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Abbreviations
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APP amyloid precursor protein
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FDA US Food and Drug Administration
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Introduction

1 Introduction

1.1 The Role of Copper in Neurodegenerative Diseases

The essential trace metal copper (Cu) is needed for various biological functions whereby its
levels are tightly regulated in systemic environments. Cu is also a cofactor of many
metalloenzymes which are critical for transcription and post-transcriptional modification of
various metabolically active proteins. The Cu uptake into eukaryotic cells is mediated by a
channel-like, high-affinity copper transport protein-1 (Ctrl, Figure 1) and is partially
mediated by low-affinity transport mechanisms.!Y After Ctrl transports external Cu(I), three
different chaperones bind and distribute Cu intracellularly: (i) The Cu chaperone of Cu/Zn
superoxide dismutase-1 (CCS) delivers Cu to Cu/Zn superoxide dismutase-1 (SOD1)
which enters mitochondria and is an important antioxidant defense, (ii) Cyto oxidase
complex (Cox-17) transports up to four Cu(I) ions to cytochrome c oxidase (Cytox), which
also delivers Cu to mitochondria. (iii) Antioxidant protein-1 (Atox1) binds Cu(I) on its
surface in the trans-Golgi network and delivers Cu to ceruloplasmin and the metal binding
domain in the N-terminus of ATPases ATP7A and ATP7B, which excrete Cu from cells.?!
A disturbed Cu transport can cause a Cu imbalance in the central nervous system (CNS)
and has been reported to be associated with several human neurodegenerative diseases (ND).
Their treatment is very challenging, because the brain has to be addressed and active agents

must be transported across the blood-brain barrier.
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Figure 1. Cu distribution in a cell in the central nervous system. Cu (green balls) enters cells via Cu
transport protein-1 (CTR1) and is then distributed by Cu chaperones. Cu efflux is mediated by
ATP7A. Figure adapted from literature.!

1.1.1 The Blood-Brain Barrier

The blood-brain barrier (BBB) is a physical barrier between blood and brain or CNS,
respectively, which protects of the brain by inhibiting the uptake of dangerous agents.
Endothelial cells, which are connected via tight junctions and line capillary blood vessels to
the blood side, largely constitute the BBB. The barrier is a highly selective filter that still
allows nutrients to enter and metabolic products to exit. The transport occurs in most cases
not paracellularly through the tight junctions, but rather via a transcellular route (Figure 2).
The transport of small hydrophilic compounds including polar drugs is regulated by specific
transport systems on the luminal (blood) or abluminal (brain) membranes and is usually
restricted by tight junctions.! Lipophilic compounds, on the other hand, can diffuse through
the endothelium due to the large surface area of the lipid membrane. Transport proteins
within the endothelium deliver glucose, amino acids, and other substances across the BBB.
Proteins, peptides, and other large hydrophilic molecules can only pass the BBB by specific
receptor-mediated transcytosis or less specific adsorptive transcytosis. Poor transport of
native plasma proteins like albumin has been observed, but a cationic surface facilitates the

uptake via adsorptive transcytosis. For the development of drugs that need to pass the BBB
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to enter the brain, pathways b-e in Figure 2 are suitable, but most drugs currently being used

tor CNS delivery enter via route b.
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Figure 2. Schematic
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diagram of the endothelial cells that form the blood-brain barrier (BBB) and

their association with the perivascular endfeet of astrocytes. (a)-(e) are pathways for molecular

1.1.2

traffic across the BBB. Figure reprinted from literature.™

Neurodegenerative Diseases

Neurodegenerative diseases (ND) are a class of disorders that share a progressive loss of

neural structure and

function and are characterized by a slowly occurring, genetic, or sporadic

effect upon the CNS. The loss of neurons causes severe neurological symptoms like dementia

and movement disorders. Similarities between different ND pathologies are protein

misfolding followed by aggregation and accumulation as deposits in the brain, which causes

neurodegeneration.”

As mentioned above, Cu plays a role in the development of ND and a disturbed Cu

homeostasis was observed in each case. Several proteins, which are involved in

w
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neurodegenerative processes, have been identified as Cu binding proteins, i.e., the Cu-
ATPases ATP7A and ATP7B, and play a role in CNS physiology. The genetic mutation of
Cu-ATPases can cause severe neuronal damage as in cases of Menkes disease and Wilson
disease. Cu can also interact with the amyloid precursor protein (APP) and B-amyloid
peptide (AP), whereby complexation with the latter leads to aggregates that can deposit and
form amyloid plaque in Alzheimer’s disease. Cu also plays a role in prion diseases, where it
induces misfolding of the prion protein. In Parkinson disease, the protein a-synuclein binds
Cu, which leads to deposition of the protein. The Cu complex of the Huntingtin protein is

involved in the pathogenesis of Huntington disease.

The involvement of Cu in ND has led to the development of therapies that regulate the
Cu homeostasis in ND patients. As a results, various Cu chelators have been developed to
increase or reduce the Cu amount in the CNS. Other interesting therapies have been

investigated as well.

Wilson Disease

The Wilson disease (WD) is a rare, autosomal recessive disorder of Cu transport.l’ WD
patients exhibit a genetic defect of the Cu-transporting P-type transmembrane ATPase
ATP7B, which encodes a Cu transport protein. The reduced ATP7B activity disturbs biliary
Cu excretion and leads to pronounced accumulation of Cu in the liver followed by the death
of liver cells (hepatocytes), cirrhosis, or acute episodes of hemolysis.”) Damaged hepatocytes
may release Cu, which causes Cu accumulation in the CNS, brain, kidney, or even in the
cornea of the eyes (Kayser-Fleischer rings).!¥! The accumulation of Cu in the brain causes
neurological symptoms. The disturbed Cu homeostasis in the liver of WD patients is also
associated with a reduced Cu transport in the blood due to altered transport behavior of

plasma ceruloplasmin.””) Besides ATP7B, several other genes seem to be involved in WD.['"!

Symptoms of WD mostly appear in the early life as tremor, parkinsonism,
choreoathetosis, ataxia, and impaired cognition."! However, some therapeutic approaches
have been developed over the last decades, which effectively treat WD and reduce the
amount of toxic free Cu. Patients with acute liver failure receive liver transplants to restore

Cu excretion capacity.'” When only neurologic symptoms are present, a lifelong medical
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therapy is suggested. The general therapy includes D-penicillamine or Triethylene
tetraamine (Trientine) as Cu chelators (Figure 3a-b) and/or Zn salts. The chelators bind to
Cu and facilitate its excretion, while Zn disturbs the uptake of Cu into the intestines and
induces the endogenous chelator metallothionein.™ D-penicillamine as well as trientine are
an effective initial therapy for hepatic patients!™'¥ but show no real improvement in
neurological diseases. Some studies even described a neurological deterioration after
chelating therapy.™® The ammonium tetrathiomolybdate (TM, Figure 3c) was discussed as

[16

an alternative chelating agent but clinical trials are still pending.!'® Since treatment with Zn

salts caused less Cu excretion than with chelators, there were also less side effects.['7-8]

However, some cases of neurologic worsening after Zn therapy have also been described.!”!

In conclusion, the presently available therapies seem to have more or less severe side effects.

o]
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Figure 3. Chemical structures of Cu chelators used for the treatment of neurodegenerative diseases.
(a) D-penicillamine, (b) triethylene tetramine (Trientine), (c) ammonium tetrathiomolybdate (TM), (d)
histidine, (e) dopamine (L-DOPA), and (f) tetrabenazine.

Menkes Disease

Menkes disease (IMD) is a rare, X-linked recessive, neurodegenerative disorder of the Cu
metabolism.!”) The disease is triggered by a gene defect, which encodes the Cu transporting
protein ATP7A.?% The impaired ATP7A causes a failure of Cu transport into intestines,
placenta, or BBB. The resulting deficiency of Cu in vital organs including the brain leads to
reduced activity of essential cuproenzymes like dopamine [-hydroxylase, SOD, and

21-23

Cytox.?"#] The Cu deficiency in the brain results in severe neurologic abnormalities
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including mental retardation, seizures, hypothermia, and feeding difficulties. Other features
of MDD are hair, skin, and bone abnormalities and failure to thrive.*) Most patients die by

25-26]

the early age of 3 years.!

In general, MD patients are treated with Cu histidine (Figure 3d), which can be
efficiently taken up by the brain.!?” However, this treatment showed variable outcomes.!?$%’!
Cu histidine was effective when residual ATP7A activity was present, but ineffective in
severe cases with insufficient transport of the protein into the brain.*”! Furthermore, it was
suggested that a combination of both Cu(I) and Cu(Il) complexes could be beneficial as
treatment.®" In conclusion, treatment options remain limited and other treatments need to

be developed.

Parkinson’s Disease

Parkinson’s disease (PD) is a severe, progressive neurodegenerative disorder with an
unknown cause of disease.l®?) PD is linked to degeneration of dompaminergic neurons of
substancia nigra in the brain. The deficiency of dopamine results in an excess of acetylcholine
and causes motor disturbance, tremor, rigidity, and cognitive as well as behavioral

[33

alterations.!® A gene mutation may be responsible for the development of PD. The gene

codes for the protein a-synuclein, which can be found in aggregated form constitutes most

134351 T'ransition metals are

of the abnormal deposits (Lewy bodies) in neurons of PD brains.
associated with the deposition of a-synuclein, because Cu, Zn, and Fe bind to a-synuclein.*!
Zn and Fe are elevated in substantia nigra, while Cu is decreased in this region, but increased
in the cerebrospinal fluid (CSF).73%) The accumulation of transition metals in the brain may
have variable reasons. On the one hand, industrial exposure of heavy metals was linked to
the development of PD,*) but on the other, an altered metal homeostasis may be

responsible.*!! Elevated iron level may cause oxidative stress and is included in the deposition

of Lewy bodies.’* However, the role of Cu in PD is so far not well understood.

Since neurodegeneration cannot be treated yet, only the treatment of the symptoms of
PD is possible. The main approach is to increase the dopamine level by applying L-
dopamine (L-DOPA, Figure 3e) or dopamine agonists or to decrease dopamine degradation

by applying the corresponding inhibitors. It is also possible to apply anticholinergic agents
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to decrease the excess of acetylcholine.[*”) In severe cases, surgeries were performed, e.g., a
deep brain stimulation, and promising results were obtained.!*3) In conclusion, until the cause
of PD is not fully understood, future approaches will further focus on symptomatic

treatments.

Prion diseases

Human prion diseases are a group of fatal neurodegenerative disorders exhibiting the same
symptoms, which are progressive dementia and cerebellar ataxia. The group consists of five
diseases: Creutzfeld-Jakob disease, Gerstmann-Straussler-Scheinker syndrome, kuru, new
variant Creutzfeld-Jakob disease, and fatal familial insomnia.l”) These transmissible diseases
are characterized by neuronal spongiform degeneration as well as deposition of B-amyloid
peptide (AB). Prion diseases have the prion protein (PrP) in common, which is involved in
the development of the disease.[**! As PrP is known to be a Cu binding protein, it has been
suggested that Cu plays a role in the pathophysiology of prion disease.[***! The Cu complex
of PrP acts as a neuroprotective agent and is therefore involved in antioxidant protection of
cells. The posttranslationally modified form of PrP is termed PrP* and its toxic aggregates
have been claimed to be the cause of prion diseases, although the mechanism of its
involvement is still elusive.” 8 Furthermore, PrP% does not show neuroprotective

function.[#9-50

Due to insufficient understanding of the main agents involved in the development of
prion diseases, therapies are difficult. To date, no prescribed treatment is available."
However, some approaches have been developed for a potential therapy.’*>4 An antibody
therapy seems to be the most promising approach, where an amino acid sequence present in
the abnormally folded PrP* could be specifically coded by an antibody, which stimulates the
immune response to PrP%.15%] Recently, anti-prion antibodies were also developed that were
able to cross the BBB and target cytosolic PrP%.°¢) Besides the antibody therapy, also
dendritic polyamines like poly(propylene imine), and poly(amidoamine) were able to

destabilize PrP% aggregates!”! and eliminate from cells,*® and to eradicate prion infectivity

in a mouse model.*”]
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Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant disease. Neurodegeneration in HD
leads to progressive motor, cognitive and psychiatric deterioration.””’ The cause of HD is
the expansion of a CAG trinucleotide repeat within the Huntingtin gene, which encodes
the Huntingtin (Htt) protein.l®*! The gene defect causes the mutant Htt protein that is
responsible for neuronal cell death.l®”! The altered Htt is distributed in most brain regions
and possesses an unusual conformation, which is thought to be toxic.l® HD is also suggested
to be involved in iron and Cu homeostasis!®” and Cu mediates the aggregation of Htt which

may be relevant in HD pathogenesis.!®"!

Current medical treatments are based on symptom management.[*) Tetrabenazine
(Figure 3f), the only FDA-approved drug for HD, targets the suppression of involuntary
movements, but it does not inhibit the further development of the disease.[®) Present

therapies in clinical or pre-trials focus on neuroprotective strategies.!*’!

Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most
frequently occurring form of dementia. It is characterized by the deposition of amyloid
plaque, neurofibrillary tangles, and neuronal cell loss or dysfunction.”) Amyloid plaque is
located extracellularly and mainly consists of aggregated amyloid-p peptide (AP).
Intracellularly, an hyperphosphorylated species of the tau protein forms neurofibrillary

tangles.[07-68

I'The development of AD is not yet fully understood, but the amyloid hypothesis
is the most accepted described cause of the disease. The hypothesis indicates that the
accumulation of insoluble AP aggregates in the CNS initiates a pathogenic cascade, which

results in the manifestation of AD.[6>70

' AB is formed during enzymatic cleavage of the
membrane protein APP, the amyloid precursor protein.l”! APP possesses three domains, the
major part is the extracellular domain followed by the transmembrane domain and the
cytoplasmic domain.!”? APP is cleaved by three protein-processing complexes, namely a-,
B-, and y-secretases.’”! B-secretase (BACE1) cleaves APP in the extracellular region,
whereafter y-secretase cleaves within the transmembrane domain to form A (Figure 4).7374

Thereby different lengths of AP are formed, AP40 and AP42. While AB40 is harmless, Ap42
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tends to aggregate and easily forms oligomers and fibrils, which cause the amyloid
plaque.l”>7% AB aggregates were found to be toxic under in vivo and in vitro conditions and
to affect learning behavior in rats.””! In addition to A, high amounts of Cu have also been
observed in amyloid plaques!”® leading to the suggestion that Cu may be involved in AD

pathogenesis.l””!

Amyloidogenic Processing:

extracellular intracellular
APP
nH, NS AR S cOOH

B-secretase l

(R VR

Y-secretase l

e A ] o

Figure 4. Amyloidogenic processing of the amyloid precursor protein (APP) to B-amyloid peptide
(Ap). Figure adapted from literature.’®%

To date no effective treatment of AD exists.[*"] The current substances in clinical trials
mainly focus on preventing AP aggregation or inhibition of secretase.”” Recently, it was
found that Cu can also induce BACE1 oligomerization, which might influence substrate
recognition and activity®! and be a suitable approach to decrease the formation of Ap.

Immunotherapies or metal-related therapies are also under investigation. 8253

Regarding the amyloid hypothesis many reports dealt with the involvement of Cu in AD.
It was hypothesized that Cu-complexation with A leads to insoluble aggregates followed
by the main pathological findings, the amyloid plaque. The complex formation was observed
to be reversible. Thus, different groups have worked on chelators that were able to compete
with AP for the metal ions and thereby disassemble aggregates and resolubilize AB.5U
Clinical trials with AD patients showed that the chelator clioquinol (CQ) resolubilized A
aggregates but also caused side-effects,’® which led to the development of the analog
compound PBT2 (Figure 5).%1 A clinical trial phase II showed that PBT2 reduced toxic

concentrations of AP, however, PTB2 had no significant effect on serum metal



Introduction

concentrations. This indicated, that PTB2 is not a potent metal chelator but rather restores

the homeostatic balance, however the mechanism remains unclear.!%¢)

Another approach focuses on the import of Cu into cells, because it was found that A
production was reduced, when CHO-APP cells were treated with Cu.[) Furthermore,
Crouch et al. reported on bis(thiosemicarbazone) (Cu(Il):gtsm) complexes (Figure 5), which
increased bioavailable Cu and were able to inhibit AP oligomerization.®® Another well
investigated chelator is clioquinol (CQ, Figure 5), which also found application in the
treatment for HD.®1 In an AD mouse model, CQ facilitated the transport of extracellular

Cu into cells to increase soluble AB and Cu levels in the brain.[*"!

Cl Cl
I\
X X NOONG
A g
— 7 ~ S
| N cl N ~ N—"s s H/
OH OH
Clioquinol (CQ) PBT2 Cu(ll):gtsm

Figure 5. Clioquinol (CQ), PBT2, and Cu-bis(thiosemicarbazone) (gtsm) complex as treatment for
AD.

A reduced number of AP plaques and decreased plasma AP levels were found when Cu
levels were elevated above normal by dietary administration of Cu in AD mouse models."!
This treatment with Cu sulfate restored the Cu level in the CNS and SOD1 activity, which
was decreased in transgenic mice brains. AD patients orally treated with Cu-orotate in a
clinical phase II trial exhibited stabilized A levels in the CSF, but neither a beneficial nor a
detrimental effect on AD development could be observed. It might be that the Cu-salt was
not transported across the BBB to neuronal cells in a sufficient amount. However, the

observation of stabilized A levels due to Cu treatment is in agreement with the results from

an AD mouse model with genetically increased Cu level in brain due to co-expression of

ATP7B. These mice showed lower A levels and less AB-associated plaques.*

10
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Alternative Cu Therapy of Neurodegenerative Diseases

As discussed in the previous sections, Cu plays a key role in neurodegenerative diseases.
While WD exhibits a Cu overload, AD and MD are defined as Cu deficiency diseases and
PD as well as HD are described as disorders with disturbed Cu homeostasis. In order to
regulate the Cu homeostasis in ND, chelator therapies seem to be a promising approach.
However, high amounts of the chelator are necessary to achieve a high local concentration
of Cu in order to change the Cu level to a therapeutically relevant amount. The required
high concentration of chelator can cause severe side effects due to toxicity of the chelator or
Cu ions and targeting of the brain might also be a problem for some of the smaller molecules.
Therefore, biocompatible polymeric nanocarriers, which are able to transport high amounts
of Cu across biological barriers, especially the BBB, are interesting candidates to address the
disturbed Cu homeostasis of ND. They can be tailored to required properties for fewer side

effects and to shield the Cu ions from the environment.

