiple negative
charges of DNA/RNA strands. For example, guanidimaified PPl showed excellent
complexation of plasmid DNA and significant trarwfen efficiencied®® The Kissel group
modified the commercial hyperbranched polymer Baltd with different amounts of surface
amine functionalities and proved the ability tonstect cells based on the degree of
amination® Another successful approach to transfect DNA ies based on spermidine-
modified dendrons was chosen by Smith and cowafX&Bifferent dPG structures carrying

spermine, spermidine, or pentaethylenehexamine pgromvere investigated in vitro with

11



Introduction

regard to their gene silencing properties. The melkes yielded similar knockdown
efficiencies and lower toxicity compared to the dystandard HiPerFect®! Anionically
charged dendritic structures also exhibit intengstproperties as it was found that they
possess anti-inflammatory properti®$. Different dendritic scaffolds like PAMAM
dendrimers terminated with carboxyl groups or aisphibsphonate dendrimers have been
used®*®¥ sulfated dPG (dPGS) was successfully used to ilnhiband P-selectin binding
which plays a key role in inflammatory proces$&dt was found that the size of the dendritic
scaffold and the amount of sulfate functionalizativere important factors for the binding
affinity in this assay. Another important findingas that the actual functional group
governing the anionic charge also plays an impontale. By using sulfonate, carboxylate,
phosphonate, and bisphosphonate groups on dP®lsisaif was observed that sulfates are
the most effective bindef€5”) However, not only anti-inflammatory effects candi®ained
with negatively charged dendritic architectureg,,edPG particles functionalized with sialic

acid showed antiviral activit§®

1.1.3 Core-Shel and Core-Multishell Architecturesfor Drug Delivery

Compounds that exhibit a hydrophilic and a hydrdpbhgart, so-called amphiphiles, can
undergo self-organization to higher ordered stmestu The most prominent class of
amphiphiles are phospholipids. Phospholipids comsia diglyceride and a phosphate group.
The diglyceride has two hydrophobic tails which anest often fatty acids, while the
phosphate group functions as a hydrophilic heaadnUgplution in water the hydrophilic head
group orientates towards the aqueous environmeih¢ We hydrophobic tails try to avoid the
water phase and self-aggregate as a result of plydhic interactions. Their most important
function is to form lipid bilayers building up celar membranes. Besides the formation of
cell membranes they are involved in the formatibmesicles which are important for several
transport and regulation functions within livingganisms, namely micelles and liposomes.
Micelles are spherical, highly ordered self-assessblvith the hydrophilic part pointing
towards the surrounding water. In this way an osteall is formed, whilst the hydrophobic
part points to the center of the micelle formingyarophobic core (see Figure $).This is
why micelles are considered to be core-shell achites. The self-assembly process of
micellar systems is controlled by the critical nieeconcentration (CMC), which represents

the minimum concentration of amphiphile which icessary for the formation of micelles.
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Liposomes are a second class of vesicles that eafoidmed by amphiphiles. They are
composed of an aqueous core, encased by a hydioghtatyer forming an inner shell, and a
hydrophilic outer shell which is in contact wittetBurrounding water (see Figure 9b).

a) e
©
© C>CMC
—-
. [+ ) —
o C<CMC
o
b)

Cc000©®

Figure 9. a) General scheme of the self-assembly process rofcalle. b) Bilayer
structure of a liposome.

Inspired by naturally occurring transporters, patyim core-shell and core-multishell
architectures for drug delivery have been develdffedPolymeric micelles and
polymersomes, are formed out of block-copolymerssigiing of at least one hydrophilic and
one hydrophobic block. Uncharged, hydrophobic drugs: easily be entrapped non-
specifically in the hydrophobic core through hydropic interactions or by covalent
attachment to the hydrophobic block. Charged hyifimpguests like peptides, proteins, and
nucleic acids can be incorporated in micelles hgqnappositely charged blocks to form so-
called polyplexes or polyion complexes (PIC). Lipogs are able to entrap hydrophobic and
hydrophilic drugs. Hydrophobic drugs are transpbstgthin the inner shell and hydrophilic
drugs can be solubilized in the water which is amted in the core of the liposomal
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architecture. Many different polymers can be usegdte formation of the different segments.
Polymers used for the hydrophobic block are forngxa PEG, poly{-vinyl pyrrolidone)

(PVP), poly(-isopropyl acrylamide) (PNIPAM), and poly(hydroxgmyl methacrylamide)

(PHPMA). Nevertheless, the most frequently usegmel for the hydrophilic block remains
PEGP® "™ as it provides the above mentioned propertiesdtialth behavior to the micelle
(see Chapter 1.1.1). Commonly used polymers forhygrophobic block are for example
poly(propylene oxide) (PPAY " poly(aspartate) (PAspy " jre-rl
poly(glutamate) (PGIUW* " poly(lactide) (PLA)®®! and poly(lactideso-glycolide)

poly(lysine) (PLys

(PLGA) ™" 81 Especially the degradable hydrophobic polymersvedr from poly(amino
acids), PLA, PLGA, and polg{caprolactone) have been studied extensively. Thelsgneric
micelles and polymersomes are used as DDS as #ipytdsolubilize and protect the drug.
Most importantly, the tuneability of the size irethanometer scale enables passive targeting
via the EPR effect. So far only one polymeric me¢Genexol-PM®) came on the market in
Korea and other Asian countries. It is based oE@-B-PLA block copolymer and is used for
the delivery of paclitaxel. The same DDS reacheasphll clinical trials in the US. Several
other polymeric micelles using PE&PAsp, PE@&-PGIu diblock polymers or PEGPPO-
b-PEG triblock polymers have reached phase I-Itiicl trials in different countrids” In

the case of liposomal architectures so far onlgdgmes using non-polymeric amphiphiles
have found market approval or reached clinicaldri@ihe only liposome involving a polymer
that got approved is Doxil®/Caelyx® based on PE&yldipids™™” A further benefit of these
synthetic vesicles is that they can be designesloh a way that one can attach additional
targeting moieties on the surface to achieve attixgeting.