One example for polymeric Cu-nanocarriers was described by Treiber et al. and increased
Cu levels in cells. The authors reported polymer-based core-shell (CS-NP) and core-
multishell nanoparticles (CMS-NP), which were used to transport Cu into yeast cells and

were able to increase the intracellular Cu level.[??

was accessible for SOD1. AP levels could be efficiently reduced by CS-NP. Although the

transport across the BBB of such polymeric delivery systems has not yet been investigated,

I Imported Cu was released into cytosol and

the use of polymeric drug delivery systems is a promising approach to increase cellular Cu

level in the brain.

11
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1.2 Drug Delivery Systems

In the last decade, the development of “smart” drug delivery systems (DDS) has increased
enormously.” In the broader sense, DDS are engineered matter, which are able to transport
and release biologic active compounds or drugs for therapeutic applications. DDS for
therapeutic applications can be tailored to the corresponding disease. Drugs or other matter

can be delivered by DDS; e.g., to tumors, brain, inflamed tissue, or specific organs.!*]

In treatment with conventional drugs is often unfavorable, because of drugs’ limited
characteristics. DDS can indeed improve these properties, for example, by shielding the
toxicity of drugs to improve solubility of lipophilic substances or the biocompatibility,
whereby the concentration of the drug in the body can be increased. Furthermore, the
bioavailability and blood retention time of drugs can be enhanced by DDS.* In the ideal
case, DDS are able to carry the cargo to the targeted tissues instead completely distributing
them all over the body. For a blood transport, the DDS must embed its cargo deeply enough
to reach the targeted tissue, but must also release the substance in the demanded region in
such a way that the drug is still active. To this end, the DDS must not modify or harm the
load. Furthermore, DDSs should be able to cross biological barriers to reach the demanded

site of action.l””]

One major challenge is the biodegradation of the DDS. On the one hand, DDS must be
stable until the targeted area is reached and the drug is released. On the other hand, the
DDS should somehow be removed from the body after liberation of the cargo, e.g., by blood
clearance or by biodegradation of the DDS scaffold, and the undesired accumulation in

organs should be avoided.

Also the particle size of a DDS can be adjusted to the demanded requirements because
size is a main factor in terms of blood clearance. Particles with sizes below 200 nm can avoid
recognition from the reticuloendothelial system and therefore remain longer in the blood.®!
Particles with sizes below 6 nm, however, are known to be excreted renally (Figure 6).1%
Therefore, DDSs on a nanometer-scale should be advantageous for achieving a long blood
half-life time. These so-called nano-DDS are nanoparticles (NPs) which can encapsulate,

transport, and deliver bioactive matter or therapeutic drugs. Another name for nano-DDS

is the term “nanocarrier,” which will be used throughout this thesis.
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Injection of DDS Water soluble

DDS <6 nm are
rapidly excreted
by the kidneys

DDS > 200 nm
are taken up by

the RES Long-C|rcuIat|on:

6 nm < DDS <200 nm

Figure 6. Schematic illustration of biodistribution of intravenously injected nanoparticles showing
drug delivery systems (DDS) uptake by the reticuloendothelial system (RES), and nanoparticles
excretion by the kidney. Figure adapted from literature.['%

1.2.1 Dendritic Nanocarriers

Nanocarriers have gained significant attention in recent years, because they are typically 3 to
200 nm in size and therefore ideal for achieving long blood circulation times as well as having
high drug delivery potential. The nancarriers can be composed of diverse types of polymers,
e.g., dendrons, dendrimers, hyperbranched polymers (Figure 7), block-co-polymers,
micelles, hydrogels, or core-shell-type architectures. In this chapter, some examples of

nanocarriers based on different polymer architectures will be introduced.

Dendron Perfect Dendrimer Hyperbranched Polymer

Figure 7. Schematic illustration of different macromolecular structures: dendrons, perfect
dendrimers, and hyperbranched polymers.
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Dendrimers

The term “dendrimer” is composed of the words dendrite and polymer. Dendrite (from the
greek word “dendron” for tree) describes a branched structure of a molecule. A polymer is a
large molecule, which consists of many (greek: poly) repetitive units (greek: méros). The
dendrimer structure can be divided into three parts: the core, the branched repeating units
and the terminal end groups (molecular surface). Dendrimers can be synthesized by the
divergent and the convergent method (Figure 8).[1001%4 In the divergent method, the
monomers associate around the initiator core in tree-like layers. These repeating layers are
also called generations, which is generally the classification of dendrimers. Per definition,
the first layer relates to the first generation and so forth. With the divergent method, the
exact size and number of terminal groups can be set, although reactions with high

$.1%U The convergent method starts with the

conversions are required to avoid defective area
formation of so-called “dendrons,” which are the tree-like, perfectly branched arms of a
dendrimer. In the last step the dendrons are attached to the core. Some advantages of the
convergent method are the easy separation of perfect and blemished macromolecules because

[103

of their size differences.l'® The synthetic routes result in a well-defined and regularly

branched structure and globular shape of the dendrimer as well as a monodisperse size

distribution with a polydispersity index (PDI) ~ 1.0.

Divergent Strategy

Yo e oK

Initiator core

Go G1 G2 G3

Convergent Strategy \?/
Yy N/ -

Figure 8. Two principle synthetic methods for constructing dendrimers: (a) the divergent method, in
which the synthesis begins from a polyfunctional core and continues radially outwards, (b) the
convergent method in which the synthesis begins in the periphery of the final macromolecule and
proceeds inwards.
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Due to the large number of terminal groups, dendrimers can create multivalent
interactions, which can be stronger and more specific than the corresponding total number
of monovalent interactions.!'® This property was named the “dendritic effect”™® and has
opened a lot of possible applications.”” Other studies showed that dendrimers have further

interesting properties which differ from linear polymers with similar molecular Weight.“w‘m]

After pioneering works in the field of dendrimers,!’*?! a lot of efforts has been made to
utilize macromolecular chemistry for medical applications. New biomedical techniques and
tools have thus evolved and found application in gene therapy, neutron capture therapy, drug
delivery, photodynamic therapy, magnetic resonance imaging, solubility enhancement, and

[113

as nanocomposites.'3) Dendrimers have also been used in material science, e.g., in

homogeneous catalysis.14

The probably most prominent dendrimer is poly(amidoamine) (PAMAM, Figure 9). It
has been modified frequently for the use in biomedical applications. Other well investigated
dendrimers are: poly(propylene imine) (PPI), melamine-based dendrimer, and

poly(glycerol-co-succinic acid) (PGSA) (Figure 9).

Drug delivery with dendrimers is either based on a non-covalent encapsulation of a drug
inside the cavities of the dendrimer, or on the covalent conjugation of the drug onto the
dendrimer. PAMAM has often been used as scaffold for the covalent DDS approach.[15117]
The dendrimer not only enabled the solubilization of drugs in aqueous medium but also
transported the drugs into cancer cells, where they were distributed and the free drug
accumulated in specific cell compartments.'*¥) PGSA was investigated as non-covalent DDS
for the encapsulation of camptothecines, which are naturally-derived hydrophobic anti-
cancer drugs. To this end, PGSA was functionalized with terminal hydroxyl groups or with
carboxylates. Both types delivered camptothecin to cancer cells.!'¥! The hydrophobic anti-
cancer drug PTX could moreover be stabilized by a hydrophilic polyglycerol (PG)
dendrimer.""”) Both examples show that no hydrophobic core is necessary for the

encapsulation and solubilization of hydrophobic drugs.
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Figure 9. Structures of dendrimers used for delivery in cancer therapies. (1) poly(amidoamine), (2)
melamine-based dendrimer, (3) poly(propylene imine), and (4) dendrimer based on glycerol and
succinic acid with a poly(ethylene glycol) (PEG) core. Figure adapted from literature.['2%

Melamin-based dendrimers have been shown to encapsulate the drugs MTX and 6-
mercaptopurine that result in a reduced drug toxicity. This demonstrates the shielding of the
drug from its environment.["?!) Non-covalent transport can also be induced by electrostatic
interactions, as in the case of PAMAM which was able to form complexes with DNA due
to an ionic attraction between DNA and PAMAM.!2273] These DNA/dendrimer
complexes could enter cells via endocytosis and improved transfection, which enables their
application in gene delivery. Further studies have been confirmed that PAMAM and PPI
were able to encapsulate hydrophilic and hydrophobic drugs or other active substances.!””124
The dendrimers enhanced the drug’s stability and thus their bioavailability. With thier apolar
core and polar periphery, PAMAM dendrimers can be compared to unimolecular
micelles.””) The advantage of dendrimers over micelles is their stability and resultant
independence from the dendrimer concentration*! However, only a few examples have
been reported that allow the drug to release in a controlled fashion.!?*) In some cases, the
encapsulation and release of the cargo is the result of an equilibrium."*! Leaching of the
active agent could make such systems useless for therapeutic application. Furthermore, due

to the multiple synthetic steps, the preparation of dendrimers is difficult and expensive.
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Hyperbranched Polymers

In the previous chapter, we looked at the advantages of dendrimers as DDS. Due to high
costs and tedious synthesis upscaling such dendrimers is difficult. Hyperbranched polymers
(HBP, Figure 7) provide an alternative scaffold with similar properties but with a much

easier synthesis.!'?’

HBP are globular macromolecules with a highly branched scaffold and large number of
functional groups. In contrast to dendrimers, HBP are irregular in terms of branching and
structure and are therefore polydisperse (PDI > 1.1). Naturally occurring HBPs are
polysaccharides like glycogen, dextran, and amylopectin which have already been known
since the 1930s.1%8) Kim and Webster were the first to use the term “hyperbranched

[129-130]

polymers” in their report on the synthesis of soluble hyperbranched polyphenylene.

Four synthetic strategies can be used to obtain HBP: (i) the step-growth

(129.1311331 (3i) the self-condensing

polycondensation of ABy (x 2 2) or AB, + Bs monomers,
vinyl polymerization of AB* monomers,"*! (iii) the multi-branching ring-opening
polymerization of latent AB, monomers,'*! and (iv) the polyaddition of monomers with

initiating function and a propagating function in the same molecule.*!

Several HBP have been produced to study their properties and potential applications, e.g.,
polyphenylenes, polyesters, polyamides, polyurethanes, polyethers, polystyrene,
poly(acrylate)s, and polyamines.¥”] HBP have found multiple applications as membranes,
sensors, soluble functional supports, liquid crystals, blend components, additives, coatings,

nanofoams, and delivery devices.!*”]

Hyperbranched poly(ethylene imine) (PEI) (Figure 10) which can be synthesized by ring-
opening polymerization was the first commercially available HBP. It possesses tertiary,
secondary, and primary amines and can be easily modified due to its large number of
functional groups. However, PEI is not biocompatible and leads to long-term problems in
in vivo experiments.'¥! An alternative, very interesting framework is the non-toxic,

138141 PG possesses a

biocompatible, and protein-resistant polyglycerol (PG, Figure 10).!
hyperbranched, globular polyether scaffold and can be synthesized in a one-pot reaction.!%!
Numerous terminal hydroxyl groups enable the easy modification of PG, which turn it to an

attractive and versatile matrix for many biomedical applications, e.g., diverse guests can be

encapsulated in the cavities of the scaffold.l'*?) Sulfated dPG (dPGS) was found to have anti-
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inflammatory features.!'*] Recently reported fluorescently labelled or radiolabeled dPGS can

be used for inflammation specific, imaging purposes.4414]
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Figure 10. Chemical structures of hyperbranched poly(ethylene imine) (PEI) and hyperbranchend
polyglycerol (hPG).

Hyperbranched Polymers as Nanocarriers

In order to transport guest molecules, HBP can either be used as they are, or as a core with
one or more shells attached to obtain so-called core-shell (CS) or core-multishell (CMS)
architectures (Figure 11). The properties of the resulting CMS architectures will therefore

tremendously differ from those of the pure HBP.

shell ,
inner shell

X
@ Q)

outer shell

Figure 11. General structures of a core-shell (left) and a core-multishell architecture (right).
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For the transport of drugs, CS architectures can be designed by attaching a drug either
covalently or non-covalently. A few recent examples of supramolecular complexes will be
introduced here including the physical interaction of a polymer with the guest molecule, e.g.,

hydrogen bonding, van-der-Waals interactions, and electrostatic interactions.

The Paleos group investigated functionalized HBP as potential contrast agents. They
prepared multifunctional gadolinium complexes by using commercially available
hyperbranched aliphatic polyesters. Protective PEG groups and folate as targeting ligand, as
well as Gd-chelating moieties were coupled to the scaffold. The resulting HBP was
biodegradable, non-toxic, and showed folate receptor specificity and was therefore proposed

(1461 The dendritic polyester Boltorn, either unmodified or modified

for MRI applications.
with lipophilic fatty acids, or amphiphilically modified with lipophilic and hydrophilic
chains, has been investigated in regard to loading with the anti-cancer drug PTX. All types
showed high drug loading efficiencies, low toxicity, and drug release, which makes them

potential PTX carriers.['*”

PEI can be functionalized with a shell of, e.g. fatty acids, for the stabilization of guest
molecules. When palmitic and stearic acid were coupled as a shell to PEI, more than 100
molecules of Congo Red could be transported by one polymer molecule (MW ~ 10 kDa).[*48]
As mentioned above, PEI is not suitable for biomedical applications, due to its non-
biocompatibility, and can be replaced by PG. In order to compare nanocarriers with PEI or
PG core, both scaffolds were equipped with a polylactide (PLA) shell. Both nanocarriers
encapsulated Rose Bengal and Congo Red and the obtained transport capacities were
dependent on the core size.*”! The same authors showed that the shell influenced also the
loading capacity. The poly(L-lactide) led to higher loadings than PLA when used as shell

on a PG core."Y

Evolution of PEI and hPG Nanocarriers

In order to stabilize polar and non-polar substances, various approaches have been
developed. For example, stable micelles formed by surfactants, were able to encapsulate
hydrophobic guest molecules.!*!) However, imperfect micelles could be formed resulting in
undesired leakage of the guest molecule. Furthermore, the micellization strongly depends on

the critical micelle concentration, which is risky for in vivo applications, because the
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aggregates would disassemble due to the drastic concentration changes after injection leading

to uncontrolled release of the drug.

The demand for concentration-independent, unimolecular micelles for the transport of
guest molecules has thus risen. Core-shell architectures have been designed to address this
issue. In a tandem coordination, ring-opening, hyperbranching polymerization process, a
core shell structure was synthesized consisting of a hydrophobic dendritic PE core and a
hyperbranched polyglycerol (hPG)-shell, which was grafted from the core. The PE-PG
copolymer exhibited a high internal polarity gradient which allowed the stabilization of
poorly water soluble molecules like pyrene and Nile red with a unimolecular transport
mechanism. In contrast to small amphiphiles, the carrier was able to transport the load into

cells under extremely high dilution conditions (Figure 12).1°2

Unimolecular Supramolecular
Transport Transport

Figure 12. Comparison of unimolecular, concentration-independent transport into cells by core-
shell architecture (left) and supramolecular transport of self-assembled amphiphiles, which breaks
down after dilution. Reprinted with permission from [152]. Copyright 2012 American Chemical
Society.

Inspired by nature, core-multishell (CMS) architectures with a hydrophobic core,
lipophilic inner shell and hydrophilic outer shell were established to mimic the polarity
gradient of liposomes on a unimolecular level (Figure 13). Especially hyperbranched PEI

and hPG have been intensively explored as cores for CMS nanocarriers.
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Figure 13. Comparison of liposomal structure (above) and core-multishell architecture (below). Both
with polar core, nonpolar inner shell and hydrophilic periphery. Figure reprinted from literature.*>*!

CMS architectures based on a PEI core and a double layer of hydrophobic alkyl chain
and hydrophilic PEG chain are very interesting (Figure 14). In contrast to the previous
assumption that these nanocarriers would operate in a unimolecular fashion, the authors
reported that aggregates formed above a certain concentration (CAC) of CMS nanocarriers.
The stabilization of polar and nonpolar guest molecules was only possible by the self-
assembled aggregates, but not by the unimolecular CMS polymer. However, a CMS
architecture can adapt to various environmental polarity conditions ranging from toluene to
water and has been termed a “chemical chameleon” due to its versatility."*) The same CMS
nanocarrier could autoreduce gold ions to gold nanoparticles (Au NPs) within the PEI core.
Furthermore, the resulting Au NPs-polymer system was stable in water and organic
solvents.l'* Later studies showed that CMS architecture was able to stabilize Cu ions and

transported it across cell membranes, which increased the cellular Cu level in yeast cells.!”
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" PEI

Figure 14. Structure of the core-multishell (CMS) nanocarrier PEI-alkyl-PEG (left). Above the critical
aggregate concentration, CMS nanocarrier forms aggregates (right), which can transport polar and
nonpolar guest molecules. Figure reprinted from literature.>!

CMS polymer can also encapsulate anti-tumor drugs and dyes in aqueous and organic
solvents. As a test-substance the dye indotricarbocyanine tetrasulfonate was stabilized and
applied in vivo, where an accumulation in the tumor tissue was monitored. Hence, CMS
nanocarriers are potential candidates for use as diagnostic and therapeutic agent due to their

tumor targeting feature.!>)

CMS seem to be a very versatile tool for the stabilization of various guest molecules.
However, the adaptability of PEI in biomedical applications is questionable due to its
toxicity.*¥! As mentioned above, PG is an excellent alternative to replace PEI because of its
advantageous biological and chemical behavior. PG has also been studied as a building block
tor CMS nanocarrier and was functionalized with a double shell of alkyl and PEG.
Furthermore, this arrangement allowed the homogeneous stabilization of metal ions, which
found application as catalysts, after their reduction to metal nanoparticles.'%1%]
Internalization of Coumarin and Nile Red was also possible with CMS architectures.
Interestingly, the guest and its concentration influenced the aggregation of host and guest.
Nile Red-loaded CMS nanoparticles showed dye aggregates at high dye concentrations, but
not at low dye concentration. Furthermore, both dyes were located in the outer shell of 8 nm

sized CMS polymers and led to aggregations of CMS particles with 100-120 nm

diameters.['58!