Though the term active targeting is frequently useds slightly misleading as the
attachment of targeting ligands does not changedthie of the DDS in the body. In any case,
it first has to reach its site of action by the samute as a non-targeted DDS. The benefit is
the increased retention of the DDS in a certaisusdue to the interaction of the targeting
ligands with specific receptors that can be overesged in the target tissue. Furthermore, the
cellular uptake can be enhanced due to receptorateeld endocytosis. Commonly used
targeting ligands are monoclonal antibodies, glyotgins, lipoproteins, carbohydrates, folic
acid, human transferrin, or peptides. For exampt® ¥t al. successfully attached folate
groups to PEG-PLGA micelles and were able to enhance the celudake compared to
micelles bearing no folate grouf8. Increased transfection efficiency was reporte®by et
al. for plasmid DNA-loaded PEG-PLys micelles having a cyclic RGD peptide (cCRGD) o

the micelle surface compared to PBE®Lys micelles without cRGB” The enhanced
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transfection efficiency was only observed for Heletls which overexpress the corresponding
receptors d,fs and a,fs integrin receptors) for cRGD and not for 293T cellkere no
overexpression was observed. A very recent examplag cRGD-functionalized (1,2-
diaminocyclohexane)platinum-loaded PB&GIlu micelles to target human glioblastoma
brain tumors was published by Miura et®lHere, the cRGD enabled transcytosis across the
well defined vascular barriers found in the bragng( blood brain barrier) that make the
targeting of this type of tumors exceptional diflic These findings indicate that cRGD-
mediated DDS are a powerful tool for treating glasboma.

A further big advantage of the polymeric micellsstheir lower CMC or in case of
polymeric systems also often called CAC. Micellasily fall apart if they are diluted below
their CMC. The increased stability of polymeric glles in case of dilution derives from the
larger hydrophobic parts, since it is much les®ofakle to have large hydrophobic domains
exposed to the surrounding water. However, mantpfa¢hat possibly influence the stability
of polymeric micelles are not yet fully understoadd sufficiently investigated. Almost all
studies focus on water or aqueous buffers as mediavestigate micelle formation and
destabilization but leave out physiologically relat media, like human blood or serffIn
order to further increase the stability of polynsemicelles, different approaches have been
used. One method is the cross-linking of the carghe corona of a micelle after its
formation. The group of Kataoka developed a micekaring iminothiolane units in the
hydrophobic domaiff®! After self-assembly, the thiols of the iminothiota units were
oxidized to form disulfide bridges between the paody chains preventing the dissociation of
the single amphiphiles. Additionally, this modifican renders the resulting micelles stimuli-
responsive to the reductive potential of the surdmg environment, e.g. an increased
concentration of glutathione (GSH) in the cytopla@ee Chapter 1.2). With this approach
PIC micelles loaded with siRNA achieved a 100-f@dhancement of the transfection
efficiency®¥ On the other hand, in case of too high cross+ligkd significant decrease of the
transfection efficiency was observed due to ovabitization!®®

Another approach towards stable core-shell ardhites are the so-called unimolecular
micelles which consist of a hydrophobic dendrimehygperbranched polymer functioning as
a core and a covalently attached dense polar s$haike micelles, these nanocarriers can not
fall apart upon dilution. The term unimolecular gile was introduced by Newkome et al.
with their report about [27]-arbor8f’ Since then many examples of unimolecular micelles
have been reported. For example, by functionalizifgPl with 3,4,5-tris-

(tetraethyleneoxy)benzoyl groups a water solublenalecular micelle was obtained, that
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transported Rosedhgal anc4,5,6,7-tetrachlorofluorescein in its cété.Kojima et al. used
PEGgrafted PAMAM dendrimers tencapsulate the drugs doxorubicin and methotré®®!

They were able to show that the amount of drugemeed with increasing core and shell <
Fréchet and cevorkers also grafted PEG to their dendrimer deriemhm 4,4-bis(4-

hydroxyphenyl) pentanol monomer units and could essfully encapsulate pyrene ¢
indomethacin® Using a different approaclour group synthesized unimolecular c-shell

architectures upon modification of the inner pdni®G with hydrophobic grouf®®* Many

more unimolecular corshell architectures hawrecentlybeen investigated. Most of them

designed to beesponsive to certain stimuli to facilitate the asle of the encapsulated gu

molecules and therefore will be discusin Chapter 1.2.2.

Encapsulated water

Figure 10. Schematic representation of a liposome (top) anghienolecular cor-
multishell (CMS) architecture (bottom). Figure reprinfesn the literaturéd®

By adding at least one additional shell arounddaedritic core one ends up wicore-
multishell (CMS)architectures. The extra shell can contribute wiinyadditionalfunctions
allowing for avast range of articles with numerous properties. A polymers-based
approach towards a CMS DDS was conducted by usidguble emulsion process with
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mMPEGH-PGIu block copolymef®! Due to the CMS architecture these polymersomes wer
able to encapsulate a hydrophobic as well as aopbWilic anticancer drug achieving a
synergistic effect. Unimolecular CMS nanocarries £xample have been formed by
attaching mPEG-PLA or mPEGb-PGIlu block copolymers to Boltorn or hyperbranched
poly(ethylene imine) (PEff*%! Our group established a novel and highly versagite of
unimolecular CMS architectures initially based ompérbranched PEI and later on dB%.
These unimolecular CMS architectures were syntbhddiy attaching long bifunctional alkyl
chains with mPEG attached on one end, to the dendores. The design of these CMS
architectures was inspired by the polarity variatad liposomes, having a polar core with a
hydrophobic inner layer and a polar exterior (see

Figure 10). CMS nanocarriers are soluble in watel ima most organic solvents and they
are able to solubilize hydrophobic as well as hptitic guests. Therefore, these universal
nanocarriers are highly suitable as DDS. Surprigjrige transport of guest molecules did not
occur via unimolecular particles as originally mded but instead via the formation of
supramolecular aggregates of the nanocarriers. 8dgsegation behavior was not observed
when the outer shell was exchanged by a graftecrbyanched PG shéll! The CMS
nanocarriers found various biomedical applicatidilee in vivo targeting of a F9
teratocarcinoma tumor and the modulation of thepeopevel in eukaryotic cell$® %8 It was
shown that CMS nanocarriers benefit from the EPfiRcefand are therefore able to deliver
their payload more selectively into tumor tissuee(§igure 11¥? Furthermore, it was found
that CMS nanoparticles are capable of enhancingskie penetration of different guest
molecules, which will be discussed in more detail Ghapter 1.8°'% Besides their
biomedical applications these CMS nanocarriers varewn to stabilize different metal

nanoparticles like gold, platinum, and palladiumickhsubsequently have been used for

Figure 11. Laser diode/camera assembly image of F9 teratowamna bearing mice: (a)
Strong contrast was observed after 6 h of admatistr of ITCC dye-loaded CMS
nanocarriers to F9 teratocarcinoma bearing migeth@contrast achieved with free dye
after the same time period is not very promineigufe adapted from the literatu?é.
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different catalytic reaction$®*°¥ In a similar approach the CMS nanocarriers wess s
templates for the formation of platinum nanopageticin mesoporous sili¢®> Although
these CMS nanocarriers have already proven todigyhwersatile and suitable for biomedical
applications, so far they have not been designexuialm a fashion that their payload can be

released upon action of an external trigger.
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1.2 Stimuli-Responsive Nanocarriers