Another CMS-architecture is composed of a PG-core with either a double shell of
biphenyl and PEG or a random attachment of both shells to the core. The encapsulation
capability was tested by using various dyes. It was observed that the loading capacity is
strongly dependent on the shell arrangement.!”*”) The same building blocks where used to
synthesize core-functionalized CMS which co-stabilized two hydrophobic drugs

simultaneously. Pyrene was stabilized in a unimolecular fashion and was released in the
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presence of enzymes. The encapsulation of Nile Red resulted in the formation of CMS-

aggregates and release occurred after changing the pH.!¢%

1.2.2 Stimuli-Responsive Nanocarriers

One of the major challenges in drug delivery is the targeted release of a cargo which can be
triggered by an internal or external stimulus, e.g., reductive or oxidative conditions,
temperature, light, pH, or the presence of an enzyme. The release can either occur by
cleaving the linker between carrier and bioactive material or by structural change of the
carrier, i.e., degradation, disassembly, which liberates the encapsulated guest molecule
(Figure 15). Encapsulation systems for biological matter or drugs are especially interesting
in biomedicine for the encapsulation and transport of environmental-sensitive matter. Since
the damage and deactivation of sensitive compounds like cells, bacteria, proteins, drugs, and
dyes must be prevented, the release needs to take place under mild conditions. It is beneficial
to utilize appropriate disease (side-)characteristics for the design of new stimuli-responsive
nanocarriers, e.g., specific protein overexpression and pH change. This would reduce side
effects, because the release would only occur in spatially defined tissues. The following

chapter will only concentrate on recently reported pH-responsive nanocarriers.

drug
encapsulation

L /

7 7
shell cleavage "
+drug release

l
3

drug
conjugation with
cleavable linker

linker cleavage
+drug release

Figure 15. Different mechanisms for stimuli-responsive release of active agents from nanocarriers:
(a) supramolecular complexes and (b) scaffolds with cleavable linkers for the drug conjugation.
Figure reprinted from literature.['6%
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pH-Responsive Nanocarriers

Parts of this chapter are published in the following highlight article:

S. Nowag and R. Haag, Angew. Chem. Int. Ed. 2014, 53, 49-51; Angew. Chem. 2014, 126,
51-53.

An often used release stimulus is the pH gradient between extra- and intracellular regions
and between healthy and diseased tissue.'” The late endosomal and lysosomal
compartments of mammalian cells exhibit pH-values of ~5, while the extracellular region is
known to be at pH 7.4.1121 Thus, a pH-sensitive transporter can selectively deliver its cargo
into cells or into inflamed tissue. For that reason, pH 5 seems to be the best choice for a pH-
cleavable group. The release at low pH also favorable because of the high diffusion rates of

162

protons!'®! and their resulting high accessibility at the cleavage site.

Carriers based on macromolecules or stable self-assemblies can be equipped with pH-
cleavable bonds, e.g., hydrazones, imines, acetals as well as coordinative bonds, which is

advantageous for a release of the payload at low pH (Figure 16).
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Figure 16. Examples for pH-responsive bonds. Figure adapted from literature.!*6!

The transport of drugs, especially anti-tumor drugs, is critical because the entrapped cargo
must remain harmless during transport and regain its cytotoxic activity after liberation in the
targeted tissue. For this purpose, nanocarriers must fulfill the above-mentioned criteria and

target tumor tissue based on enhanced permeation and retention (EPR).[1¢3)
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A polymeric carrier which also contains catechol moieties was established by Su et al. and
was investigated for the selective delivery of the anticancer drug bortezomib (BTZ) into
cancer cells.'* They reported that the catechol units could covalently bind to BTZ, biotin
moieties were responsible for the targeted uptake into cancer cells, and PEG was used as a
building block to reduce nonspecific interactions with proteins and cells. The bond between
catechol and the boronic acid moiety of BTZ was pH-dependent. Under mild acidic
conditions, as in tumor tissue, the drug was released and showed enhanced cytotoxicity

towards cancer cells.

The transport of DOX was also performed in dendritic PG-PEG core-shell type systems.
PEG was linked via pH-labile imine bonds to aromatic linkers with PEG units attached.
High loading of DOX and indocarbocyanine was observed. DOX-loaded carriers showed
sufficient in vitro cytotoxicity, while dye-loaded carriers accumulated in vivo in the targeted
tumor tissue.'*! Furthermore DOX-PG-PEG conjugates have been used as multifunctional
prodrugs. Therefore, DOX was coupled via an acid-labile hydrazone linker to PG and,
subsequently, a PEG shell was attached. The resulting drug-loaded polymers had a suitable

size for passive tumor targeting and could enhance the antitumor efficacy in vivo.!'%¢]

Another recent example for nanometer-sized carriers are the core-crosslinked polymeric
micelles described by Zhong et al.'*”! These micelles consisted of biodegradable diblock
copolymers containing acid-labile acetal and photo-crosslinkable acryloyl groups in the
hydrophobic polycarbonate block and could encapsulate PTX with high loading efficiencies
of up to 15 wt %. After crosslinking of the core, the PTX-loaded nanocarriers remained
stable at physiological pH and the release of the drug was inhibited. At a mildly acidic pH
of 5, however, the acetal groups were hydrolyzed and PTX was released from the now polar
interior (Figure 17). Empty micelles showed negligible cytotoxicity in a control experiment,
while PTX-loaded nanocarriers retained high anti-tumor activities which proved the
efficient drug release into tumor cells. However, the cytotoxicity of the encapsulated drug
was lower than that of free PTX, since the cellular uptake was slower and the acetal
hydrolysis had to be activated in the endosomal compartment. A drawback of this system is

the limited degradability of the polyacrylate core after crosslinking.

25



Introduction

Q X H PTX
L ]
- )%()kkk( )/><\(,}),\(”\( )/><\( ),}T}'
0.0 00
- — ‘T\\ Self-assembly
(1)
OMe crosslinking uv
(0] O H
/()(\/\O);{-(”\( )%\(,Wu@{\&?h
0.0 00
MeO OMe
- 1 nCHCH
OMe ()
pH 5.0
acetal cleavage
o
e 0= °e
0 0
H L J LN ]
/()(‘/\O)ﬁku\( ’/X\( HSC )/><\( ))&,, (4 °
[ ]
OHOH
OTO ° °
WACHCHw ° 5 o
o [ ]

(iii)
Figure 17. Photo-crosslinkable pH-responsive degradable block copolymer micelles. (i) Paclitaxel
(PTX)-laden micelles (ii) were crosslinked by UV irradiation. (iii) Crosslinked PTX-laden nanoparticles

showed extracellular stability and release of the drug under mild acidic conditions. Figure reprinted
from literature.[”!

Degradation of acid-labile acetals is one of the benefits of the bioinert nanogels recently
described by Steinhilber et al.l'*8! Nanogels with tunable sizes between 100 and 1000 nm
were prepared by crosslinking hyperbranched polyglycerol (hPG) building blocks with Cu
mediated click chemistry. Numerous hydroxy groups and a highly branched polymeric
scaffold offer good water solubility, high biocompatibility, and protein resistance of hPG.

Although unspecific protein interaction is prevented with hPG, the enzyme asparaginase
could be encapsulated by hPG nanogels under mild conditions. hPG nanogels were
synthesized by surfactant-free and inverse nanoprecipitation. Acid-labile, cyclic benzacetal
bonds permit the degradation of the nanogel into small fragments in a mild acidic
environment (pH 5). This allows release of the protein in a cell compartment with mild

acidic pH without loss of activity (Figure 18).
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Figure 18. Protein encapsulation by nanoprecipitation by bioorthogonal crosslinking of
hyperbranched polyglycerols (hPG) and a pH-dependent degradation of the hPG nanogel with
release of the protein. Figure adapted from literature. %8

In many cases, the efficacy in the control of drug delivery is influenced by the fixed pH-
responsive phase behavior of nanogels. Thus, on-site modulation of the pH-response has to
be possible as well for enhanced drug delivery. To address this issue, Zhou et al. recently
reported pH-responsive nanogels (< 200 nm) based on a non-linear PEG network with
interpenetrated chitosan chains.’®! The PEG network combined the advantages of linear
PEG (biocompatibility) and thermo-responsive polymers in one scaffold. Nanogels
responded to pH-changes from pH 5.0-7.4 and could be further remotely modulated by
external thermic changes. The anticancer drug 5-fluorouracil was loaded into the nanogels.
Both loaded and unloaded nanogels could vary their surface charge from neutral to positive
around tumor extracellular pH (6.0-6.2) to facilitate uptake into cells. The acidic pH in
tumor cells released the drug from the nanogel as a result of nanogel swelling. The drug-
loaded gel only showed low toxicity in chemo-thermo studies but had a high therapeutic
efficacy in chemo-cryo treatments. Thus, these nanogels have great potential for more

efficient and safer anticancer therapeutics.

Although nano- and micrometer-scaled carrier systems for biomedical applications have
many advantages, not only biological matter and drugs must be transported and released. In
some neurodegenerative diseases, there are metal ion imbalances as illustrated above.
Therefore, the transport of metal ions and their controlled pH-triggered intracellular release

is an important challenge, whereby only a few examples have been reported so far.’>170)
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Coordination Bonding in pH-Responsive Carriers

As mentioned above, the delivery of metal ions is necessary for the treatment of some ND.
A very prominent natural metal delivery system is transferrin. It transports iron ions into
cells and releases iron pH-dependently due to coordination binding.'”!! However, metals
can also be used as a linker between hosts and guests, which can be relevant, e.g., for cancer
therapeutics. The ligand-functionalized host binds to the metal, which in turn binds to the
coordination sites of the guest. Coordination bonds between metals and ligands respond to
pH-changes because metals and protons are Lewis acids and compete in binding the ligand,

which is a Lewis base.”

I This kind of metal linker was frequently applied in various
mesoporous materials, which have been used as carriers for drugs into cells.’ Due to their
nontoxicity, non-immunogenicity, and biodegradability, biomacromolecules like albumins
are excellent candidates for the delivery of drugs into cells.'’”? Albumin-metal complexes
have been designed to bind anticancer drugs. The resulting complexes consisted of BSA with
coordinated Zn?*  ions. Mitoxantrone (MX) was loaded on the complex surface to form BSA-
Zn-MX architectures at physiological pH. Decrease in pH led to a release of MX due to
breakage of the coordination bonds (Figure 19). Pure BSA-Zn complexes showed low

cytotoxicity, while MX-loaded architectures exhibited an enhanced inhibitory capacity.!'”*]
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Figure 19. Bovine serum albumin (BSA) forms complexes with Zn ions whereupon mitoxantrone
(MX) can coordinate to Zn. The resulting BSA-Zn-MX aggregate disassembles at low pH. Figure
reprinted from literature.'”3!

MX is also able to bind to Cu ions and form strong complexes. Due to its strong
coordination bond, the resulting MX-Cu NPs are stable at highly acidic pH. However, when
PEG was added with ethylene oxide moieties as weak coordination binding side, PEG
competed with MX as host to bind Cu. Therefore, the coordination bond was weakened and

pH-sensitivity was observed.['7
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Xing et al. reported core-shell coordination polymers (CPs), in which the core consisted
of CPs based on Zn or Fe ions and different anticancer drugs and was instable at
physiological pH. The shell consisted of a CP of the ligand 1,4-bis(imidazol-1-
ylmethyl)benzene (BIX) and metal ions. The core-shell CPs were responsive to acidic pH
present in tumors and released the drugs efficiently.l'”” These polymeric complexes seem to

be a versatile tool for drug delivery by using different drugs, metals, or ligands.

An example for a dendrimer, which is able to complex Cu(Il), Zn(II), and Ni(II) ions
was reported by Bosman et al.l'’®l The authors presented different generations of PPI
dendrimers as multi(tridentate) ligands with defined size and structure, which were able to

stabilize up to 32 metal ions.

Caruso et al. have described a novel micro-encapsulation system for various substrates
based on a one-step assembly of coordination complexes between metal ions and tannins,
which are naturally occurring polyphenols in plants.'’”! Tannic acid (TA) is based on
polyphenols coupled to glucose through ester bonds (Figure 20). The molecule is highly
water soluble due to its high number of hydroxy groups. The spontaneous complexation of
Fe™ ions with the TA catecholic unit and the adhesion of TA on diverse surfaces were
utilized in a simple approach to form films on a multiplicity of substrates, for example,

organic and inorganic templates, and even bacteria.
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Figure 20. Chemical structure of tannic acid as building block for micro- and nanocarriers.

The self-assembly of TA is a pH-dependent process (Figure 21). At pH < 7 the metal
ion forms mono- and bis-complexes with TA, while at pH > 7 one metal ion coordinates to

three TA molecules and forms stable films regardless of the size and shape of the template.
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Due to these properties, the assemblies are stable at physiological pH and disassemble under
mild acidic conditions, thereby releasing encapsulated guests. This makes them interesting
candidates for biomedical applications. The possibility of using different metal ions and
polyphenols makes this approach highly versatile. The high biocompatibility and low costs
of the materials are further essential benefits for the encapsulation and release of other
important payloads such as drugs. Since the metal-ion release is also a feature of the above-

177

mentioned TA-metal ion complex,!'’”) this universal carrier system has great potential for

different kinds of transport applications.

Mono-complex Bis-complex Tris-complex
(pH<2) B<pH<6) (PH>7)

Figure 21. pH-Dependent coordination of catecholic moieties to iron(lll) (left) to form films and
capsules (right) on different substrates, for example, polystyrene. Figure reprinted from
literature.l””!

In conclusion, nanocarriers find versatile application because of the feasibility of their
production according to the requirements of the corresponding disease, e.g.,
biocompatibility, tissue targeting and controlled release. Especially the last section illustrated
that polymers can form coordination bonds with metal ions, which makes them interesting
candidates to address diseases with disturbed metal homeostasis. However, considering the
criteria for metal ion delivery and metal binding properties, the combination of metal
binding ligands with polymeric scaffolds seems to be a promising approach as treatment of
neurodegenerative disorders. The next chapter will therefore focus on Cu binding ligands

and their coordination to Cu.
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1.3 Cu Binding Ligands

Chapter 1.1.2 illustrated that Cu interacts with proteins which are involved in ND. In some
cases, chelators, e.g., clioquinol, are used as therapeutic agents to modify or reverse the
disturbed Cu level of such disorders. Since the chelator has the leading role in the complex
formation and stability, this chapter will discuss different kinds of Cu ligands and their

coordination and structural arrangement to Cu.

The most frequently occurring Cu complexes include Cu(I) or Cu(ll), although few
examples of Cu(III) complexes are known too.!""8] According to the concept of hard and soft
acids and bases, Cu(I) and Cu(Il) ions form complexes with different ligand donor atoms.
While Cu(l) prefers ligands with soft atoms like P, C, thioether S, and aromatic amines with
mostly tetracoordinated tetrahedral arrangements, Cu(II) binds to ligands with N, O, S, and
halides with coordination numbers from four to six.'”® Complexes of Cu(ll) exhibit
tetracoordinated ~ square-planar,  pentacoordinated  trigonal  bipyramidal, and

hexacoordinated octahedral geometries (Figure 22).

tetrahedral square planar trigonal bipyramidal octahedral

Figure 22. Structural arrangement of Cu complexes. Cu(l) complexes with four ligands possess a
tetrahedral geometry, while Cu(ll) complexes with four to six ligands have square planar, trigonal
bipyramidal, and octahedral geometries.

One of the most prominent Cu chelators is ethylenediaminetetraacetate (EDTA), a
hexadentate ligand with a very strong coordination to Cu(Il), which is useful for
transmetallation in Cu excess disorders. However, EDTA coordinates indiscriminately to
other ions like Zn(II), Ca(II), and Mg(II), which prohibits the in vivo application of
EDTA.FY
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For Cu deficiency diseases, Cu should be complexed strong enough for a transport
through blood and yet be releasable in a controlled fashion. Due to the fact that complexes
of Cu with amino ligands are reversible via exchange of the metal by a proton, amino ligands
are suitable candidates to release Cu pH-dependently into cells, e.g., by utilizing the
decreased pH in the inflamed tissue of the AD-brain. Furthermore, it has been observed
that positively charged particles have a greater chance to pass the BBB,"718 which also
underlines the applicability of amino ligands as part of AD-therapeutic agents, because

amines can be protonated in aqueous medium.

Amino ligands can be of bi-, tri-, tetradentate, or macrocyclic nature and differ in their
complex stability. Tetramethylethylene diamine is a bidentate ligand (Figure 23a), and other
ligands are required in order to achieve an appropriate coordination number. As a chelating
moiety on polymeric nanocarriers, methyl-substituted diamino ligands are preferred because

of their lipophilicity and resulting potential ability to cross the BBB.

Polydentate Amino Ligands

Bidentate Tridentate
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Figure 23. Some examples for polydentate amino ligands. (a) Tetramethylethylene diamine as
bidentate ligand, (b) 2-((2-phenyl-2-(pyridin-2-yl)hydrazono)-methyl)pyridine, (c) N-((1H-
imidazole-2-ylymethyl)-2-(pyridin-2-yl)ethanamine and (d) N,N-bis(pyridin-2-
ylmethyl)benzothiazol-2-amine as tridentate ligands and (e) 1,2-bis(6-methyl-2-pyridinyl)ethane as
tetradentate ligand. (f) Cyclen, (g) cyclam, and (h) 1,4-bis(pyridinylmethyl)-1,4,7- triazacyclononane
represent macrocyclic amino ligands.

Many tridentate amino ligands exhibit aromatic amines, but imines (Schiff bases) as well
as amines can be part of tridentate ligands (Figure 23b-d). The aromatic chelator depicted
in Figure 23d possesses benzothiazole as fluorescent moiety and di-(2-picolyl)amine as

chelating moiety and can therefore be used to follow the body distribution of the chelator.
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Due to the distinct coordination number of Cu(Il), tridentate ligands are supported by other
ligands like chloride or water among many other possible small molecules to achieve a tetra-
to hexacoordinated arrangement. On the other hand, tetradentate ligands, e.g., 1,2-bis(6-
methyl-2-pyridinyl)ethane (ENDIP, Figure 23e) can form 1:1 complexes with Cu(II)
without the help of other ligands.

Macrocyclic ligands are known to be very strong Cu chelators and can therefore be used
as competitor agents in order to avoid proteins binding to Cu. Tetradentate macrocycles like
cyclen and cyclam have already been used as agents to destabilize AP aggregates in AD
(Figure 23fg)."® Another macrocyclic ligand is 1,4-bis(pyridinylmethyl)-1,4,7-
triazacyclononane (DMPTACN, Figure 23h). In this case, the pyridinyl residues are also
involved in the complex formation which makes DMPTACN a very strong pentadentate

[183

chelator.’®! The macrocycle could be used to destabilize undesired complexes by

transmetallation.