This chapter has been adapted from:
E. Fleige, M.A. Quadir, R. Haaédv. Drug Delivery Re\x2012, 64, 866-884.
http://dx.doi.org/10.1016/].addr.2012.01.020

1.2.1 Stimuli for Triggering Drug Release

The advantages of polymeric DDS are manifold arde=d above (see Chapter 1.1.1).
Additionally, the progress in chemistry and materscience allows the tailoring of DDS that
can selectively release their cargo at the desitedof action and in response to an external
stimulus (see Figure 12). In order to trigger thiease, these responsive DDS are designed to

react to certain stimuli like pH, temperature, regotential, enzymes, light, and ultrasound.

active compound stlmulus
conjugatmn or
complexation

F— 1-200nm —
responsive nanocarrier active compound + released active compound +
e.g. micelles, dendritic responsive nanocarrier triggered nanocarrier

architectures, nanogels, ... e.g. drug-loaded micelles, e.g. drug release upon linker

properties: inactive, but drug conjugates, ... cleavage, change of carrier

tuneable in terms of solubility, properties: active, increased morphology, ...

selectivity, and stimuli bioavailability, selective, and properties: fulfills drug effect
response responsive specifically at desired site of

action

Figure 12. General scheme of a stimuli-responsive nanocafoerthe transport of
active compounds. Figure reprinted from the litemt°®

The central operating principle of responsive DDS based on specific
cellular/extracellular stimuli of chemical, bioche@a, or physical origin that can change the
structural composition/conformation of the nandeas; thereby promoting the release of
transported guests. The changes are mainly decdaiopgsionization, isomerization,
depolymerization, or activation of supramolecul@gsadgregation among many others. The
general concept of triggered release, as shownguaré 13, can be divided into two major

modes according to the design of the nanocariietse complexation approach (Figure 13a),

19



Introduction

where the bioactive agent is entrapped within teogarrier, the release can be triggered by
structural changes within the carrier scaffold (eaarrier degradation, cleavage of shell,
charging of functional groups), while in the nanwoieg-conjugate approach, the release
involves cleavage of the linker between carrier biwéctive agent (Figure 13b). Thus, these
advanced nanocarriers become rather an activeciparit in the therapeutic landscape than

only being an inert carrier molecut&”’

stimulus

. Y. e %

shell cleavage

encapsulation +drug release

b.)
. . stimulus
.. .“l.

| Ve —_— )ﬂ

*
"3
- SR Ty
drug . . ) . linker cleavage ) *

conjugation with [ +drug release * . *
cleavable linker

**
*n.

—_—

Figure 13. Different mechanisms for stimuli-responsive releas@ctive agents from
nanocarriers: a) supramolecular complexes like dénccore-shell particles with a
cleavable shell and b) dendritic scaffolds witlaeltied solubilizing/stealth groups using
cleavable linkers for the drug conjugation. Figteprinted from the literaturé®®

The benefits of responsive DDS are essentially mapd when the stimuli to which they
act are disease or systemic-biochemistry spediig.,(to a defined enzyme class, specific
protein overexpression, pH, electrolyte status)chSspecificity allows the nanocarriers to
precisely release their cargo in a temporal oriapgtattern in response to particular
pathological triggers present in the diseased esg@sulting in substantially reduced side
effects.

Chemical and biochemical stimuli that can be usedrigger the release from a DDS
include cellular pH-shifts, changes in the redor &mic microenvironment of the specific
tissues, enzyme overexpression in certain pathmdbgtates, host—guest recognition, and

antigen—antibody interactioH8¥ In many diseases the normal pH-gradient betweéra-ex
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and intracellular environment is greatly affectdeéor example, in solid tumors, the
extracellular tissue can be more acidic (~ 6-7)nthlae systemic pH (7.4) due to poor
vasculature and consequent anaerobic conditféhsThe cellular organelles also exhibit
sharp pH differences in different locations, foistance, in cytosolic, endosomal, and
lysosomal compartments. A pH-responsive DDS capomesd to such pH-differences and
release the payload at the site of action eithetdsfabilization of the whole nanocarrier or by
cleavage of pH-sensitive linkages that connecttiig molecules to the carrier. pH-sensitive
moieties that can be incorporated to achieve straktthanges of the carrier include carboxyl
and/or tertiary amines. These functional groupasr aheir hydrophobicity/hydrophilicity upon
protonation/deprotonation which can be used toathélite the nanocarriét*®**! The most
commonly used polymers for this purpose are poty(amide) (PAAm), poly(acrylic acid)
(PAA), poly(methacrylic acid) (PMAA), poly(diethylainoethyl methacrylate) (PDEAEMA),
and poly(dimethylaminoethyl methacrylate) (PDMAEMAY % In order to conjugate drugs
to nanocarriers or to make a polymer backbone pgdvable, linkages such as hydrazone,
hydrazide, and acetals are used (see Figure 14).

Another biochemical property, which is used todegthe release from responsive DDS, is
the presence of enzymes, such as proteases, ghidase, or carboxylesterases, which are
often overexpressed by malignant cells and areeittira- or extracellularly presented. The
protease cathepsin B, that degrades proteins asdyses, has been intensively investigated
for the development of enzyme-responsive DDS. Imega, proteases that are extracellularly
expressed, such as the matrix metalloproteasespagfic biomarkers of malignant tissues.
They are responsible for the proteolysis of theadlular matrix and basement membranes
and are required during embryo morphogenesis gissmodeling, angiogenesis, and parasitic
or bacterial invasioft!*'** The drug release can be achieved by introduciegifip enzyme
substrate sequences either into the nanocarriéfioktaor into the linker segment through
which the drug is anchored to the nanocarrier. &leezyme-cleavable groups can range from
simple ester and carbamate linkers, that are hyziedl by proteases (see Figure 14), or amino
acid sequences that are explicit substrates fdaineenzymes. Tumor tissues are enriched
with proangiogenic and angiogenic enzymes. Mostontgmtly, such hypoxic areas are
environmentally reductive due to the presence ofrbductive enzyme¥**%! In normal
tissue, the intracellular GSH level ranges frono L& mM compared to that of blood plasma
which is 2uM.12 124123 vitro the GSH levels were found to be 7-10-fbigher in tumor
cells than in normal cells. This combination ofratellular elevated GSH and the tumor-

associated GSH make redox-responsive nanocarnenesting candidates for targeted drug
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releasé*?® The DDS in this case contains a disulfide grougitber conjugate the drug or
cross-link the nanocarriers. The disulfide bondbisken down by GSH into two thiol
moieties releasing the drdfg®