The Cu(II)-complexes of the chelators in Figure 23 increase in stability with increasing
denticity of the ligands. However, tetramethylethylene diamine (Figure 23a) is an exception,
because its complex stability with Cu(II) was determined to be between that of tri- and
tetradentate ligands. The reason for this observation is the flexibility of tetramethylethylene
diamine in comparison to larger ligands, but also the increased basicity of aliphatic amines
compared to aromatic amines determine the stability constant of complexes.!!#
Furthermore, other factors of the chelate effect have to be considered for the estimation of
the complex stability, which is influenced by the size, charge, and the spatial design of the

ligand.
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2 Scientific Goals

In order to address the disturbed Cu homeostasis in neurodegenerative diseases (ND), the
transport of Cu into CNS can restore the Cu level and reduce the development of ND. Due
to their tunable properties, polymer-based drug delivery systems (DDS) are promising
candidates for the delivery of Cu ions across the blood-brain barrier (BBB).

The objective of this thesis is the synthesis and investigation of new nanocarriers, which
are based on hyperbranched polymers and able to stabilize Cu ions. These nanocarriers are
supposed to transport Cu ions across cellular membranes and release them intracellularly to
treat Cu deficiency disorders like AD. The PG core will be used because of its low toxicity
and high biocompatibility, and bidentate amino ligands will be attached as Cu binding
moieties. The nanocarriers should have numerous ligands to be able to encapsulate high
amounts of Cu and to increase the local concentration of Cu to obtain a high therapeutic
effect in in vivo studies. The Cu binding is supposed to be strong enough for a transport
through the blood, but the nanocarrier must also release the Cu in a pH-triggered fashion
into the inflamed tissue of the AD brain (Figure 24). Until now, only few examples of
nanocarriers exist, which can stabilize metal ions by coordination bonding and their transport

behavior across the BBB was not investigated so far.

pH-triggered

cu
@ @ @ @ release
AES

loading

ligand shell

hydrophilic outer shell

Figure 24. Schematic illustration of core-multishell nanocarriers with hyperbranched core.
Nanocarriers are able to transport Cu ions and release them intracellularly.

This work will compare different core-shell and core-multishell architectures in terms of
loading capacity, binding strength, and pH-triggered release of Cu ions. Special focus will

be given to the biological properties like the transport into cells, increase of cellular Cu level,
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cellular accessibility of imported Cu, and the transport across the BBB by using an in vitro
model. Furthermore, it will be investigated how the structural design of the nanocarriers

impacts the transport behavior of Cu and the cytotoxicity.

In order to enhance the Cu shielding from the environment and prolong blood circulation
without losing biocompatibility, PEG units will be attached. PEGylated nanocarriers shall
be investigated more from the physicochemical point of view. UV/Vis measurements will be
used to determine the maximum Cu loading of the nanocarriers. Since size and charge of
the nanocarriers are important factors for permeability through the BBB and blood
circulation time, dynamic light scattering (DLS) and zeta potential measurements will be
performed. Complex stability can be shown in experiments, where other metal ions like
Zn(II) compete with Cu(Il) for the amino ligands. Also in this case, investigation of Cu
loading and release as well as their cytotoxicity depending on the architectural arrangement

of the nanocarriers will also be discussed.
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ABSTRACT

Copper (Cu) is a cofactor of various metalloenzymes and has a role in neurodegenerative diseases
with disturbed Cu homeostasis, e.g., in Alzheimer’s disease (AD) and Menkes disease. To address
Cu imbalances, we synthesized two different dendritic nanoparticles (NP) for the transport of
Cuions across the blood-brain barrier (BBB). The synthesized NPs show low toxicity and high
water solubility and can stabilize high amounts of Cu. The Cu-laden NPs crossed cellular
membranes and increased the cellular Cu level. A human brain microvascular endothelial cell
(HBMEC) model was established to investigate the permeability of the NPs through the BBB. By
comparing the permeabilityxsurface area product (PSe) of reference substances with those of NPs,
we observed that NPs crossed the BBB model two times more effectively than *C-sucrose and
sodium fluorescein (NaFl) and up to 60 times better than Evans Blue labeled albumin (EBA). Our
results clearly indicate that NPs cross the BBB model effectively. Furthermore, Cu was shielded
by the NPs, which decreased the Cu toxicity. The novel design of the core-shell NP enabled the
complexation of Cu in the outer shell and therefore facilitated the pH-dependent release of Cu in
contrast to core-multishell NPs, where the Cu ions are encapsulated in the core. This allows a
release of Cu into the cytoplasm. In addition, by using a cellular detection system based on a metal
response element with green fluorescent protein (MRE-GFP), we demonstrated that Cu could also
be released intracellularly from NPs and is accessible for biological processes. Our results indicate
that NPs are potential candidates to rebalance metal-ion homeostasis in disease conditions

affecting brain and neuronal systems.

KEYWORDS: core-shell nanoparticles, Cu ion transport, Alzheimer’s disease, blood-brain

barrier, dendritic polyglycerol



INTRODUCTION

Copper (Cu) is an essential element that is needed for various biological functions and its levels
are tightly regulated in a systemic environment. In addition, Cu is a cofactor of many important
metabolic enzymes and has a role in such essential cellular processes as neuronal activity and
signal transduction. The main Cu uptake into eukaryotic cells is mediated by channel-like high-
affinity copper transport protein-1 (Ctrl) and partially mediated through low-affinity transport
mechanisms.! External Cu(I) transported by Ctr1 is then delivered to Cu chaperones. Cu delivery
to the Cu/Zn SODI1 requires the Cu chaperone of Cu/Zn superoxide dismutase-1 (CCS), the Cu
chaperone Cox17 binds up to four Cu(l) ions and functions in the Cu delivery pathway to
cytochrome oxidase? and Cu(l) is transferred from the surface of Atox1 to a metal binding domain
in the N-terminus of ATPases ATP7A and ATP7B.? Mutations in ATP7A or ATP7B cause Menkes
or Wilson disease. In Wilson disease, a dysfunction of the Cu transport gene ATP7B causes a Cu
accumulation in liver, brain, and even eyes. Oral application of Cu-chelating compounds could
restore copper homeostasis in many Wilson-disease-patients.* The Menkes disease is characterized
by a genetically defective ATP7A, which leads to an intestinal Cu accumulation and a severe Cu
deficiency in peripheral tissues including the brain.> The disturbed Cu homeostasis with low Cu
levels in the brain and decreased activities of Cu-dependent enzymes lead to the typical clinical
hallmarks.* Menkes disease is a rare disorder seen in childhood that results in progressive
neurodegeneration. Cu-histidine is used as a treatment and neurodegeneration can be prevented if
treatment starts before two months of age.’

In AD, an aberrant Cu homeostasis has been associated with the disease.” Key proteins in AD,

such as the amyloid precursor protein (APP),® the B amyloid peptide (Ap),” which is derived from



APP as a result of proteolytic cleavage by B-site amyloid precursor protein cleaving enzyme-1
(BACE1)!*!! and presenilin y-secretase,'? have been identified as metalloproteins.

APP can act as a Cu transporter'>"'4 because the ectodomain of APP contains a Cu-binding site
where Cu(II) binds to and is reduced to Cu(I).>!* Furthermore, Cu ions can induce oligomerization
of the BACEI transmembrane sequence, which might influence substrate recognition and
activity.!! An imbalanced Cu-homeostasis is a problem in all of these disease conditions. In the
case of AD, for example, a dietary oral treatment of AD patients with Cu-orotate had neither a
detrimental nor a beneficial effect on AD development in a clinical phase II trial.'® However, levels
of soluble AB42, which is used as a biomarker in cerebrospinal fluid (CSF), were slightly higher
in treated patients indicating a slower aggregation process than normally observed. It might be
possible to improve this beneficial effect with better Cu-transport across the blood-brain barrier
(BBB) to provide sufficient amounts bioavailable Cu to the neuronal cells. Transporting Cu across
the BBB is most challenging when Cu-deficiency disorders are treated dietarily. Such compounds,
however, could be used to achieve efficient transport by controlling an active or carrier-mediated
passive mechanism and the supply of small molecules and electrolytes to and from the CNS to
systemic circulation. Another challenge is the transport into the cells and intracellular release of
Cu(II) ions.

To this end, a suitable carrier system is needed, which can encapsulate Cu(Il) ions with
substantial stability to ensure the systemic transport of the metal ions in vivo. In addition, the
structural design of such carriers should not only facilitate the BBB traffic of the encapsulated
Cu(II) but also its release within neuronal cells of the brain, where Cu(Il) is needed for biological
processes. Different Cu chelating molecules like Clioquinol (CQ) have been studied as a potential

therapeutic agent. CQ facilitated the transport of extracellular Cu across cell membranes and



changed soluble AP and copper levels in cells and brain tissue,'>!° but severe side effects excluded
CQ from therapeutic applications.?’ Thus, the use of nanometer-sized transporters based on Cu-
complexing macromolecules are beneficial, because they can be tailored to optimize their
properties such as hydrodynamic size, surface charges, and conductive transport to the area of
intended application.?! A substantial number of drug delivery systems have been developed to
bypass the BBB, among which nanoparticle-based systems seem to be most efficient.?? Due to the
substantial loading capacities of the nanocarriers, a high local concentration of the drug can be
achieved in specific tissues. There is a scarcity of literature on the transport of metal ions by
nanocarriers, and their ability to cross the BBB has largely been overlooked.?*

Herein we report on dendritic core-single shell (CS-NP) and core-multishell nanoparticles
(CMS-NP) based on hyperbranched polymers and compare them head-to-head for their chemical,
biochemical, and Cu-stabilizing properties relating to the nanoparticle architectures. The transport
of Cu into cells, the pH-triggered release of Cu ions from the nanoparticle, and the cytotoxicity

and penetration of the nanoparticles in a BBB model are reported.

EXPERIMENTAL SECTION

Materials and Methods

'H NMR and "*C NMR spectra were recorded on ECX 400 (400 MHz for 'H and 100 MHz for
13C). Calibration was performed using the chloroform peak at 7.26 ppm for 'H and 77.0 ppm for
BBC. IR spectra of neat samples were recorded on a Nicolet Avatar 320 FT-IR spectrometer
(Thermo Fisher Scientific, Dreieich, Germany). UV/Vis spectra were recorded with Scinco S-3150
(range: 190-1100 nm, resolution 1024 points) in fast mode. Calibration was performed at 360.85

and 453.55 nm with holmium oxide glass. The spectra were recorded at r.t. and were evaluated



with Labpro® Plus from Scinco Co., Ltd, Microsoft® Excel 2000, and Origin® 7.0 from Origin
Lab Corporation. Microcal VP-ITC microcalorimeter (MicroCal, LLC, Northampton, MA) was
used to carry out the calorimetric experiments. Dynamic light scattering (DLS) measurements and
Zeta potential were conducted using a Zetasizer Nano-ZS (Malvern Instruments, Ltd, UK) with
integrated 4 mW He-Ne laser, A = 633 nm. For Zeta potential measurements, doppler anemometry
technique was used whereby electric field was applied across the sample solution. All
measurements were carried out at 25 °C using folded capillary cells (DTS 1060). The polymer
concentration was 5 mg mL!. Dialysis was performed with Dialysis tubing benzoylated 10 FT
from Sigma-Aldrich (molecular weight cut-off 2000 g mol™!). TLC was performed on Merck
aluminum sheets with silica (corn size 60) and fluorescence marker (F254). All reagents and

solvents were purchased from Acros, Fluka or Sigma Aldrich and used as received.

Synthesis

CS-NP: N! N! N2-trimethylethane-1,2-diamine modified dPG (100%):

In a sealed tube, O-tosylpolyglycerol (0.5 g, 3.28 mmol OTs group, 1.0 equiv.) was dissolved in
7 mL of p.a. DMF. N!' N! N2-trimethylethane-1,2-diamine (1.675 g, 16.4 mmol, 5.0 equiv.,
2.1 mL) was added slowly at r.t. and the resulting solution was heated at 120 °C for 4 days. At the
end of the reaction, the tube was cooled to r.t. and DMF was removed by cryo-distillation. The
residue was dissolved in CHCIl; and extracted three times with sat. Na2CO3 solution. The combined
organic phase was washed three times with water, dried over MgSO4, concentrated in vacuo, and
dialyzed in MeOH for 48 h to give the brown hard paste-like product. Yield: 72% ; Conversion:
quant.; '"H NMR (500 MHz, CD;0D): & (ppm) = 4.41-3.41 (dPG-groups), 3.42-2.98 (-CHOH-

CH,-N-CHy-), 2.72-2.49 (-CH,-N-CHs), 2.42-2.10 (bs, -N-CH3); 3C NMR: (D,0): & (ppm) = 80.1



- 66.3 (dPG-backbone), 56.6-53.3 (-CH,-CHa), 45.3-40.2 (-N-(CHs)2); IR (KBr) b = 2887, 1687,
1598, 1441, 1387, 1298, 1234 cm™'. My = 22 kDa (calculated by NMR), DLS: d = 4 + 2 nm, Zeta

Potential (in PBS, pH 7.4): +18.2 mV.

UV/VIS analysis
To assess the maximum metal cargo capacity of the polymers, an aqueous solution of the
nanotransporter was mixed with a solution of CuSOy to yield a distinct molar [Cu(II):NP] ratio
within the range of 0-100. The solutions were incubated for 24 h to reach equilibrium before
absorbance at the Cu binding band was monitored at specified wavelengths

Release study was performed with Cu loaded NP (Cu:CS-NP = 60:1 and Cu:CMS-NP = 40:1)
in Na acetate solution (100 mM) with pH values from 7 to 3 (acidified with hydrochloric acid).

Particular pH-dependent absorption of the Cu:NP complexes was monitored.

Isothermal titration calorimetry

The experimental parameters for titration experiments were number of injections 34, cell
temperature 30 °C, stirring speed 290 rpm, cell volume 1.43 mL, injection volume 8 pl, injection
duration 16 sec, spacing 300 sec, filter speed 2 sec, and reference power 10 pcal sec’!. NP

concentration (cell): 0.5 pM, Cu concentration (syringe): 0.5 mM.

Determination of imported Cu ions by ICP-MS measurements
According to UV/Vis and ITC data, stock solutions of Cu preloaded NPs with a 1:40 (for Cu:CMS-
NP) and 1:60 (for Cu:CS-NP) stoichiometry, respectively, using CuCl, as the Cu source, were

prepared in MilliQ-water. In general, SH-SYS5Y (human neuroblastoma) cells were cultivated at



37 °C in 5% CO; atmosphere and 95% air moisture and the following medium was used:
DMEM/MAM’s F12, 10% FCS, 1x non-essential amino acids, 2 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. After seeding the cells in 10-cm plates with
3*10° cells/mL SH-SYSY cells were grown for at least 24 h. For Cu import analysis SH-SY5Y
cells were incubated for 5 h with varying Cu:NPs concentrations. After washing with PBS-EDTA
the cells were scraped from the cell plates and a 200-ul sample solution was analyzed per ICP-MS
using a Finnigan Element2 Shield Torch system instrument (Thermo Fisher Scientific) as

described before.?® Data were normalized by the amount of cells.

Determination of the cellular uptake of NPs by confocal laser-scanning microscopy (CLSM)

Cellular uptake of dye-labeled CS-NP was monitored by confocal laser scanning microscopy
(CLSM). For uptake studies 1*10° cells/mL SH-SY5Y cells were seeded per well of a 24-well
plate, in which one glass cover slide was inserted before. Cells were grown as described above for
24 h. After incubation with FITC dye-labeled CS-NP in varying concentrations, cells were washed
three times with PBS-EDTA and fixed with DAPI-methanol (1 png/mL) and Atto Phalloidin 647
in PBS (0.165 puM) for 30 min. The cells were imaged on a dried cover slip that was fixed with

Fluoromount-G (SouthernBiotech) using a confocal laser scan Leica TSC SP8 microscope.

Analysis of Cu accessibility using the MRE-GFP detection system

The MRE-GFP (metal responsive elements with green fluorescent protein) detection system was
kindly provided by O. Georgiev and W. Schaffner. HEK 293 (human embryonic kidney-293) cells
were transient transfected with pMRE-GFP and cultivated at 37 °C in 5% CO> atmosphere and

95% air moisture with the following medium: DMEM high glucose, 10% FCS, 2 mM L-glutamine,



1 mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL streptomycin. After addition of the
Cu:NP complexes in varying concentrations followed by 5 h incubation, the cells were lysed in
25 mM Tris-phosphate, pH 7.8, 2 mM dithiothreitol, 10% glycerol, and 1% Triton X-100
[modified as 2°]. The cells were incubated for 30 min at 4 °C on a distributing jigger and
centrifuged for 10 min at 10,000 rpm and 4 °C. The supernatant was measured at 485/535 nm

(extinction/emission) for GFP fluorescence. Data were normalized to an untreated control.

Transport studies using an HBMEC model of the blood-brain barrier

We used an in vitro model of the BBB based on the HBMEC cell line. Cells were developed and
provided by Prof. K. S. Kim. To create the stable cell line HBMEC, originally primary endothelial
cells of human brains were isolated and transfected with SV40-LT (simian virus 40 large T
antigen).?’?® The cells were used up to passage 30 and showed characteristics typical of blood-
brain endothelial cells.?” Cells were cultivated at 37 °C in 5% CO, atmosphere and 95% air
moisture and the following media was used: RPMI 1640, 10% (v/v) FCS (fetal calf serum), 10%
NU-Serum (BD, Germany), 1x non-essential amino acids, 2 mM L-glutamine, I mM sodium-
pyruvat, 1x vitamine, 100 U/mL penicillin und 100 pg/mL streptomycin.

For permeability experiments specified transwell systems (Corning, USA) with luminal
chambers (0.5 mL) and abluminal chambers (1.5 mL) separated with a membrane (pores of 3 um)
were used. The membranes were preincubated with Collagen I'V/Fibronectin solution (Sigma-
Aldrich, Germany). HBMECs were plated to a density of 2 * 10° cells/mL and grown for four
more days. Before adding the Cu:NP solution the TEER value was determined (Millipore, USA).
After 20, 40, and 60 minutes of incubation the abluminal wells were replaced by fresh wells to

imitate cerebral flow. Afterwards the TEER was measured again. Cell-free wells were used as



controls. The fractions were analyzed for their Cu content via ICP-MS measurements. Transport
analyses were performed in OptiMEM. The permeability x surface area product (PSc) of the

substances was calculated as described before.?’

Statistics

For statistical analysis GraphPad Prism Software was used. First the standard error of the mean
(SEM) was calculated. As a normality test the Shapiro Wilk test was used. According to the
existence of normal distribution one-way Anova or Kruskal-Wallis tests were performed.

Dunnett’s or Dunn’s multiple comparison test functions were used as a post-hoc test.

RESULTS AND DISCUSSION

Synthesis of Nanocarriers

The aim of this study was (i) to develop novel nanocarriers based on polymeric core-shell
nanoparticles and (ii) to test for transport of Cu(Il) ions into different cells including a BBB model
to address Cu deficiencies and to recover Cu homeostasis. The intracellular release was analyzed
as a function of pH. Since oligoamines are known to form strong complexes with Cu(Il), we
focused on dendritic poly(ethylene imine) (PEI) and diamino-functionalized dendritic
polyglycerol (dPG) to fabricate Cu-encapsulating constructs. Both of the dendritic polymers used
in this study have already been reported for the synthesis of cores for biocompatible CMS,*-3!
e.g., for the stabilization of metal-NPs, dyes, and drugs.>’>> The presence of a large number of

modifiable functional groups,®° facile synthesis,*® low cytotoxicity, high biocompatibility,’” and

10



substantial cargo-loading capacities** predicted dendritic PEI and dPG based CMS systems as
ideal candidates to facilitate the transport of metal-ions across cell membranes.

In this paper, we compared two design architectures: a CS-NP and a CMS-NP. CS-NP is
composed of a dPG core (Mw = 10 kDa) coupled to a single shell of trimethylethylene diamine
(TMEDA) (Figure S1). Since amines can be toxic in high concentrations, the ligands were bound
to a nontoxic dPG core to increase the biocompatibility of the nanocarrier. Due to protonation of
amines in aqueous solution, the NPs complied with the requirements to enter cells by adsorptive
endocytosis.

CMS-NP (Figure 1A) is composed of a dendritic poly(ethylene imine) (PEI) core (My = 5 kDa)
attached to linear amphiphilic building blocks comprised of Cis-alkyl diacids which in turn is
connected to monomethyl poly(ethylene glycol) (mPEG) chain (My, = 550 Da). The double-shell
concept was introduced to mask the amino ligands and increase the biocompatibility. The degree
of functionalization of the PEI core was maintained within the range of 40 — 45% according to a
previously reported procedure.®® These particles had a molecular weight of ~20 kDa and a
hydrodynamic diameter of 5 nm as determined by "H-NMR and dynamic light scattering (DLS),
respectively.

For the synthesis of TMEDA-functionalized CS-NPs the dPG cores were reacted with tosyl
chloride in pyridine to convert the hydroxyl group to a highly efficient tosyl leaving group (see
Figures 1B and S1). 'H-NMR-analysis of CS-NP was performed to investigate the degree of
functionalization. After substitution of tosyl group with TMEDA, the complete absence of
aromatic signals and appearance of signals due to TMEDA alkyl functionalities within the dPG

backbone indicated the successful completion of the reaction. The molecular weight calculated
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from '"H-NMR for this system was ~22 kDa and dynamic light scattering (DLS) measurements of

the resulting CS-NPs showed a hydrodynamic diameter was in the order of 4 nm.
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Figure 1. Structures and Cu(Il) complexation of the different NP architectures. (A) CMS-NP

complexes Cu(Il) inside the PEI core, (B) CS-NP stabilizes Cu(Il) ions in its amino ligand shell.

Although CMS-NP were able to import Cu into eukaryotic cells,” the structural effects, the
potential of these constructs to cross the BBB and the cellular accessibility of the introduced Cu
had never been addressed before. In spite of the low LDso value of CMS-NPs, the intrinsic toxicity
associated with a PEI core of such particles may lead to side effects in in vivo situations.’® We
therefore wanted to develop more biocompatible core-shell NP systems based on a dPG core. In
contrast to PEI, the dPG core which is composed of an all polyether backbone is non-toxic and

non-immunogenic.>>*# Since bare dPG has a very low Cu-complexing property, we attached
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TMEDA, a strong Cu-binding ligand, to the primary and secondary hydroxyl groups of the dPG.
The amino ligands enabled dPG to stabilize Cu ions in the same manner as PEI stabilizes metal
ions (Fig. 1) but with a significantly four times lower cytotoxicity. Furthermore, the complexation
in the outer shell of the CS-NP should facilitate the intracellular Cu release. Thus, Cu should be
more accessible for intracellular processes when released from CS-NP. In contrast, CMS-NP
contains the Cu-binding amines in the core of the macromolecular scaffold (see Fig. 1), which

could hinder the release of Cu.

Cu loading capacity and enthalpies of Cu-NP complexes

Encapsulation of a sufficient amount of Cu is an essential prerequisite for Cu-NP complexes to
achieve significant biological effects. Thus, both CS- and CMS-NPs were analyzed for their
spontaneous encapsulation property towards Cu ions. The maximum loading capacity of the
individual NP was investigated by spectroscopic and microcalorimetric titration of the NPs with
CuSOq4 as an initial test. Spectroscopically, in the absence of a polymer with complexation
capabilities, Cu(II) primarily exists as [Cu(H20)s]*" in aqueous solutions, which gives rise to a
broad, weak absorption band at 810 nm associated with a d-d transition (¢ ~ 10). In the presence
of Cu-encapsulating groups as polyethylene imine (in CMS-NP) or TMEDA (in CS-NP), Amax for
the Cu(Il) d-d transition is shifted to 600-650 nm with another strong ligand-to-metal-charge-
transfer (LMCT) transition band appearing in the 280-300 nm region. With a higher ratio of Cu(II)
to polymer, the spectrum shows a tendency to shift towards the longer wavelength. This change in
UV/Vis spectrum allows one to follow the Cu(Il) ion binding with different nanoparticle systems
containing Cu-encapsulating properties. In this experiment, the absorbance at Amax = 630 nm

increased with increasing Cu:NP ratio until a critical value is reached, above which the absorbance
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only increased slowly (Figure 2A). An UV/Vis spectroscopic experiment revealed that the highest
number of 40 Cu ions were encapsulated by the CMS-NP?® while the CS-NP accommodated 60 Cu
ions.

The discrepancy in Cu loading stoichiometry between CMS- and CS-NP is most likely due to
the presence of the polyamine core in CMS-NP, which stabilizes most of the Cu ions in a more
sterically challenging environment compared to CS-NPs, because of the presence of Cis-alkyl and
mPEG functionalization. CS-NPs, on the other hand, are more easily accessible for incoming
Cu(II) ions since the ions are bound to the outermost TMEDA shell with relative ease (Figure 1).
This observation was further supported by the fact that the loading capacity of TMEDA
functionalized dPG core towards Cu is linearly dependent on the degree of core-functionalization
with the amine moiety (data not shown). We postulate that the higher loading capacity for CS-NP
compared to CMS-NPs is mostly because the Cu ions can easily access the amine-dense area
within the nanoparticle interior.

The Cu-encapsulation stoichiometry of CS-NP (Cu:CS-NP = 60:1) is much higher compared to
currently used monomeric Cu-chelators such as CQ or glyoxalbis(N-(4)-methylthiosemi-
carbazonate) (gtsm), which exhibit stoichiometry of 1:2 for Cu:CQ or 1:1 for Cu(Il):gtsm. !4
Using polymer-based Cu-complexing agents like for CMS- or CS-NPs it is possible to transport
higher amounts of Cu ions and to increase the local concentration of Cu(Il) in the targeted regions
and reduce off-target deposition. All effects are beneficial for increasing the therapeutic efficacy.

The energetics of complexation is of critical importance for the development of metal ion
delivery systems since it influences the in vivo stability of the complex in fluctuating conditions
before it reaches the target tissue. The Cu:NPs need to be engineered so that the complexes are

stable enough to transport Cu through the blood without premature Cu-release, and at the same
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time, only carry the guest ion under controlled conditions within the cellular microenvironment.
To this end, the thermodynamics and stoichiometry of this complexation was investigated and
isothermal titration calorimetry (ITC) experiments** were carried out between the nanoparticles
and the metal ion. In the enthalpogram (Figure 2B, inset) of the titration of Cu(Il) to individual NP
in water strong interactions were observed as indicated by the strong heat flow signal (ucal sec™)
from the baseline. The resulting binding isotherm (Figure 2B, 2C) is hyperbolic in nature with a
strong initial exothermic interaction between Cu and NP that shows a plateau indicating the
saturation of the Cu-binding to the NP architecture. ITC experiment revealed that CS-NPs
encapsulated Cu(II) with a heat of binding of AH ~ -3 kcal mol™! (Figure 2B). For CMS-NP, AH

was found to be -7 kcal mol™! (Figure 2C).
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Figure 2. Complexation of Cu(Il) ions by NPs. (A) UV/Vis measurements monitored the
absorbance maximum of the Cu binding band at 630 nm during a titration of CuSOj4 solution into
NP solution to determine the maximum loading. Absorbance maximum reached saturation at 60
Cu ions per CS-NP and 40 Cu ions for CMS-NP. (B+C) Binding isotherm of Cu:CS-NP (B) and
Cu:CMS-NP (C) interaction obtained by ITC measurements. (B) Binding enthalpy for CS-NP was
found to be -3 kcal mole™!. (C) Binding enthalpy for CMS-NP was found to be -7 kcal mol™!. Raw

ITC data (insets of B and C) shows a strong exothermic interaction between Cu(Il) and CS-NP.
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As evident from Figure 2B, CS-NP spontaneously encapsulates Cu ions with AH ~ 3 kcal mol ™.
The heat of complex stabilization for CS-NP was less than for CMS-NP (AH ~ 7 kcal mol ") which
indicated a relatively stronger (two-fold) interaction between the Cu and CMS-NP systems
(Figure 2C). For both of the NPs, the enthalpogram shows that the association between the metal
ion and polymer is enthalpy-driven with a decrease in entropy which essentially involves the
restriction of mobility of Cu(Il) ion within the complexation network. The strong release of
exothermic energy is an inherent characteristic of electrostatic interaction. The fact that the Cu(II)
ion is encapsulated in CMS-NP with higher stability should also be reflected in the pH-responsive

release profile of Cu from both the NPs.

Cytotoxicity

The nanocarriers were designed to shield the Cu from its environment hence avoiding cytotoxicity.
To study the influence of the nanocarriers on the toxicity of Cu, MTT assays in SH-SYS5Y cells
have been performed with Cu loaded nanocarriers. Free Cu ions are toxic to SYSY cells at 10 uM
(LDso), whereas other cell lines are more resistant.”> When Cu was stabilized in CS-NP the
cytotoxicity of Cu decreased tremendously to a LDso value of 600 pM. Cu/CMS-NP exhibited a
LDso value of 120 uM with respect to Cu (Figure 3). The unloaded NPs showed a similar toxicity
respectively with a LDso value of 3 uM for CMS-NP and 10 uM for CS-NP (data not shown).
Cu/CS-NP is therefore less toxic and likely more appropriate for in vivo studies than Cu/CMS-
NP. Since both nanocarriers showed decreased cytotoxicity compared to free Cu, the carriers
successfully shielded the ion from the environment. In comparison with CS-NP, the increased

cytotoxicity of CMS-NP can be more attributed to the PEI-core of the carrier scaffold than to
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bound Cu. It must be noted that a daily intake of 60 mg Cu would lead to severe liver cirrhosis,*’

which further illustrates the importance of shielding and the transport of controlled amounts.
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Figure 3. LDs values of Cu:NPs to SH-SYSY cells.

Uptake and increase of cellular Cu level

Neuroblastoma SH-SYSY cells were treated with fluorescent dye-conjugated CS-NPs and their
intracellular colocalization was investigated by confocal laser-scanning microscopy (CLSM).
Confocal scanning revealed that FITC-tagged CS-NP system (red), which was detected in the
subcellular compartments (Figure 4A) except the nucleus (Figure 4B). Furthermore, confocal z-
stack analysis proved that NPs were not located within the nucleus (data not shown). The potential

uptake mechanism of CMS-NPs was described earlier.??
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For further analysis of intracellular Cu, SH-SYS5Y cells were incubated with increasing
concentrations of both Cu:NP complexes. Inductively coupled Plasma Mass Spectrometry (ICP-
MS) measurements of cellular Cu revealed an increase of the intracellular Cu in a concentration-
dependent manner for both NPs (Figures 4C, 4D). The untreated control unraveled an amount of
intracellular Cu of 20 fg Cu/cell. This Cu level was increased by up to 10 times (about 200 fg
Cu/cell), when the cells were incubated with Cu:CMS-NPs containing 40 uM Cu (Cu:CMS-NP
40:1) (Figure 4C). A higher Cu level could be reached with a treatment of 100 uM Cu (Cu:CS-NP
60:1), which resulted in 500 fg Cu/cell, which is 25 times more than the Cu content of the control
(Figure 4D). CS-NP could be loaded with a higher amount of Cu as it is less toxic than the CMS-
NP counterpart at the same NP concentration. Thus, a higher level of the intracellular Cu content
could be reached with Cu:CS-NP due to the fact that more Cu was taken up by the cells in the
particle-encapsulated form although a cytotoxic effect was not observed due to the chelation by
CS-NP. The comparison of both carriers loaded with 10 uM Cu revealed, furthermore, that the
uptake of CS-NP must be faster than of CMS-NP. While CS-NP transported 50 fg Cu into a cell,
CMS-NP failed to show significant transport activity at this concentration. Our previous study
revealed a cellular increase of Cu as a result of Cu:CMS-NP treatment in yeast cells.?
Subsequently we have been able to prove that the Cu import also occurred in eukaryotic SH-SY5Y
cells although the import of Cu was less than with Cu:CS-NP. Furthermore, compared to simple
chelators transporting Cu, substantially higher Cu concentrations could be brought into the cells
with CMS-NPs or CS-NPs. For example, Cu(Il)-gtsm complexes were used with a concentration
of 25 uM for SH-SY5Y cells,'® which is at least four times lower than that of the amount of Cu

used with Cu:CS-NP complexes.
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Figure 4. Cellular import of CS-NP and cellular increase of the Cu level of SH-SY5Y after Cu:NP
treatment. Incubation of CS-NP with SH-SYS5Y cells for 30 min revealed a cellular uptake CS-
NP-FITC (A+B). Magnification 63x, scale bar in all images 10 pm. Incubation of SH-SYS5Y cells
for 5 h with varying Cu:NP concentrations yielded a concentration-dependent increase of the
cellular Cu level quantified via ICP-MS measurements (C+D). Statistics: one-way ANOVA,

Dunnett’s multiple comparison test, *p < 0.05, **p <0.01, ***p <0.001, n > 4.

Previous and current experiments have indicated that several mechanisms can play a role for the
uptake of CMS- and CS-NP systems. While CMS-NPs undergo an active, clathrin-mediated
transport,”> no active transport mechanism was evident for CS-NPs. In experiments where
endocytosis was inhibited by inhibitors or temperature, an uptake of Cu by Cu:CS-NP was still
observed (Figure S3). Since both NPs were similar in size and in diameter, the difference in the
uptake processes can be attributed instead to the difference in their chemical composition. It is
most likely that CS-NPs’ uptake is mediated, to a large extent, by a non-specific diffusion-like
mechanism, i.e., possibly a passive transport enabled by exposed tertiary amines and subsequent
positive surface charge of the NPs (Figures S1 and S2). Therefore, it can be expected that CS-NP

uptake is not limited compared to CMS-NPs, since there is no energy required.
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Cu release and intracellular accessibility of imported Cu

Normally, Cu is bound to proteins and amino acids and free Cu in a single cell is in the order of
10 atoms which is extremely minuscule, because free Cu is toxic to the cells.** Furthermore, cells
avoid excess Cu by a tightly regulated homeostasis including a secretion mechanism. Thus, the
primary challenges for our approach is to bypass the cellular control mechanisms by minimizing
the premature release and access to excretion systems.

In order to use Cu loaded NPs for therapeutic applications, the influence of the cellular
microenvironment, especially the effect of different pH values on the stability of Cu:NP
complexes, was investigated as a controllable system. To this end, nanoparticles with maximum
Cu:NP ratio were incubated in acetate-buffered solution of different pH (3.0 — 7.0) and the
absorption intensity of the Cu-complex with polymer structure at 650 nm (for CMS-NPs) and
700 nm (for CS-NPs) were systematically measured by UV/Vis spectrophotometry. A reduction
in the maximum intensity at these wavelengths indicated a reduced amount of Cu:NP complexes
present in the solution due to the release of the free Cu ions from the complex. As illustrated in
Figure 5A, CS-NP showed a more gradual dependence of Cu-release with changing pH values,
while CMS-NPs remained stable throughout the entire pH range tested. The two analyzed NPs
differ in their chemical structure and therefore also in their Cu complexation stability. CMS-NPs
have the capacity to bind Cu at the core, whereas the primary location of Cu for CS-NPs is in the
shell (Figure 1). These different modes of binding are responsible for the difference observed in
the release profiles. The encapsulation of the Cu inside the core of CMS-NP, along with its alkyl
and mPEG shells, seems to protect Cu from release. Subsequently, CMS-NP, which encapsulated
Cu at the expense of more enthalpic energy, is mostly unresponsive to pH-change in the

environment and only releases the metal ion at pH < 3. In contrast, CS-NP rapidly responds to
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mildly acidic conditions at pH 5 since Cu(Il) is bound to the ion complexing shell which is
sterically more accessible to protonation of the amines resulting in acid-sensitive destabilization
of the Cu-complexing domain. Assuming a lower pH in an Alzheimer patient’s brain due to
hyperperfusion,* an in vivo release of the Cu cargo from CS-NPs is expected. Furthermore, cell
compartments as lysosomes or late endosomes exhibit lower pH values (~pH 4.5-5).% To this end,
CS-NP should be more suitable to enhance a targeted Cu release in the cytoplasm of cells at pH 5.