O
N., R® R! _N./ _R3 R" N./ R3
1 DA A 7 3 ST WY
R /\|/2 H /\|/2 R1JJ\N/N;\/~‘|/R O /cl/
R R H R2 R2
Imine Hydrazone Hydrazide Oxime
(PH < ~7-5) (pH < ~5) (pH < ~5) (pPH < ~3)
3 O 050
R® R* R® H s/ R?
1 \>/// 2 R1\ \X: /R2 R1\ \,\JK)\; 195 g
R\O’\/ \O/R Oy O N R S
Ho
Ketal Acetal (Di)ymethyl maleate Disulfide
(pH < ~5-4) (pH < ~5-4) (pH ~5.5, ~6.8) (redox, glutathione)
O
O O O J]\
\ OR3
R Jbe R? /' R2 ! R2 >0
H Ve R1JJ/‘/\O/R R1l{/sN,R R" O /Ij[
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Carbamate Ester Amide 2-Nitrophenyl ester
(esterase) (esterase) (amidase) (UV light)

Figure 14. Cleavable linkers used for stimuli-responsive namnaers. The dashed line
shows the bond that is broken upon activation leyatrresponding stimulus which is
given in parentheses. Figure adapted from theatitee!**®!

Physical stimuli that are used for the triggerddase of drugs involve temperature, light,
and strength of magnetic or electrical fiefd§. In thermo-responsive nanocarriers, a
temperature-sensitive polymer is used, which alldws delivery system to release the
payload upon changes in temperatures. The drugaselean only be achieved after
subsequent application of differential temperatéoe,instance, in the form of hyperthermic
stimuli at the target tissue. For this purpose,ymers with a lower critical solution
temperature (LCST) are used. If the polymer facegra/ironment that is heated above the
LCST the polymer backbone is dehydrated and thgnped becomes more hydrophobic. This
change in the hydrophilic-hydrophobic balance cauwsdestabilization of the DDS and leads
to a release of the drug. Polymers that have bessd dor this purpose are pdiy
isopropylacrylamide) (PNIPAAM), pol{,N-diethylacrylamide (PDEAM), poly(methyl-

22



Introduction

vinylethers) (PMVE), and polj{-ethyl oxazoline) (PEtOX}!**** Depending on their
molecular weight, PEGs also exhibit a LCST. Usu#tly LCST of PEG is too high which
can be overcome by copolymerization with other nmoexs. Feasibility of local/regional heat
deposition and hyperthermia induced vascular pébitigaadditionally endows the thermo-
responsive nanocarrier with the advantage of retaoteeting in passive mod&” The use of
light as an external stimulus offers a range ofaatlxges, including ease of application,
relative biocompatibility and controllability bottspatially and temporally?®**? The
principle of photo-responsive dendritic architeeturrelies on the adjustable release of
encapsulated/conjugated bioactive units from thecgire under the influence of light of a
specific frequenc¥®® In particular, radiation of UV, near IR, and IRduency are generally
used which are tissue compatible, yet powerful ghdo bring about conformational changes
within the nanocarriers' chemical architecture,.,etlge cleavage of a 2-nitrophenyl ester
linkage (see Figure 14). Ultrasound attracted gngwattraction for targeted and responsive
DDS. Ultrasound can be used as a trigger to relaetsee molecules from polymeric matrices
by regional sonication. Ultrasonic-mediated corteagent release from nanocarriers with the
aid of microbubbles is a well-established technigquéhe field of diagnosis. In addition to
tumor uptake, this technique also allows the unifatistribution of micelles and drugs

throughout the tumor tisstig’!

1.2.2 Stimuli-Responsive Core-Shell and Core-Multishell Architectures

The utilization of biochemical stimuli that occuitian the body is of particular interest as
it supersedes the application of additional extetnggers. Therefore, this chapter will focus
on pH- and redox-responsive as well as enzymaticdkgradable DDS. Here, pH-
responsiveness plays an important role in conttoledease as sharp pH gradients exist in
some diseased tissues, like tumor and inflamedigisurthermore, the pH of different
cellular compartments during endocytosis also difi@gnificantly from the physiological pH
allowing for intracellular release. Core-shell DDMSed for this purpose include block
copolymer micelles consisting of poly(histidinePEG and PLAB-PEGbH-
poly(histidine)****** Upon a pH drop, the hydrophobic part is protonatéith changes it
into a hydrophilic block causing the disassemblyh& micelle. The Kataoka group attached
the anticancer drug doxorubicin via a pH-labile taybne linker to a PEG-PAsp block
copolymer micelle, thereby significantly enhancthg drug release at pH 6 or lowEf 3"
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Figure 15. Formation and dissociation of a charge-conversiocele encapsulating
and releasing a positively charged protein in ddpane on the polymer charge. Figure
adapted from the literatufg®

Furthermore, the same group synthesized chargescsiom micelles for the delivery of
positively charged proteins by attaching methyleas groups to the aspartate bl&c®.The
micelles were negatively charged and stable atiploggcal conditions. At lower pH, the
methyl maleate groups were cleaved, resulting positively charged aspartate block which
led to the disassembly of the micelle and reledsthe protein (see Figure 15). Our group
established several unimolecular pH-responsive -sbed architectures based on hyper-
branched PEI and dPG. The attachment of alkyl shaia acetal, ketal, or imine groups
resulted in inversed unimolecular micelté8! while the attachment of PEG shells via an
imine bond resulted in water-soluble core-shellatamriers**°**¥ These architectures could
be cleaved at pH values between 5 and 7 dependinyeopH-labile group. The cleavage
resulted in the release of various guest molectilas had been encapsulated beforehand.
Following the drug-conjugate principle, Haag andamkers also used the hydrazone linkage
to attach doxorubicin in addition to a PEG sheld®G. By using this conjugate, complete
tumor remission for 30 days was achieved in miogeenEthough three times the maximal
tolerated dose compared to free doxorubicin was i@dtared as drug conjugate, no
significant loss of body weight of the mice was eved™** A DDS based on PAMAM with
an DMAEMA-b-PEG double shell was described by Shen et alrétedsed the encapsulated
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anticancer drug paclitaxel upon protonation of BMAEMA block causing the inner shell to
stretch out**®!
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Figure 16. Schematic structure of doxorubicin—polyglycerol jogates. The curves
depict the pH-release profile and the tumor growthibition of subcutaneously
growing A2780 xenografts under therapy with doxdecurband the conjugates. Figure
reprinted from the literaturé*¥