To investigate the accessibility of Cu ions imported into cells by NPs, we adopted a MRE-GFP-
detection system (metal response element with green fluorescent protein, developed and kindly
provided by O. Georgiev and W. Schaftner). The principle of the MRE-GFP-detection system
involves an indirect signal cascade, in which Cu ions replace Zinc (Zn) ions of metallothionein
(MT). This leads to a binding of the released Zn ions to metal-responsive transcription factor-1
(MTF-1) followed by the activation of the MREs which are connected to GFP expression
(Figure 5B).*”* To activate the GFP-expression via this indirect cascade the Cu ions have to be
accessible as free Cu ions. Therefore increased GFP-expression in the cell-lines as a result of Cu
loaded NP treatment clearly involves the release of Cu ions in their bioavailable form within the

cytosol.
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Figure 5. Release and accessibility of Cu ions. (A) pH-dependent release of Cu(Il) from CMS-NP
and CS-NP. Measurements of maximum absorption band of the Cu:NP complexes in 100 mM Na
acetate with pH values ranging from 7 to 3. CS-NP released Cu already under mild acidic
conditions at pH of 5, while Cu:CMS-NP complex disassembled at pH 3, reflecting the release of
Cu under more acidic conditions. (B) Schematic illustration of the principle of the MRE-GFP-
detection system. Increased cellular Cu levels led to a replacement of Zn ions bound to MT.
Released Zn ions bonded to MTF-1 and trigger activation of MREs combined with gfp-expression.
MRE-GFP system was used as a reporter in cells. The observed increase in GFP fluorescence
indicates the release and accessibility of Cu ions. (C, D) Cu accessibility determined by this

system. HEK 293 transient transfected with MRE-GFP were incubated for 5 h with Cu:CMS-NP
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(C) and Cu:CS-NP (D). Quantitative fluorescence measurements of cell lysates at 485/535 nm
showed a concentration-dependent increase of GFP fluorescence equally with the increase of Cu
accessibility. Statistics: Kruskal-Wallis test (C, D), Dunn’s multiple comparison test, *p < 0.01,

*%%p < 0.001,n >4 (A,D),n>6 (C).

To assess the amount of accessible Cu within intracellular environment, HEK 293 cells
transfected with MRE-GFP construct were treated with both variants of Cu loaded NPs. A
concentration-dependent increase of GFP-fluorescence was observed due to an increase of released
Cu. Incubation of 40 uM Cu (Cu:CMS-NP 40:1) led to an increase of 40% in GFP fluorescence
while incubation of 60 uM Cu (Cu:CS-NP 60:1) resulted in an fluorescence increase of 60%
(Figures 5C and 5D). Treatment of empty NP did not show any significant difference in Cu levels
compared to untreated control (data not shown).

The results indicated an intracellular Cu release and accessibility from the NPs and therefore the
in vivo potential of these nanocarriers. Due to the lower toxicity, CS-NPs can be applied in higher
concentrations and then release more accessible Cu than CMS-NPs. The fact that CS-NPs can also
complex more Cu ions which are readily available for intracellular processing suggests that this
nanocarrier design is a more suitable therapeutic candidate than their CMS-NP counterpart. It is
equally important to note that the accessibility of both NPs was in the same range, when the same
amount of Cu was incubated (see Figures 5C and 5D) even though the pH-dependent Cu release
from CMS-NP requires slightly more acidic conditions.

The increased Cu accessibility after Cu:NP treatment is in line with the findings of a previous
study, where it was shown that Cu loaded nanocarrier including CMS-NP led to enhanced SOD1

activity, which could then function as a reliable marker for bioavailable cellular Cu in yeast cells.
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Since our analyses were done in a eukaryotic SH-SYSY cell line, we additionally were able to
prove that these nanocarriers worked efficiently in higher developed cells.

Furthermore, SODI1 activity was restored after oral treatment with Cu sulfate in an AD mouse
model. Not only did the treated AD mice have a restored Cu level, but also lower endogenous CNS
AP levels and reduced AP plaques.*® Since our NPs were able to transport high amounts of bound
Cu and could thus increase the local concentration of Cu on a cellular level, they are promising

candidates for further in vivo investigations.

Permeability of NPs through the blood-brain barrier using a HBMEC-model

Targeting the brain or the CNS is a major challenge for designing therapeutics addressing neuronal
pathology. Only 5% of the drugs listed in the Comprehensive Medicinal Chemistry database target
the CNS.>° Therefore, the transport of Cu ions over the BBB is a critical issue for our therapeutic
approach.

To analyze the permeability of NPs through the tightly closed BBB, we established an in vitro
model using a human brain microvascular endothelial cell line (HBMEC, provided by K.S. Kim).
A two-chamber transwell system was separated by a membrane as barrier on which HBMEC were
cultured (Figure 6A). After adding Cu:NP-complexes, the amount of complex passing this barrier
was determined by quantifying the amount of Cu after specific time intervals using ICP-MS. Time
points were used to calculate the ability of permeation as PS. (permeability x surface area product)
which had been previously used.?’

At first, the density of the HBMEC barrier was tested by determining the PS. of frequently used
and established marker substances. PS. values were respectively calculated to be 61, 1720, and

1488 *10° cm min™! for Evans Blue labeled albumin (EBA), *C-sucrose and sodium fluorescein
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(NaFl), which is in accordance with previously published data (Table 1).2%°!"¢ In addition, an
immunofluorescence analysis of the tight junction protein ZO1 confirmed that the tight junctions
had correctly assembled (data not shown). Through this standardized HBMEC model, Cu loaded
CS-NPs showed a PS. value of 3600 + 487 *10° cm min!, while a PSe value of
3584 + 695 *10% cm min™! was determined for the Cu loaded CMS-NP system. The results show
that the PS. of both NPs did not significantly differ (see Figure 6B) which means they should both
be able to cross the BBB. A comparison of the NPs with the marker substances showed that the
PS. of both NPs was twice as high as for 1*C-sucrose and NaFI and up to 60 times higher than for
EBA (see Figure 6B). Since high PS. values are related to elevated permeability, we could prove
that both NPs can cross the in vitro model of the BBB with substantial speed compared to the

reference substances investigated.
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Table 1. PSe values for EBA, *C-sucrose, and NaFl in the used HBMEC-model compared to

various BBB-models in published data.

Substance PSe Cell line Reference
(10° cm min-
D)
CS-NP 3600 HBMEC present study
CMS-NP 3584 HBMEC present study
EBA 61 HBMEC present study
20 BMEC/MBGC %6
113 CEC/C6 glyoma 2
cells
4C-sucrose 1720 HBMEC present study
1602 HPBEC !
620 PBEC/CRA 53
NaFl 1488 HBMEC present study
1812 CEC/C6 glyoma »
cells
3200
HCEC >3
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Figure 6. HBMEC in vitro model of the BBB. (A) Scheme of the HBMEC in vitro model. Cells
were grown on the filter insert. Compounds added to the upper (luminal) compartment were
determined after 20, 40, and 60 min in the lower (abluminal) compartment. (B) Comparison of the
permeability (PS. values in 10°® cm min!) of the test compounds EBA, *C-sucrose, and NaFI with
both NPs. Both NPs showed a PS. around 3600 * 10 cm min™!, which is about two-fold higher
than with “C-sucrose (1720£168 * 10 cm min™') and NaFl (1488+146 * 10° cm min™') and 60
times higher than EBA (61+2 * 10° cm min™'). Hence, both NPs were able to cross the in vitro

BBB model. Statistics: Kruskal-Wallis test, Dunn’s multiple comparison test, n > 6.

PS. values are known for various substances in other BBB models. For example, they were
13782 * 10 cm min™! and 17358 * 10 cm min™! for caffeine and nicotine.’> A PS. of 540 * 10-
® ¢cm min"! was determined for acetylsalicylic acid.’> Morphine, which crosses easily, showed a
PS. of around 1500 * 10 cm min™! in in vitro models of the BBB.’*> The ability of CS- and
CMS-NPs to cross the BBB model is lower than that of caffeine or nicotine. However, compared
to morphine or acetylsalicylic acid, the ability of NPs to permeate the BBB was two or six times

higher. Morphine and acetylsalicylic acid are known to be active substances in the brain.

27



Furthermore, less than 4% of orally applied acetylsalicylic acid is available in plasma and reaches
the brain. However, this low concentration is still potent enough to be active in the brain.”’
Therefore it is perceivable that the CS- and CMS-NPs will most likely be able to show a suitable
effect in the brain in an in vivo model.

Interestingly, with respect to the PSe values, no significant difference occurred between the two
NPs. Since they were similar in size, it is likely that both could be transported via identical
transport routes through the BBB. Size is a problem in BBB permeability because most molecules
with My bigger 400 Da cannot pass the BBB. However, a transfer of large hydrophilic molecules
like CMS-NP and CS-NP is possible by receptor-mediated or adsorptive-mediated transcytosis.>®
Another factor that influences permeability is charge. A study comparing positively-charged with
negatively-charged tripalmitin nanoparticles showed that those with cationic character had an up
to 14 times increased ability to cross the BBB.?2°%%° The surface charge of empty and Cu loaded
CS-NP analyzed by zeta potential measurements showed that empty CS-NPs were positively
charged (+18.2 mV) and that Cu loading decreased the surface charge of these particles to
+12.1 mV (see Figure S2). Although the addition of Cu up to Cu:CS-NP ratios of 120 further
decreased the surface charge, it did remain well above neutrality. This positive surface charge of
the NPs most likely compensates the molecular weight restriction and thus allow the NPs to pass

the BBB.

CONCLUSION
We reported and compared the design and the synthesis of novel dendritic polymer-based CS-NPs

in comparison to multishell nanoparticles (CMS-NPs). As both types of nanocarriers were found
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to bind significant amounts of Cu ions and release them under endosomal pH condition, this
approach could very well be therapeutically relevant for addressing Cu imbalances. The chemical
structure of the Cu complexing NPs were found to play a pivotal role in the ‘load and release’
characteristics of the NPs. In CS-NP, the Cu-chelating moieties are in the outer shell and Cu is
easily encapsulated, which facilitates a release of Cu at moderately lower pH values than in CMS-
NP, which requires unphysiological pH-values. Moreover, CS-NP is less toxic than CMS-NP and
can shield Cu from its biological environment to decrease the intrinsic toxicity exerted by free Cu
ions. Both NPs were shown to increase the intracellular Cu levels in neuroblastoma cells at
nontoxic NP concentrations. When stabilized in NPs, Cu is less toxic than free Cu ions.
Furthermore, it was established with a cellular BBB model that NPs can transport Cu ions across
the BBB in a HBMEC model. The permeation of NPs was up to 60 times higher than that of
reference substances. These results indicate that CS- and CMS-NPs can be potentially used in vivo
to increase the Cu levels, e.g., in the brain. CS-NPs seem to be more suitable for the treatment of
Cu deficiency disorders because of their lower toxicity, higher Cu loading, and release under
mildly acidic conditions of pH 5 indicating a better bioavailability of Cu for enzymes in the

cytoplasm and thereby the accessibility for cellular processes.

ASSOCIATED CONTENT
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Figure S1. Synthesis of CS-NP. Figure S2. Change in Zeta potential with increasing concentration
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SUPPORTING EXPERIMENTAL SECTION

Synthesis of CS-NP:N,N,N -trimethylethane-1,2-diamine modified dPG (100%):

In a sealed tube, O-tosylpolyglycerol (0.5 g, 3.28 mmol OTs group, 1.0 equiv.) was dissolved
in 7 mL of p.a. DMF. N,N,N’-trimethylethane-1,2-diamine (1.675 g, 16.4 mmol, 5.0 equiv.,
2.1 mL) was added slowly at r.t. and the resulting solution was heated at 120 °C for 4 days. At
the end of the reaction, the tube was cooled to r.t. and DMF was removed by cryo-distillation.
The residue was dissolved in CHCI3 and extracted three times with sat. Na,COj3 solution. The
combined organic phase was washed three times with water, dried over MgSO4, concentrated
in vacuo, and dialyzed in MeOH for 48 h to give the brown hard paste-like product. Yield: 72%
; Conversion: quant.; 'H NMR (500 MHz, CD;0D): § (ppm) = 4.41-3.41 (dPG-groups), 3.42-
2.98 (-CHOH-CH>-N-CHz-), 2.72-2.49 (-CH>-N-CH3), 2.42-2.10 (bs, -N-CH3); *C NMR:
(D20): o (ppm) = 80.1 - 66.3 (dPG-backbone), 56.6-53.3 (-CH2-CH>), 45.3-40.2 (-N-(CH3)2);
IR (KBr) b = 2887, 1687, 1598, 1441, 1387, 1298, 1234 cm™'. My, = 22 kDa (calculated by

NMR), DLS: d =4 + 2 nm, Zeta Potential (in PBS, pH 7.4): +18.2 mV.
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SUPPORTING FIGURES
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Figure S1. Synthesis of CS-NP. 1) 0.7 equiv. TsCl, pyridine, ii) 5 equiv. TMEDA, DMF,

120 °C, 4 d.
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Figure S2. Cellular uptake studies of Cu:CS-NP analyzed by ICP-MS. Neither inhibitors,
which are known to block endocytosis, nor low temperature (16 °C and 4 °C) could inhibit the
Cu transport of Cu:CS-NP into the cell. Statistics: one-way ANOVA, Dunnett’s multiple

comparison test, n > 3.
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Figure S3. Change in Zeta potential with increasing concentration of Cu(ll) ions in the presence
of CS-NP. Measurements were performed in 0.01 M PBS at pH 7.4 with 5 mg/mL NP. To
assess the effect of Cu(ll) on surface charge of NPs, the NPs were loaded with maximum
stoichiometric amount of Cu (evaluated from ITC and UV-Vis titration). After incubation, free
Cu was removed from the polymer encapsulated species by dialysis. The retentate solution was

freeze-dried and subsequently redissolved in a specific volume of PBS of pH 6.5.
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Core-shell and core-multishell nanocarriers were designed to
transport copper ions into cells. Herein, we present their
synthesis and physicochemical characterization and
demonstrate the high influence of their architectures on the
loading and release of copper. Their low toxicity may open a
new way to balance the Cu-homeostasis in neurodegenerative
diseases.

Copper (Cu) is an important biological cofactor for a number of
metalloenzymes and plays a key role in many neurodegenerative
diseases,! e.g., Alzheimer’s disease (AD) and Parkinson’s
disease. Particularly in the case of AD, a disturbed homeostasis
of Cu leads to a Cu deficiency in the central nervous system
(CNS). Exogenous supply of Cu to brain or CNS is one of the
many therapeutic approaches for addressing such deficiency
symptoms.? For such a purpose, copper supply needs to bypass
the blood-brain barrier (BBB), which remains an unsolved
problem. Additionally, hyperperfusion in AD brain leads to
decreased pH and inflammatory processes in the CNS.3 All the
previous information shepherds the design of smart nanocarriers
capable of performing Cu pH-triggered delivery across the BBB
(see Scheme 1). Hyperbranched polymers are promising
representatives of size controllable nanoscaffolds for transport
and drug delivery.*7 In previous works, hyperbranched
poly(ethylene imine) (PEI) has been used to develop Cu-

pH-triggered
release
loading

e

hydrophilic outer shell @

Scheme 1. Encapsulation and release of Cu ions in nanocarrier systems.

ligand shell
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encapsulating nanocarriers.2 However, the poor biocompatibility
due to the presence of large number of amine groups within the
PEI limited the applications of such systems.

To enhance biocompatibility, new core-multishell nanocarriers
with lower toxicity are required, e.g., functionalized,
hyperbranched polyglycerol (hPG). As a macromolecule, hPG
possesses a highly branched globular, dendritic structure of a
stable polyether scaffold and can be synthesized in a one-step
process.® It exhibits similar properties to the well-used and FDA-
approved poly(ethylene glycol) (PEG), as it is non-toxic,
biocompatible, and not recognized by the immune system.?
Furthermore, a modification of hPG is facile due to its large
number of peripheral hydroxyl groups. These functionalized
hPG can therefore be tailored to required properties such as size,
charge, or molecular weight, respectively.> 115 By the
attachment of shells, specialized architectures can be designed
for a wide variety of applications.16-20

Herein, we present the synthesis and properties of different
modified hPG to develop biocompatible Cu—nanocarriers as
potential candidates in therapy of Cu deficiency disorders. An
hPG with a molecular weight of 10 kDa was selected for the core
in order to get nanocarriers of few tenths of nanometers. Cu-
binding ligands to be attached on hPG cores were then reviewed
to fit in our specifications. One example for Cu-binding ligands
are triazacyclononanes, because they are known to form very
strong complexes with Cu which are irreversible under

J. Name., 2012, 00, 1-3 | 1



physiological conditions.?* Clearly, copper-release into CNS
acidic conditions requires a weaker ligand for a pH-triggered
release of Cu. Tri- or dimethylethylene diamine moieties
(TMEDA or DMEDA, respectively) have been chosen as
suitable candidates.?? They form square planar bidentate Cu-
complexes with moderate interactions, which enable pH-
dependent Cu release. Furthermore, in order to increase
biocompatibility, to enhance the retention time within blood
circulation, or to hide the Cu from the environment, attachment
of poly(ethylene glycol) chains (PEG) in the outer sphere is
required (see Scheme 1). Two kinds of attachments were chosen
to investigate the influence of structural design of nanocarriers
on Cu-loading and release, as well as their biocompatibility.
Thus, hydrophilic PEG chains were bound to amine building
blocks leading to a core-multishell structure (CMS) or directly
to the hPG core for a core-random shell architecture (CRS) (see
Scheme 2). Finally, hPG fully modified by TMEDA (CS
structure in Scheme 2) was used as a reference system.
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Scheme 2. Structure and synthesis scheme of CS, CMS and CRS.

For the CMS synthesis, boc-protected DMEDA was first reacted
with hPG to cover 70% of the hydroxyl groups of hPG’s surface.
After deprotection, PEG1000-OMs chains were attached to the
amino ligands. For the CRS, reaction of hPG with TMEDA was
controlled to yield a degree of functionalization on hPG’s surface
of 70% (similar to that of CMS). The remaining mesylates were
then substituted by azides, which could be used in a click
reaction to attach propargylated PEGsooo (See characterization of
CMS and CRS in ESI).

UV/Vis spectroscopic experiments were then carried out to
determine the maximum Cu-loading capacity of the nanocarrier
in water. A stock solution of the polymer was mixed with an
increasing amount of Cu(ll) to achieve different Cu:polymer
molar ratios. Regardless of the polymer structure, an increase of
the absorbance at 580 nm was observed and should be related to
the d-d transition of copper ions complexed by amine functions
(see Figure S1 in ESI). This demonstrated the complexation of

2| J.Name., 2012, 00, 1-3

Cu inside the nanocarriers. Above a certain concentration of
copper, the absorbance at 580 nm became constant and a new
band around 800 nm related to agqueous copper ions grew in size.
This behavior is evidence for the saturation of nanocarriers and
that the later added copper ions remained free in solution. The
plot of the absorbance at 580 nm for increasing Cu:polymer ratio
reveals that the CMS structure can load more copper ions than
the CRS polymer (see Figure 1a). The close fit of these curves
(see ESI) leads to a more quantitative evaluation of this
maximum loading (see Table 1).
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Figure 1. Determination of the maximum loading of polymers by UV-visible
measurements. (a) Influence of the Cu:nanocarriers molar ratio on the relative
absorbance at 580 nm at room temperature with a constant polymer
concentration (80 uM). (b). Free metal ions concentration depending on
metal:CS molar ratios at room temperature with CS concentration (6.2 uM).

To check this loading capacity, we developed a second method
based on centrifugal filtration of the metal ion/polymer solution.
Titration of the metal ion was performed on the filtrate using a
well known spectroscopic method based on Zincon indicator (see
Figure S2 in ESI).?* As seen in Figure 1b, CS system retains
copper ions until a maximum loading of approx. 30. This is quite
comparable with the direct evaluation by UV/Vis spectroscopy.
Assuming a binding site of two ligands per copper, one can
estimate the maximum theoretical number of sites per polymer
and therefore the percentage of active sites. As seen in Table 1,
similar values were found for CS and CMS structures. On the
contrary, the architecture of the CRS polymer is less favorable
for the complexation of Cu metal ions, which can be related to
higher steric hindrance due to the attachment of PEG-chains
between TMEDA-ligand units as well as aggregation of CRS.
The binding kinetic was fast and equilibrium was reached only
after few minutes (see Figure S1 in ESI). All these results
indicated a behavior highly related to the architecture of the
nanocarrier.

After addition of copper ions into a polymer solution, reaching
the equilibrium was a slower process for CRS than CMS or CS
(see Table 1). This may be partially due to the PEG layer (larger
in CRS than in CMS), which should have decreased the
accessibility of ions toward the ligand shell.

The ability for such structures to interact with other ions may be
providential for the delivery of copper in a controlled manner.
To evaluate such possibility, a large excess of different ions (Ca,
Mg, Mn, Co, Zn, Ni) was added to Cu-loaded nanocarriers
solutions (see Figure S6 in ESI). None of the metal ions were
able to displace copper ions from the hyperranched structures.

This journal is © The Royal Society of Chemistry 2012



Table 1. Properties of the CS, CMS and CRS structures.

cs cMS CRS
Loadl'nga 2244 1443 .
capacity
Perc'enta'ge (b>f 46 + 9% 42 +9% 154 6%
active sites
Relative intake
kinetice 1 11 36
Size (nm)¢ 12/8 8/5 3604/6
pH for 10% of
copper release 4 4 ’
Relative pH-
release kinetic 1 2 3
Cytotoxicity of
the polymer 38.1 mg Cu/L 4.8 mg Cu/L 4.1 mg Cu/L
loaded with 220 mg CS/L 415 mg CMS/L 299 CRS/L
copper (IC50)

a. Determined by UV-visible spectroscopy (see text). b. Ratio between
the experimental loading capacity and the maximum theoretical number
of sites per polymer estimated as half the number of ligand ethylene
diamine per polymer. c. Determined by UV-visible spectroscopy (see
ESI). d. Hydrodynamic radius (nanocarriers/Cu-loaded nanocarriers)
determined by DLS with an analysis in number from 80 uM nanocarrier
solutions. e. Aggregation. f. Determined on human neuroblastoma cell
line SH-SY5Y.

Moreover, no direct complexation could be evidenced for zinc
ions, another ion of interest in the case of AD,%® as shown in
Figure 1b. Thus, the obtained nanocarriers were of special
interest for the specific complexation and delivery of copper.

Blood clearance for molecules below 60 kDa and 6 nm is fast,
while bigger particles remain longer in the blood.?% 27 However,
particles bigger than 200 nm are likely renal excreted.?® Since
size also has a big impact on permeability of the BBB of
substances,?°-3! size of empty and Cu-loaded nanocarriers were
investigated by dynamic light scattering (see Figure S4 in ESI).
Empty nanocarriers in solution as unimer were found to have a
hydrodynamic diameter close to 10 nm (see Table 1). When
CMS was only in the form of unimer, CS and CRS nanocarriers
were more or less present as polydisperse aggregates in solutions
(Rn above 100 nm). When Cu was stabilized inside nanocarriers,
a significant decrease of the aggregation and a slight change in
the size of the unimer was observed. Thus, the nanocarriers
presented here having molecular weights above 80 kDa and
diameters d > 8 nm are in the right range for application as a
delivery system. However, the permeation through the BBB
might be critical, since it has been postulated that most molecules
bigger 400 Da are not able to pass the BBB.?° On the other hand,
it was observed that the ability to cross the BBB is much higher
for NPs with cationic character.3%-32 Due to this, zeta potentials
of empty and Cu-loaded nanocarriers were studied at pH values
ranging from 7 to 3 in buffer solution. At pH 7, zeta potential of
empty CS was found at 30 mV £ 9 mV. As expected, grafting of
PEG chains induced a significant decrease of zeta potential that
remained slightly positive for both CRS (+13.9 = 0.8 mV) and
CMS (+9.2 + 1.0 mV) (see Figure S5 in ESI). Partial protonation
of amine groups may have been responsible for this observation.
Therefore, the highest zeta potentials were measured at pH 3 due
to the increase of protonation level at lower pH. Interestingly, the
surface charge at all the pH values did not significantly evolve
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when Cu ions were stabilized inside the nanocarriers. Therefore,
these positively charged nanocarriers have a high potential to
cross the BBB.

To prove whether nanocarriers were able to release copper ions
at low pH, UV/Vis spectroscopy experiments were performed.
Cu-loaded nanocarriers were transferred in Britton Robinson
universal buffer aliquots with pH-values from 8 to 2 and
absorbance was monitored (see Figure S3 in ESI). Figure 2
shows the percentage of Cu-release as a function of pH. As a
result, Figure 2 shows that CRS nanocarriers continuously
released Cu with decreasing pH. This profile of release
highlights the weakness of these nanocarriers due to the random
architecture as above discussed and might be too prompt, since
the release already started at pH 7. For an application in
biological systems a controlled release is therefore not possible
presumably due to Cu leakage before the required target was
reached. On the other hand, Cu-complexes integrity in CS and
CMS structures remained until lower pH values. This indicates a
stronger Cu binding in this architecture which makes it a good
candidate for carrying its entire load to the target, after which a
sharp and fast Cu release could occur according to Figure 2 and
kinetics data (see Figure S3 in ESI).
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Fig. 2. %Cu-release based on relative absorbance at 580 nm of CMS or CRS
polymer (80 uM) in Britton Robinson Buffers, 0.1 M NaCl at 37 °C

Toxicity of Cu-loaded and empty nanocarriers in human
neuroblastoma (SH-SY5Y) cells was then investigated by MTT
assay (see experimental procedures in ESI). IC50 value of CRS
was found to be 22.4 g/L, which was much higher and therefore
less toxic than CMS (1C50 ca. 415 mg/L). It is known that long
PEG-chains lead to higher biocompatibility.3® Hence, we assume
that CRS with longer mPEG-chains shows less toxicity than
CMS, i.e., shielding of the amino ligands by mPEG-chains
determines the toxicity of the cargo in living cells. Both
nanocarriers in the present study were less toxic than the
previously described PEI-based CMS® which supported our
earlier assumption that hPG-based nanocarrier has a higher
compatibility than nanocarriers with a PEI core. Investigation on
the toxicity of Cu-loaded nanocarriers showed the same result for
CMS as for empty particles regarding the nanocarrier
concentration (IC50 [Cu:CMS = 15:1] = 415 mg/L). In contrast,
the cytotoxicity of Cu-loaded CRS increased to IC50 [Cu:CRS =
5:1] =2.9 g/L in comparison to unloaded CRS. Regarding the Cu
concentration, however, Cu-loaded CMS was in the same range
as Cu:CRS in terms of cytotoxicity (see Table 1). Both
nanocarriers could reduce the toxicity of Cu by factor 7.8 The
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compatibility at high loading is especially of importance for in
vivo applications when a high local concentration of Cu is
required. According to these results, it seems that CMS is a better
candidate for treatment of Cu deficiency disorders.

Conclusions

By designing new core-shell polymeric structures, we were able
to obtain nanocarriers that had a high binding affinity for copper
ions and were able to release these ions at low pH. We
demonstrate that the exact architecture of the core-shell system
is a paramount parameter to control the maximum loading, the
strength of complexation, and the release profile of copper into
the solution. The CMS structure proves to be the most promising
structure for Cu complexation and release. The CMS structure
will now be studied to estimate their transport through the BBB
and tested in vivo for the release of copper.
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A. Experimental

A.1. General. *H NMR and **C NMR spectra were recorded on a Jeol ECX 400 apparatus (400 MHz for *H
and 100 MHz for 13C). Calibration was performed using the chloroform peak at 7.26 ppm for *H and 77.0 ppm
for 13C. IR spectra of neat samples were recorded on a Nicolet Avatar 320 FT-IR spectrometer (Thermo Fisher
Scientific, Dreieich, Germany). Dialysis was performed with Dialysis tubing benzoylated 10 FT from Sigma-
aldrich (molecular weight cut-off 2000 g mol?). Ultrafiltration was performed with a 300 mL solvent-resistant
stirred cell with regenerated cellulose membranes (molecular weight cut-off 5000 or 10000 g mol™), both
from Millipore. TLC was performed on Merck aluminium sheets with silica (corn size 60) and fluorescence
marker (F254). Flash column chromatography was performed on Merck silica (corn size 60). CuSO. was
purchased from Acros Organics Co. Ltd. and ZnSOs4, MgSOs4, MnSQs4, CaSOs, CoSOs4, NiSOs Zincon
monosodium salt (2-Carboxy-2"-hydroxy-5'-sulfoformazyl-benzene monosodium salt) were purchased from
Sigma Aldrich Co. Ltd. at highest purity available (>99%) and used as received. All reagents and solvents
were purchased from Acros, Fluka or Aldrich and used as received. Hyperbranched PG was synthesized
according to literature.

Water was purified through a filter and ion exchange resin using a Purite device (resistivity 18.2 MQ-cm).

A.2. Synthesis

hPGiok-(DMEDA)o.7

The synthesis of boc-DMEDA was described elsewhere.? In a sealed tube, PGio-OMs (1.8 g, 13.5 mmol/g,
24.3 mmol OMs groups) was dissolved in 5 ml DMF and 3.46 g boc-N,N’-dimethylethylene diamine (18.23
mmol, 0.75 equiv.) was added and heated to 120°C for 3 days. After removal of the solvent the crude product
was dialyzed in methanol. hPGiok-(boc-DMEDA)o.7 was dissolved in DMF:TFA (4:1) and stirred for 3 h. The
solvent was evaporated yielding 0.96 g of the slightly yellow product, which was used without further
purification.

IH-NMR (CDCls, 400 MHz): § = 4.18-3.21 (PG-groups), 3.20-3.14 (-N-CH,-), 3.10-2.87 (-N-CH,-), 2.67-
2.37 (-N-CHs) ppm.

CMS: hPGiok-(DMEDA-PEG1000)0.7

hPGiok-(DMEDA)o7 (0.96 g, 1 equiv.) was dissolved in DMF. NEt; (2.1 equiv.) was added and stirred for 1 h.
MPEG1000-OMs (1.1 equiv.) was added and stirred at room temperature for 5 days. Dialysis of the crude
product in methanol yielded 2.3 g hPGiok-(DMEDA-PEG1000)0.7. For the physical-chemical characterization, a
mean molar mass of 83 kDa was used (deduced from *H-NMR).

IH-NMR (CDCls, 400 MHz): & = 3.67-3.51 (m, PEG and PG), 3.48-3.42 (m, -N-CH,-) ppm.

IR: © = 3424, 3015, 2873, 2490, 2337, 2320, 1682, 1558, 1540, 1465, 1419, 1342, 1279, 1199, 1172, 1107,
962, 839, 799, 775, 719 cm™,

hPGiok-(TMEDA)q 7

In a sealed tube, PGio-OMs (0.5 g, 6.75 mmol OMs groups) was dissolved in 5 ml DMF and N,N,N’-
trimethylethylene diamine (517 mg, 5.06 mmol, 0.75 equiv.) was added and heated to 120°C for 3 days. After
removal of the solvent the crude product was dialyzed in methanol to yield 320 mg of the brown hard paste-
like product.

'H-NMR (CDCls, 400 MHz): § = 4.41-3.41 (PG groups), 3.40-2.98 (-CH(OH)-CH,-NMe-CH-) 2.87-2.57 (m,
PG groups), 2.63-2.48 (m, -N-CHy-), 2.42-2.10 (-N-CHs) ppm.
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hPG1ok-(TMEDA)0.7(N3)o.3

hPG-(TMEDA)o7 (320 mg, 4.05 mmol OMs groups) was dissolved in DMF. After addition of NaNs (1.32 g,
20.25 mmol, 5 equiv. regarding OMs groups), the suspension is heated for 3 days to 60°C. After cooling, the
precipitate is filtered off and the filtrate was concentrated. The residue was dialyzed in methanol to yield 235
mg product.

'H-NMR (CDCls, 400 MHz): § = 4.41-3.41 (PG groups), 3.40-2.98 (-CH(OH)-CH,-NMe-CH,-) 3.87-2.57 (m,
PG groups), 2.63-2.48 (m, -N-CHy-), 2.42-2.10 (-N-CH3) ppm.

CRS: h PGlOk-(TM EDA)o,7(TI"iaZO|-mPEGsooo)o,3

DIPEA (30 mol% per triple bond) was added to 1.0 equiv. of mPEGsu-acetylene and 1.1 equiv. of PG-
(TMEDA)o.7-(N3)os per triple bond dissolved in THF (PEGsoo Was used to compensate that only 30% of the
hPG surface can be modified, instead of 70% in case of CMS) . After the mixture had been stirred for 5 min,
30 mol% per triple bond of sodium ascorbate was added, followed by 10 mol% of CuSQO4-5H,0 per triple
bond. (A stock solution of sodium ascorbate and CuSO4-5H,0 in water was prepared in concentration 100
mg/mL). THF/H,O ratio was 1/1 (v/v). The heterogeneous mixture was stirred vigorously for 5.5 days. The
precipitate was removed by centrifugation for 2 h at 11,000 rpm. The product was ultrafiltrated in H,O/MeOH
=1:1+ TFA at pH 3 (MWCO = 10000 g mol™). Afterwards, the product was ultrafiltrated in H,O/MeOH with
NaOH (pH 10, MWCO 5000 g mol?). For the physical-chemical characterization, a mean molar mass of 224
kDa was used (deduced from *H-NMR).

'H-NMR (CDCls, 400 MHz): § = 4.20-3.35 (PG groups), 3.01-2.95 (-CH(OH)-CH>-NMe-CH,-) 2.89-2.77 (m,
PG groups), 2.75-2.41 (m, -N-CHy-), 2.22-2.08 (-N-CHs) ppm.

IR: © = 2946, 2880, 2740, 2694, 1960, 1466, 1455, 1360, 1340, 1279, 1240, 1145, 1097, 958, 948, 840 cm™.

Table 1. Summary of physico-chemical properties of CS, CMS, CRS.

CS CMS CRS
Mw (g/mol) 22,000 83,000 224,000
Grafting ratio 70% 49% 49%
No. of theoretical 47 33 33

complexation sites

A.3. Cu-loading by UV/Vis spectroscopy. UV/Vis spectra were recorded with Scinco S-3150 (range:
190-1100 nm, resolution 1024 points) in fast mode. Calibration was performed at 360.85 and 453.55 nm with
holmium oxide glass. The spectra were recorded at room temperature. To assess the maximum metal cargo
capacity of the polymers, a solution of the nanocarriers (80 uM) in water were prepared in 2 mL. Successive
micro-additions (0.5 - 2 yL) of concentrated CuSO4 solutions (0.4 M and 2 M) were added every 6 min to
yield a distinct Cu/nanocarriers molar ratio within the range of 0-125. Absorbance versus the molar
Cu/nanocarriers molar ratio was then fitted by a simple model based on the hypothesis that each polymer
contains N complexing sites and that the binding constant of Cu(ll) is the same for each site, whatever the
number of loaded sites may be.

A.4. Cu-loading kinetics by UV/Vis spectroscopy. Cu-loading kinetic was monitored by UV/Vis
spectroscopy by adding 4 pL of CuSQO4 (2 M) into a 2 mL solution of nanocarriers (80 uM) (Cu/nanocarriers
ratio = 50:1). Measurements were performed at room temperature. The variation of DO with time was
adjusted to an exponential function (see below) leading to the characteristic time (| (given in Table 1).

A.5. Zincon titration procedure. Solutions of nanocarriers (6.2 uM) with increasing amount of Zn(l1)
or Cu(ll) were prepared (M(Il)/nanocarriers ratio from 0 to 150 :1) into 2mL. These samples were then
filtrated with centrifugal filters (molecular weight cut-off 3000 g mol?) (Ultracel®-3K - Millipore Ireland
Ltd). 160 pL of filtrate were mixed with 30 pL Zincon (2.8 mM) and completed at 2 mL with B.R. buffer
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pH 9. The analyzis was performed by UV-Vis spectroscopy to assess free metal ions concentrations.
(Calibration curves perform with Zincon (42 pM) and concentrations of Cu(ll) and Zn(ll) from 0 to 40 pM).

A.6. pH-triggered release study. Solutions of Cu-loaded nanocarriers were prepared with
Cu/nanocarriers ratio = 50:1 by adding an appropriate amount of a CuSO. stock solution (2 M) to a solution of
nanocarriers (80 uM) dissolved in water. Then supplemental non-loaded Cu was removed through dialysis
(molecular weight cut-off 2000 g mol?) in water. The dialyzed product was then dried under vacuum
conditions and redissolved into 7 aliquots of 80 uM (pH 2 to 8) in Britton-Robinson Buffer (40 mM H3BOs,
40 mM H3PO4, 40 mM CH3COOH) with 100 mM NaCl. The solutions were incubated for 2 h at 37°C and
UV/Vis spectroscopy measurements were also performed at 37 °C.

A.7. pH-triggered release kinetic. Cu pH-triggered release kinetic was monitored by UV/Vis
spectroscopy by adding 10 pL of HCI (2 M) into a 2 mL solution of nanocarriers (80 uM) (Cu/nanocarriers
ratio = 50:1). Measurements were performed at 37 °C.