Another stimulus used as trigger is the oxidative reductive nature of certain
environments. In general, the extracellular spacexidative while the intracellular space is
reductive, which is strongly related to the GSH aaoriration in the different environments
(see Figure 173*® Therefore, redox-sensitive DDS are of particufgeriest for intracellular
delivery, e.g., in gene delivery, where it is caldd protect the plasmid DNA or siRNA until
it reaches the cell interior. As already mentione€hapter 1.2.1, the cross-linking of thiol-
containing blocks from block copolymer micellesipromising approach for the stabilization
of micelles as well as the introduction of respeesess. The Kataoka group achieved a 100-
fold increased siRNA-transfection by using crosiéid PIC micelle€* Recently, they have
used the same micelles to encapsulate the photbsenphthalocyanine and were able to
show enhanced phototoxicity® A cleavable disulfide bond can also be incorpatétéo the
amphiphile structure, thereby linking the hydrojhivith the hydrophobic block. Amongst
others, Wang et al. demonstrated this by attaclangolyg-caprolactone) block to a
poly(ethyl ethylene phosphate) blo¢k! The same approach was used to attach a shell of

spermidine moieties to a dendritic polymer in ordercomplex and release DNA. The
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resulting complexes werepidly cleaved in a reductive environmemt,oving that single

spermidine molecules art able to complex DNAX™® Kono and coworkers used cyst

functionalized PAMAM dendrimers that were furtheated with a PEG shell to confine 1
[151]
!

guest molecules upon crokisking of the thiol groups of cyste
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Figure 17. Schematic rejesentation of the mechanism of action of reresponsive
nanocarriers. The drug loaded carrier is takenntip the cell by endocytosis. Aft
reaching the cytosol the disulfide bonds are reduog glutathione (GSH) and tl

carrier falls apart releasinthe drug into the cytosolFigure reprinte from the

literaturet*®

Nowadays, there have been several attempts todekigl or even mu-responsive
DDS[**@ Especially the combination of |- and redoxresponse is of particular interest
both stimuli are active in certain pathologicalesitas well as all cells. Shuai et a
synthesized such a dual responsive DDS based on -b-poly(aspartic aci
mercaptoethylamind)-poly(aspartic acidr~(diisopropylamino)ethylamine (PE-b-PAsp-
(MEA)-b-PAsp(DIP))**¥ The triblock polymers form micelles at pH 10 and re
subsequently stabilized by oxidative crlinking and it was possiblto release the load
doxorubicin at pH 5 or under reductive conditiofite release was further enhanced
reductive environment at pH 5 was chosen. In viwalies showed reduced drug leakag
the blood stream and an increased therapeuticteAnother very recent example of a higl
effective dual responsive micelle was reportedhgydroup of Zhon**? They used a PEG-
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b-PLys block copolymer and partially modified theyBLsegment with lipoic acid anmds
1,2-cyclohexanedicarboxylic acid (see Figure 18je Tipoic acid was used to cross-link the
micelles after self-assembly making the micelle oretesponsive and thecis-1,2-
cyclohexanedicarboxylic acid was applied to obthie pH-responsivness, as it undergoes a
charge conversion at low pH from negatively to pesly charged. Under the combination of
acidic and reductive conditions the micelles redeasnore than 95 % of the loaded

doxorubicin resulting in significantly pronouncegtaoxic effects.
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Figure 18. Schematic representation of reduction and pH desponsive cross-linked
PEG-b-P(Lys-CCA/LA) micelles for triggered intralcghr release of doxorubicin
(DOX). (i) Self-assembly of PEG-P(Lys-CCA/LA) cogater and loading of DOX; (ii)
cross-linking of micelles with catalytic amount @f4-dithiothreitol (DTT) to yield
reduction and pH dual-sensitive cross-linked me=ll(iii) endosomal pH-triggered
cleavage of amide bond of CCA and partial drugasde and (iv) GSH-triggered de-
cross-linking, micelle dissociation and completegirelease. Picture reprinted from the
literature!**”!
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Enzymatically degradable DDS rely on esterasespaottases that cleave esters or small
peptide sequences which are incorporated in the .DEStraightforward approach for
designing such a DDS is the use of polyester segmerblock copolymers. Mao and Gan
prepared copolymer micelles using poly(glycdralaprolactone) (IPG®-PCL) and
encapsulated pyreh&? Subsequent treatment with a lipase led to a dsereffluorescence
intensity associated with the release and agg@mgatduced quenching of pyrene. This result
is astonishing insofar that the interior polyedikrck is well shielded by the poly(glycerol)
shell. Most likely the enzyme can still degrade thalyester due to the dynamics of
aggregation and disaggregation. Fischer et al.cteth spermine, spermidine, and
pentaethylenhexamine via a carbamate linker to af®e®? These unimolecular core-shell
nanocarriers were enzyme degradable and able tplerrsiRNA for gene delivery. Their
cargo could be released with the help of two déffierlipases. Overall, the nanocarriers
showed a lower cytotoxicity and high siRNA transi@ac efficiency in vitro compared to the
commercial standard HiPerFect®. dPG with a PEGI ghat was co-functionalized with
aromatic units to increase the hydrophobicity @& tre could release pyrene upon treatment
with CAL B.™*® The lipase cleaves the ester groups between dBGhararomatic unit and
thereby lowers the hydrophobicity.

The manifold responsive DDS that have been devdlapé thoroughly studied reveal the
high interest in this field. All responsive DDS wesuperior to their non-responsive
counterparts under the given experimental setupss proves that the introduction of

responsiveness is a key step in satisfying the feratkw smart DDS.
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1.3 Dermal and Transdermal Drug Delivery

The skin is the biggest human organ and has mamplex functions. Its major role is to
provide a protective barrier. It minimizes watesdand prevents the invasion of threats from
the environment, e.g., microbes, toxic agentsdiatéon, and particulate matter, into the
organism. For this purpose, the skin has severf@ndeye mechanisms based on physical,
immunological, metabolic, and UV-protective barsier® which prevent most nanoparticles,
like viruses, bacteria, dust, allergens, or maerfeom penetrating the skin unless it is
disrupted due to injury or disease. On the otherdhance the defense mechanisms are
understood, the skin could be used for the dermmakransdermal delivery of drugs.
Overcoming the skins barriers in a safe and efiicieay still remains a challenge in dermal
and transdermal drug delivefy”

stratum corneum
(10-20 um)

viable epidermis
(50-100 pm)

dermis <
(2-2 mm)

Figure 19. Schematic representation of the structure of the. skhree pathways for
crossing the stratum corneum are shown: a) thadeliular, b) the shunt, and c) the
transcellular pathway. Figure adapted from theditere!**®

As shown in Figure 19, the skin consists of two miaiyers: the underlying dermis is
formed by a variety of cell types, nerves, bloodsads, and a lymphatic system, which are
hold together by connective tissue. On top of thenils, separated by a membrane layer, lies
the epidermis that is mainly composed of stratifieeratinocytes surrounded by an
extracellular lipid matrix. The outermost layertbe epidermis, the stratum corneum, is the
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most important one for the barrier function of #kén. Diffusion through the stratum corneum
is for most substances the rate limiting step o glermeation. Three different routes have
been considered for crossing the stratum cornetime +ranscellular, the intercellular, and the
shunt route, involving hair follicles and sweat thugsee Figure 19°® 281t was found that
polar solutes rather permeate via the transceltolate while more lipophilic solutes enter via
the intercellular route through the surroundingdlsiﬁm] Transdermal transport of polar
solutes can as well occur via the shunt pathwayghvhllows the diffusion across the stratum
corneum and the remaining epidermis (viable epit®rn®&ince the skin surface is much
higher than the area covered by hair, transportheastratum corneum remains the major
route. All drugs that are currently administeredoas the skin exhibit the following
properties: low molecular mass (below 500 Da), Higbphilicity, and small required dose.
The delivery of bigger hydrophilic drugs into tHersremains a big challende®

Besides several nano- and microparticles that baes used for dermal and transdermal
drug delivery**® dendrimer-mediated drug delivery gained increasimgrest in recent
yearsi’®” Although PAMAM dendrimers did not penetrate theastm corneum, they do
enhance the drug delivery into the skin to a ceré&itent. Three possible mechanisms have
been proposed. The first possibility is that demeris might function as drug release modifier
and speed up the drug dissolution. Here, the demds help to keep the drug in a well
solubilized state that is of high thermodynamicivatyt boosting the drug permeation.
Secondly, they might help to target the hair fédlsc Despite the fact that only a low area is
covered with hair, the high vascularization andpdewagination of the hair follicles makes
this route interestinﬂfﬂ] Finally, dendrimers can perturb the lipid bilayenspairing the
stratum corneum.

Kichler et al. successfully used CMS nanocarriexgelbped in the Haag group to enhance
the skin penetration of the hydrophilic dye rhodarBi (see Figure 20) and the hydrophobic
dye Nile red®*%! The penetration of both guests could be signiflgaenhanced compared
to a cream application. The CMS nanocarriers wees superior to solid lipid nanoparticles
(SLN), which are considered the gold standard faigddelivery to the skin. Furthermore,
CMS nanocarriers were studied concerning theirabiéty by skin and it was found that
they are non-toxic, non-irritant, and do not inéeef with cell migratioft®? These findings

prove CMS nanocarriers to be excellent candidateBDS targeting the skin.
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=

W

ABU

Stratum cormeum Epidermis Demis

Figure 20. Rhodamin B penetration into pig skin: staining o pkin following the
application of 0.004% rhodamin B loaded cream (ALN (B), and CMS
nanotransporters (C) for 6 h. The representaticeupas taken from the identical donor
animal are obtained by superposing normal light #funatescence images of the same
area. (D) The arbitrary pixel brightness values ((ABbtained by fluorescence picture
analysis (cream, black columns; SLN, grey colum@®S nanotransporters, white
columns, n = 3). The inserted numbers give thee®sge enhancement of penetration
over cream, *differences p0.05). Figure reprinted from the literatdit&.
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2 Scientific Goals

Polymeric drug delivery systems (DDS) can signifitba enhance the performance of
various active agents for the treatment of a wartétdiseases. Particularly promising DDS
are CMS nanocarriers based on dPG with an inngtt alkd an outer mPEG shell. Due to
their high versatility they have already been us$ed different biomedical applications.
Particularly, their use as skin penetration enhanskeows high potential.

This work will further investigate the behavior GMS nanocarriers upon the interaction
with guest molecules. Special focus will be giventiie aggregation behavior of the CMS
nanocarriers when loaded with guest molecules,usecthe size of a DDS plays an important
role in different biological events like cellulaptake. There is evidence that a branched outer
shell might be suitable to prevent aggregation fShanocarriers and these findings will be
applied to the developed CMS systems. Until now,SOMnocarriers were not applicable for
controlled release of loaded drugs. Therefore dteisirable to develop CMS nanocatrriers that

respond to external stimuli.

VAN

Nanocarrier

A LA
vew
QP

Aggregation and
Loading Behavior responsiveness

In order to gain a better understanding of the bienaf CMS nanocarriers, their behavior
upon interaction with solvatochromic dyes like Nikl and Coumarin 153 will be studied.
The solvatochromic dyes allow the localization bé tdye as its absorption is shifted in

correlation to the polarity of the environment bétdye. Both dyes are rather hydrophobic
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which might have an influence on the aggregatiothefnanocarriers. The evaluation of these
properties will be achieved by using UV/Vis spestapy, fluorescence spectroscopy, and
dynamic light scattering (DLS). To test the infleenof a branched outer shell, CMS
nanocarriers with defined branched structures enotltside shall be synthesized. Here, PG
dendrons will be used as PG has comparable prepddithe previously used mPEG. Again
UV/Vis spectroscopy and DLS will be used for thedstigation of the aggregation behavior
and determination of the transport capacity ofghest molecules. The pH was chosen as the
stimulus that should trigger the release from CM@atarriers as this stimulus is naturally
occurring during cellular uptake. More precisely,aaomatic imine group shall be introduced
into the CMS nanocarrier structure. This linkercisaved in the desired pH-range that is
present after cellular uptake. Furthermore, theast of active agents from this novel
nanocarrier type shall be studied.
Finally, additional information about the skin p@a&on enhancement by CMS

nanocarriers shall be gained using electron paraetegresonance spectroscopy and the

comparison with a different DDS.
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3 Publicationsand Manuscripts

3.1 Aggregation Phenomena of Host and Guest upon the L oading of

Dendritic Core-Multishell Nanoparticles with Solvatochromic Dyes

This chapter was published

E. Fleige, B. Ziem, M. Grabolle, R. He, and U. Resch-Gengdvlacromolecule 2012, 45,
9452-9459.

http://dx.doi.org/10.1021/ma3019°

r 4
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non-emissive
dye aggregates

..

low dye
concentration
emissive dye
molecules

r 4

Author Contribution:

» Synthesis of the coreutishell nanocarriers

Loading of the corenultishell nanocarrie with Nile red

Design of the UV/Vis and fluorcence experiments

Dynamic light scattering measureme

Preparation of the manusci
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3.2 Dendronized Core-Multishell Nanocarriersfor Solubilization of
Guest Molecules

This chapter was published in:
E. Fleige, R. Tyagi, and R. Hadganocarriers2013, 1, 1-9.
http://dx.doi.org/10.2478/nanca-2013-0001

unimolecular, dendronized aggregates,
no transport core-multishell transport
nanocarrier

Author Contribution:

* Synthesis of the dendronized core-multishell narreera with PG[G1] shell
* Loading of all core-multishell nanocarriers

* UV/Vis experiments for the determination of thengport capacities

» Dynamic light scattering experiments

* Preparation of the manuscript
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3.3 pH-Responsive Dendritic Core-Multishell Nanocarriers

This chapter was published in:

E. Fleige, K. Achazi, K. Schaletzki, T. Triemer,daR. HaagJ. Controlled Releas2014,
185, 99-108.

http://dx.doi.org/10.1016/j.jconrel.2014.04.019

1) endocyt05|s ‘
2) pH drop in the ' '
endosome ‘ ‘

3) release

DOX-loaded pH-CMS

Author Contribution:

» Synthesis of the pH-responsive core-multishell can@ers

» Supervision of Karolina Schaletzki and Theresenmigeworking on the establishment of
alternative synthetic pathways

* Loading of the pH-responsive core-multishell namoees

» UV/Vis experiments for the determination of thensport capacities

» Dynamic light scattering experiments

» Design of the in vitro experiments with the helgaitharina Achazi

* Preparation of the manuscript
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3.4 Skin Penetration Enhancement of Core-Multishell Nanotransporters
and I nvasomes M easur ed by Electron Paramagnetic Resonance

Spectroscopy

This chapter was published in:
S. F. Haag, E. Fleige, M. Chen, A. Fahr, C. Te@tl&f Bittl, J. Lademann, M. Schafer-

Korting, R. Haag, and M. C. Meinkimt. J. Pharm2011, 416, 223-228.
http://dx.doi.org/10.1016/}.ijpharm.2011.06.044

skin penetration, EPR monitoring

Il after penetration

0,08+ 2.5 fold Il after UV-irradiation

0,07+

1.9 fold

EPR intensity / a.u.

CMS Invasomes Solution
nanotransporters

Author Contribution:

» Synthesis of the core-multishell nanocarriers
* Loading of the core-multishell nanocarriers witk tBPR label

* Discussion and evaluation of the results

74



Summary and Conclusion

4 Summary and Conclusion

This work investigated the applicability of noveMS nanocarriers as drug delivery
systems. Special focus was given to the aggregaetavior of the nanocarriers upon their
interaction with different guest molecules. Forstipurpose, CMS nanocarriers with a
branched outer shell were synthesized and theenfi@ of the branched outer shell on the
aggregation and transport behavior of the nanararnvas investigated. Furthermore, pH-
responsive CMS were synthesized and their intraleeltrug release profile was evaluated in
comparison to a stable CMS nanocarrier.

In order to investigate the loading of CMS nanaessrwith the solvatochromic dyes Nile
red and Coumarin 153 spectroscopic studies werdéorpged. It was found that the
spectroscopic properties and the size of the dgddd CMS nanocarriers are controlled by
the hydrophilicity and aggregation behavior of theorporated fluorophores. The sensitivity
of the dye’s absorption and emission depends orptierity of its immediate environment
and on hydrophobic effects controlling the nanaearaggregation. Furthermore, it was
shown by absorption and fluorescence spectrosctyy the internalization of these
hydrophobic and solvatochromic dyes occurs withim @uter layer of the CMS nanocatrriers.
The uptake of Nile red by CMS nanocarriers enhatttesggregation of the dye as indicated
by hypsochromically shifted absorption bands andcamcentration-dependent loss in
fluorescence. This represents one of the very feamgles of the formation of H-type
aggregates of Nile red. For Coumarin 153 loaded @lslisocarriers, a red shift in absorption,
a blue shift in emission, and a diminution of the&fescence quantum yield was observed
upon increasing the dye loading concentration. Beisms to derive from a new aggregate
species of the dye with properties that have nenbabserved before. The loading of the
CMS particles with both dyes led to an enhanced @isi$carrier aggregate formation.

In addition, a new type of dendronized CMS naneeamwith PG dendrons of different
sizes as the outer shell was synthesized and cechgar CMS nanocarriers with a linear
mMPEG outer shell. The CMS nanocarriers with PG derglof the 1st generation showed an
increased transport capacity of Nile red. The 2muhegation, however, only achieved
transport capacities comparable to the values mddaifor mPEG-terminated CMS
nanocarriers. In case of the drug methotrexatey arfPEG-terminated CMS nanocarriers
were able to solubilize the guest. Nile red-load&dS nanocarriers exclusively formed
aggregates, while the methotrexate-loaded carsleva/ed sizes corresponding to single CMS

nanocarriers. It was shown that the formation of SCManocarrier aggregates cannot be
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prevented by replacing the mPEG outer shell witmbhed PG dendrons. Furthermore, it was
concluded that the aggregation behavior is stroimglyenced by the guest molecule.

Moreover, a pathway for the synthesis of pH-respensCMS nanocarriers was
established. These responsive nanocarriers relgaserubicin more easily after cellular
uptake and therefore show higher toxicity in congmar to the corresponding stable carriers.
The transport of doxorubicin was achieved in ungnalar CMS nanocarriers, which again
showed that the guest has a strong influence oagbeegation behavior.

Finally, it was confirmed that CMS nanocatrriers effecient drug delivery systems for the
topical application of hydrophilic substances te gkin. In direct comparison with lipid-based
invasomes, the CMS nanocarriers show a higher faitgt enhancement especially in the
upper layers of the stratum corneum. Furthermoneas shown that the used EPR-label was
still active after penetration and reacted withefmadicals in the skin generated by UV-

irradiation.
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5 Outlook

The versatility of CMS nanocarriers makes themdreeely interesting candidate for the
design of novel drug delivery systems. With thegtubty of introducing responsiveness
towards external stimuli they have the chance e outstanding smart delivery devices
for the controlled application of various activeeats. Furthermore, it should be possible to
attach targeting moieties to the surface of CMSonarriers. In that case they would not only
take advantage of the EPR effect for passive tengdiut in addition would benefit from
active targeting as well which would increase tispiecificity. However, in order to increase
their functionality, a more and more tedious sysithas required and makes the CMS
nanocarriers more expensive. Taking this into astatl seems unreasonable to expect the
production of large quantities of responsive CM®atarriers with targeting moieties and
their market approval as DDS in the near futureveXiheless, already non-responsive,
passively targeting CMS nanocarriers representastimg DDS. Especially their use as skin
penetration enhancers is highly promising as theyruo the so-called solid lipid
nanoparticles, which are considered the gold stan@h the moment. In addition, the
investigation of the actual guest properties thttee cause or prevent the aggregation of
CMS nanocarriers should provide valuable informatieading to a structure-property
relationship for the rational design of DDS. Thisuld be of high importance since these
factors can have a direct influence on the uptdkbendelivery system, its release behavior,

and the activity of the active agent.
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6 Zusammenfassung

Ziel dieser Arbeit war die Entwicklung und Evalwiag neuartiger Kern-Multischale-
Architekturen als Nanotransportsysteme fur Wirkstof Zum einen sollte die
Wechselwirkung der Tragermolekile mit verschiede@astmolekilen untersucht werden
und zum anderen sollte ein spaltbares System kieniziperden, das eine gezielte Freisetzung
der Gaste ermoglicht. Zur Evaluierung der Wechs&lwigen zwischen Kern-Multischalen-
Nanocarriern und verschiedenen Gastmolekilen wuldégersysteme sowohl mit linearer
als auch verzweigter AulRenschale hergestellt undeniéluss der Schalenarchitektur auf das
Aggregations- und Transportverhalten der Kern-Maghiale-Nanocarrier untersucht.
Zusatzlich wurden die Kern-Multischale-Nanocarrient pH-empfindlichen Bindungen
zwischen Kern und Schale ausgestattet und ihrzelitdares Wirkstoff-Freisetzungsprofil im
Vergleich zu stabilen Kern-Multischale-Nanocarriermtersucht.

Mit Hilfe spektroskopischer Methoden wurde die Blkelag der Kern-Multischale-
Nanocarrier mit den solvatochromen Farbstoffendtlilmd Coumarin 153 untersucht. Dabei
wurde festgestellt, dass die spektroskopischennB®ften und das Aggregationsverhalten
der farbstoffbeladenen Transportsysteme durch dlerigt und das Aggregationsverhalten
der verwendeten Farbstoffe bestimmt werden. DieoAfi®on und Emission der Farbstoffe
wurden dabei stark von der Umgebung des Farbstoffddydrophoben Effekten beeinflusst.
Diese haben auch einen Einfluss auf das Aggregatewhalten der Kern-Multischale-
Nanocarrier. Die hydrophoben und solvatochromerbstaffe wurden dabei insbesondere
durch die &ulRere Schale der Kern-Multischale-Nam@raaufgenommen, was mit Hilfe von
UV/Vis- und Fluoreszenzspektroskopie bewiesen werkiennte. Bei der Aufnahme von
Nilrot in die Nanotransporter konnte eine Selbstaggtion des Farbstoffes beobachtet
werden, die sich in einer hypsochromen Verschiebdag Absorptionsbande und einer
konzentrationsabhangigen Fluoreszenzquenchung . z8gts stellt eines der wenigen
Beispiele dar, bei dem sogenannte H-Aggregate diar Fearbstoff Nilrot beobachtet werden
konnten. Die mit Coumarin 153 beladenen Kern-Mahiee-Nanocarrier zeigten eine
Rotverschiebung in der Absorption, jedoch eine Béaschiebung in der Emission und ein
Verminderung der Fluoreszenzquantenausbeute, die Abhangigkeit von der
Farbstoffkonzentration stehen. Diese Eigenschafssheinen von einem neuartigen
Coumarin 153-Aggregat herzuriihren, das in diesemAwoch nicht beobachtet wurde. Die
Beladung der Kern-Multischale-Nanocarrier fuhrtelmden Farbstoffen zu einer verstarkten

Aggregatbildung der Nanotransporter.
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Desweiteren wurde eine neue Art von Kern-MultiseRidhnocarriern hergestellt, die statt
linearem mMPEG unterschiedlich gro3e PG-Dendroreawiere Schale aufweisen. Durch die
Verwendung von PG-Dendronen der ersten Generatomtk die Transportkapazitadt mehr
als verdoppelt werden. Die Nanotransporter mit Denen der Generation zwei wiesen
hingegen nur eine &hnlich hohe Transportkapaziigtde Kern-Multischale-Nanocarrier mit
MPEG-Schale auf. Der Wirkstoff Methotrexat konntéerdings nur mit den mPEG-
funktionalisierten Nanocarrier transportiert werdé/éhrend die mit Nilrot beladenen Kern-
Multischale-Nanocarrier ausschlief3lich Aggregatbilget haben, wurde durch Methotrexat
die Tendenz zur Aggregatbildung verringert und esnken nur einzelne Kern-Multischale-
Nanocarrier nachgewiesen werden. Dies zeigt, dassAdgregatbildung nicht durch die
Verwendung verzweigter Bausteine in der aul3ereml8acrerhindert werden kann. Vielmehr
lasst das den Schluss zu, dass die Aggregatbilcumgptsachlich vom Gastmolekul
beeinflusst wird.

Ein weiterer Teil der Arbeit beschéftigte sich médr Herstellung von pH-empfindlichen
Kern-Multischale-Nanotransportern. Dies wurde duré&hnfiihrung einer Imingruppe
zwischen Kern und Doppelschalenbaustein erreicigt, s erhaltenen pH-empfindlichen
Nanocarrier konnten Doxorubicin erfolgreich verkalpsund nach zellularer Aufnahme
wieder freisetzen. Durch die aktiv ausgeldste Eteimng zeigten die Nanocarrier eine hohere
Zelltoxizitat als das stabile Vergleichssystem. D&ransport von Doxorubicin fand
ausschlieBlich durch unimolekulare Kern-Multischal@nocarrier statt. Dies zeigt
wiederholt, dass die Aggregation der Nanocarriarksvon der Art des zu transportierenden
Molekuls abhangt.

Zu guter Letzt konnte auch gezeigt werden, dassedisvickelten Kern-Multischale-
Nanocarrier sehr effektiv als Wirkstofftransportér die topische Anwendung hydrophiler
Substanzen auf der Haut verwendet werden kdnnedirgkten Vergleich mit lipidbasierten
Invasomen konnte mit den Kern-Multischale-Nanotpamtern eine deutlich hdohere
Hautpenetration, insbesondere in die oberen Samnatés Stratum corneum, erreicht werden.
AulRerdem konnte gezeigt werden, dass das eingebr&ttR-Label nach Penetration noch
aktiv war und mit freien Radikalen in der Haut neagn konnte, die durch UV-Strahlen

generiert wurden.
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