A.8. DLS and Zeta potential Dynamic light scattering (DLS) measurements and Zeta potential were
conducted using a Zetasizer Nano-ZS (Malvern Instruments, Ltd, UK) with integrated 4 mW He-Ne laser, A =
633 nm. Nanocarriers were investigated with and without pre-incubation with CuSO, (Cu/nanocarriers ratio =
50:1). The polymer concentration was 80 uM and samples were all filtered with a 20 nm filter unit except for
CRS, filtered at 400 nm for aggregates reasons. The correlation function was analyzed via the general purpose
method (NNLS) to obtain the distribution of diffusion coefficients of the solutes. The apparent equivalent
hydrodynamic diameter (d) was then determined using the Stokes—Einstein equation. Mean diameter values
were obtained from three different runs of the number plot. Standard deviations were evaluated from diameter
distribution. For Zeta potential measurements, Doppler anemometry technique was used whereby electric field
was applied across the sample solution. All measurements were carried out at 25 °C using folded capillary
cells (DTS 1060).

A.9. Metal ions competition

Solutions of Cu-loaded nanocarriers were prepared with Cu/CS ratio = 20:1 by adding an appropriate amount
of a CuSO: stock solution (2 M) to a solution of CS (6.2uM) dissolved in water. Then competitor metal ions
(Mg, Ca, Mn, Co, Ni, Zn) were added such as M(I1)/CS ratio = 100:1 and let to incubate during 24 h at 37 °C.
UV-Vis measurements were performed at 37 °C.

A.10. Biological studies

Cell Culture. A human neuroblastoma SH-SY5Y cell line were cultured as described previously
(www.lgcpromochem-atcc.com). Cells at a density of 60,000 cells/well in 96-well plates were used at the time
of the experiment. Stock solutions of nanoparticles with Cu were prepared in Milli-Q water by thorough
mixing.

For toxicity assays, SH-SY5Y-cells were incubated for 24 h with different concentrations of Cu-saturated and
unloaded nanoparticles ranging from 6 nM to 100 puM.

MTT Assays. MTT assays were purchased from Promega (Mannheim, Germany) and performed in 96-well
plates. This assay is based on tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) that is taken up into cells and reduced to yield a purple formazan product, which is largely
impermeable to cell membranes, thus resulting in its accumulation within healthy cells. The number of cells
was normalized, and cells were cultured in 96-well plates, incubated for 48 h, and washed three times in 1x
PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NayHPQO,4, and 2 mM KH,PO.) followed by treatment with
OptiMEM medium (Invitrogen) supplemented with individual carrier in the absence (control) or presence of
Cu for 24 h. The volume of tissue culture medium in each well was 100 pL, to which 20 pL of CellTiter 96
AQueous One Solution Reagent was added. Plates were incubated for 3 h at 37°C in a humidified, 5% CO-
atmosphere. Then the absorbance was measured at 570 nm.
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A.11. Fit equations

UV-Vis Cu-loading. For a system V + M = VM (K), with V: vacant site in nanocarriers, M: free metal
ion and VM: complex nanocarriers-Metal. We assumed the two following hypothesis: all the complexation
sites are equivalents and the adsorption of a metal ion does not modify the further complexation constants.

p+y—y(p+y)?-4p
2

After resolution of this system, we found @ =

~ _ e o Ml [VM]
where OD¢yping = @0Do; n the number of vacant sites in a nanocarrier; p = ;o= B =
—-— n.[CS]o [V]o

VM 1 a

—y=1+ y—=

™, Y kivlo' B P

Back titration Cusre concentration.

The back titration fit calculation is based on same hypothesizes than above and calculated as below: [M] =

p+y—+/(p+y)?—4p
. .

n.[CS]o(p — @) witha =
Intake and outtake kinetics.

Intake and Outtake kinetics are based on simple exponential fits (A + B. (1 — e‘C(x_xO)) and
A+ B. (e ¢x=*0)) | respt) with T = ~In@@37)
(10sec.)

and x, the delay after which Cu is injected
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B. Results and discussion
B.1. Cu and Zn loading capacity

UV-Vis spectroscopy was used to assess the loading capacity of CS, CMS, and CRS towards Cu ions (Figure
S1 a-f). For each nanocarrier (80 uM), increasing amount of Cu was added in order to reach the maximum
Cu-loading observed through the absorbance of Cu binding band. Absorbance at 580 nm was then plotted as a
function of Cu:nanocarrier molar ratio and Cu capacity loading was determined using a fit calculation.
Binding kinetics was also investigated by observing the absorbance of Cu-binding band at 580 nm by UV/Vis
time-dependently (Figure S1 g-i). All those measurements were performed in water at room temperature.

Figure S1. UV/Vis of Cu loading capacities and loading kinetics of CS, CMS, and CRS.
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Figure S1. UV/Vis spectra of titration of a. CS, b. CMS, c. CRS with CuSOs; respective absorbance at 580 nm over
Cu/nanocarrier molar ratio for d. CS, e. CMS, f. CRS; Cu intake kinetic at 580nm of g. CS, h. CMS, i. CRS nanocarriers

concentration 80uM at room temperature.

As a result for Cu-loading capacity, CS is able to carry 22 + 4 Cu which correspond to 46% active sites (47
theoretical complexation sites for CS) (Figure S1 d). CMS possess a similar behavior by carrying around 14 +
3 Cu, corresponding to 42% of active sites over 33 theoretical complexation sites (Figure S1 e). CRS appears
to be less effective than the other structures by carrying 5 £ 2 Cu (15% of actives sites over the 33 theoretical

complexation sites) (Figure S1 f).
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Concerning the kinetics properties, absorbance was plotted over time and the resulting fitting equation offered
1=4s for CS, 1 =43 s for CMS and t = 141 s for CRS (Figure S1 g-i) representing the time after which 63%
of the plateau value is reached.

In order to check those last Cu-loading capacity results, we performed a back titration based on a centrifugal
filtration of the metal ion/polymer solution followed by metallic indicator analysis. As Zinc complexes are
colorless (d'° element) and as Zincon (our metallic indicator) is well employed for Cu and Zn determination,
we took benefit of this back titration to also assess Zn-loading capacity of CS nanocarriers. Thus Zincon
procedure® was used as followed: solutions of nanocarriers incubated with increasing amount of metal ions
were filtered to remove loaded nanocarriers using centrifugal filtration device (cut off 3 kDa). Then free metal
ions concentration containing in the filtrate was determined through Zincon indicator.

Figure S2. Zincon procedure
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Figure S2. a. calibration spectra of Zincon-Cu, b. calibration spectra of Zincon-Zn, c. calibration curve for Zincon-Cu and
Zincon-Zn, d. free Zn and Cu ions as a function of Cu/Zn:CS molar ratio (concentration determined through Zincon

indicator). CS concentration 62 uM, room temperature.

Zincon-Cu and Zincon-Zn calibration curves were performed (Figure S2 a-c). Then free metal ions
concentration were plotted as a function of overall metal ions:nanocarrier molar ratio. As a result, free Cu ions
appeared for Cu/CS molar ratio equals 30 evidencing the saturation of CS towards Cu-loading. This result
coincides with the former result received with the direct UV-Vis analysis. Moreover, free zinc ions increase
linearly as a function of overall Zn ions added which indicates the inability of CS towards Zn-loading. CRS
and CMS structures have shown similar behavior towards the complexation with Zn?* and Cu?*.

B.2. pH-triggered Cu release

pH-triggered release of Cu was also evidenced by UV-Vis spectroscopy (Figure S3 a-f). Solutions of
nanocarriers with excess of Cu were dialyzed to remove free Cu ions, then dry under high vacuum and
redispersed in aliquots of Britton Robinson buffers at pH 8, 7, 6, 5, 4, 3, 2. The sample was left to equilibrium
for 2 hours at 37°C and then analyzed by UV-Vis at 37 °C. Release kinetics was also investigated by
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observing the absorbance of Cu-binding band after addition of HCI at 580 nm by UV/Vis time-dependently
(Figure S3 g-i).

Figure S3. UV/Vis and ITC analysis of Cu loading capacities and pH triggered release of CS.
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Figure S3. UV/Vis spectra of a. CS, b. CMS, c¢. CRS (80 uM) with CuSOs, dialyzed, dried and redispersed in Britton Robinson
Buffers pH 8, 7, 6, 5, 4, 3, and 2 and 0.1 M NaCl at 37°C; respective absorbance at 580 nm for d. CS, e. CMS, f. CRS; Cu
outtake kinetic at 580 nm of g. CS, h. CMS, i. CRS (80 uM) in water at 37°C.

pH-triggered release evidenced a similar behavior of CS and CMS (Figure S3 a, b) with a retention of Cu until
pH5 followed by a sharp release for lower pH values. CRS structure possesses a weaker release profile by
starting releasing Cu from pH7 (Figure S3 c). Release kinetics equation offered t= 4 s for CS, t = 8 s for
CMS and t = 9 s for CRS (Figure S3 g-i) representing the time after which 63% of the plateau value is
reached. The time t = 5*1 depicts the time after which the equilibrium is reached. Already after t = 19 s the Cu
pH-release was finished in case of CS, t = 37 s for CMS and t= 47 s for CRS.

B.3. Colloidal behavior in water solution

DLS and zeta potential measurements were performed to assess the size and the interfacial electric potential of
the empty and Cu-loaded nanocarriers.
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Figure S4. DLS measurements of CS, CMS and CRS.
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Figure S5. DLS and zeta potential measurements summary of CS, CMS and CRS.
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Figure S5. a. DLS and b. zeta potential measurements summary of CS, CMS, CRS at pH 7.

As a result, empty CS and CMS nanocarriers were found in solution as unimer with a hydrodynamic diameter
close to 12 £ 1 nm and 8 £ 1 nm respectively (negligible amounts (<1% in number) of aggregates for CS)
(Figure S4). However, CRS nanocarriers were mainly present as polydisperse aggregates in solutions (Rh
above 100 nm). When Cu was stabilized inside the nanocarriers, a significant decrease of Rh was observed
and Rh values were found around 6 = 1 nm.

At pH 7, zeta potential of empty CS was found at 30 £ 9 mV. As expected, grafting of PEG chains
induces a significant decrease of zeta potential that remains slightly positive for both CRS
(+13.9 £ 0.8 mV) and CMS (+9.2 + 1.0 mV). Partial protonation of amine groups may be responsible
for this observation. Therefore, highest zeta potentials were measured at pH 3 due to the increase of
protonation level at lower pH.
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B.4. Metal ions competition

Finally, to evaluate the ability for such structures to interact with other ions, Cu-loaded CS nanocarriers were
studied in the presence of competitor ions. To perform this study, excess of different metal ions (Mg, Ca, Mn,
Co, Ni, Zn) were separately incubated with Cu-loaded CS nanocarriers during 1 day at 37 °C. UV-Vis
measurements were monitored before and after the addition at 37 °C.

Figure S6. UV/Vis metal ions competition.
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Figure S6. UV-Vis spectra of CS such as Cu:CS (20 : 1), Metal ions:CS (100:1) Metal ions : a. Mg, b. Ca, c. Mn, d. Co, e. Ni, f.
Zn. CS concentration (62 pM), incubation with competitor ions during 24 h at 37 °C.

As a result, none of the metal ions are able to displace copper ions from CS dendritic structure. Similar results
were observed in the case of CMS and CRS.
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Summary

4 Summary

The goal of this work was to transport Cu across biological barriers as potential treatment of
Cu deficiency disorders. This work investigated the biological and physicochemical
properties of structurally different nanocarriers for the delivery of Cu ions to the brain. Core-
shell nanoparticles (CS-NPs) based on a hyperbranched polyglycerol (hPG) core with
trimethylethylene diamine (TMEDA) ligands were compared to core-multishell
nanoparticles (CMS-NPs) with a hyperbranched poly(ethylene imine) (PEI) core and a
doubleshell composed of alkyl- and poly(ethylene glycol) (PEG) building blocks. In the case
of CS-NPs the Cu binding moieties were located in the periphery of the nanocarrier, while
CMS-NPs stabilized Cu in the core. The synthesized NPs were able to encapsulate high
amounts of Cu. The NPs showed low cytotoxicity and staining of the nanocarriers with
proper dyes was used to follow their cellular uptake behavior. It was found that both NPs
were located in the cytosol of cells, whereupon CMS-NPs entered cells via clathrine-
mediated transport and CS-NPs endocytosed via another mechanism. In order to investigate
whether the NPs are also able to transport Cu ions into cells, neuroblastoma cells were
incubated with different concentrations of Cu-loaded NPs and the cell lysates were
investigated by ICP-MS to determine the Cu content of the lysates. It was observed that
both NPs were able to increase the cellular Cu level, which proves the transport of Cu by
NPs by bypassing the Cu transport protein Ctrl, which is usually responsible for the Cu
transport into cells. In order to release Cu from nanocarriers for potential in vivo
applications, the slightly lower pH-value in the inflamed tissue of the brain in AD was
chosen as a release trigger. Both NPs were able to release Cu pH-dependently, therefore,
the release from CS-NP was facilitated due to the stabilization of Cu in the outermost
TMEDA shell of the NPs. In contrast, the release from CMS-NPs required non-
physiological pH-conditions, because the Cu ions were more shielded due to their
stabilization in the PEI core of CMS-NP. Furthermore, since it was shown that Cu ions
imported by NPs are accessible for biological processes, the intracellular release was proven.
A cellular BBB-model was established by collaboration partners and Cu-laden NPs were
tested for their permeation behavior through the BBB by ICP-MS measurements. Both
types of NPs were able to transport Cu across the BBB, however, CS-NPs seem to be more

suitable for in vivo application due to better cellular import behavior.

In order to further shield Cu ions from the environment and to enhance the blood

circulation time, diamino functionalized hPG nanocarriers were equipped with PEG units

91



Summary

via two kinds of attachment. In one nanocarrier, the PEG units were attached onto the
diamino ligand shell to yield a CMS architecture. In the other case, PEG moieties were
directly linked to the hPG core to yield a core-random shell (CRS) architecture. The
physicochemical characterization of CMS and CRS nanocarriers demonstrate the influence
of the architecture on the Cu loading capacity, the binding strength, and pH-dependent
release. Investigations by UV/Vis showed that, although both nanocarriers contained the
same amount of theoretically existing complexation sites, the CMS architectures were able
to stabilize 14 Cu ions per macromolecule, while the CRS system only encapsulated 5 Cu
ions, probably due to the structural arrangement of the amino ligands, which might have
been separated or disturbed by PEG units in CRS-System. The Cu release profiles of the
nanocarriers, determined by UV/Vis spectroscopy at pH-values ranging from 8 to 2, showed
that the release from CRS polymers already started at pH 7. Therefore, the Cu-binding was
too weak for in vivo applications. However, the CMS architecture showed a suitable pH
profile releasing the Cu at pH 4, which was also observed for CS-NP. For in vivo
applications, it is important to have a complex which is also stable in the presence of other,
competitive metal dications present in the blood, like Zn(II), Ni(I), Co(II), Min(II), Mg(II),
and Ca(Il). An excess of these ions did not replace the Cu ions in the Cu:CMS complex,
which indicated the strong binding and the suitability of CMS architectures for the transport
in blood. For use in in vivo applications, the size of the nanocarriers have to be in a certain
range. Nanoparticles with a diameter of 6 nm to 200 nm should remain longer in the blood
than particles of other sizes. Thus, DLS measurements were performed to investigate the
hydrodynamic radius of the Cu-loaded and empty nanocarriers. It was observed that empty
CRS particles tended to form aggregates but stayed unimolecular when Cu was complexed
within the nanocarrier, while CMS systems did not aggregate as either empty particles or in
the complex form and therefore should have been able to achieve a long blood circulation
time. The NPs might have been too big to cross the BBB, but since NPs with a positive
charge are more likely to pass the BBB, the surface charge of the nanoparticles was
investigated by zeta potential measurements. It was observed that partial protonation of the
amino ligands led to a permanent positive charge independent of pH. Therefore the CMS
and CS architectures might be good candidates to cross the BBB. Furthermore, CRS and
CMS nanocarriers were less toxic to neuroblastoma cells than CS-NPs. In conclusion,
CMS-NPs are a suitable candidate for in vivo application due to their low cytotoxicity and

good complexation and release profiles.
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5 Outlook

Due to their versatility, nanocarriers are promising candidates for the metal ion transport
across biological barriers. It was shown that PEGylated nanocarriers are more biocompatible
than non-PEGylated nanocarrier and thus, PEGylated nanocarriers should as well be
investigated for their permeation through the BBB in a BBB-model and be evaluated for in
vivo studies. The peptides G23 and Ox26 are known to promote the transport of
nanoparticles across the BBBI!#%) and could therefore be attached as targeting moieties to
the shell of the nanocarriers.

Since some cases have been reported, in which immune responses occurred or the blood
clearance of PEG is accelerated after multiple applications, suitable alternatives for the
stealth polymer need to be found. One possibility would be to replace PEG by
poly(ethyloxazoline), which has similar characteristics as PEG.!¥) Also poly(glutamic acid)
and other polypeptides have been discussed as potential alternatives to PEG."®! In the last
decade, many reports presented zwitterionic substances as protein resistant agents,!#19%
which turned into the gold standard of protein resistant materials and therefore became
suitable candidates to replace PEG.

One could also design nanocarriers which carry stimuli-responsive ligands. This would
open the way towards applications of release stimuli other than pH. In order to stabilize
higher amounts of Cu within the nanocarrier, other architectures could be taken into
account. For example, polymersomes may be used as efficient metal ion transporters, which
encapsulate Cu in its core.

Furthermore, additional ions like zinc and iron could be encapsulated in the nanocarriers.
While zinc deficiency has also been suggested to increase the risk for the development of
neurological disorders, iron deficiency in the brain leads to impaired learning behavior.
Nanocarriers could address these deficiencies and regulate the metal ion homeostasis in the
brain.

For treatment of disorders with Cu ion excess as in the case of Wilson disease, metal ions
need to be removed from cells which makes nanocarriers with appropriate strong Cu binding
ligands suitable candidates for this approach. In this case, the Cu-ligand bond should be
extremely strong to inhibit the release of the metal. To this end, triazacyclononanes could
be suitable ligands, which can be attached to hyperbranched polymers. Furthermore,
nanocarriers loaded with “Cu could also be used as a prototype to investigate the body

distribution of Cu and nanocarrier by positron emission tomography (PET).
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6 Zusammenfassung

Das Ziel dieser Arbeit war es, Cu-Mangelerscheinungen wie die Alzheimer Krankheit (AD)
zu adressieren und die Blut-Hirn-Schranke (BHS) zu iberwinden. In dieser Arbeit wurden
daher biokompatible Nanotrigersysteme fir Kupfer (Cu)-Ionen entwickelt und die
biologischen sowie physikalisch-chemischen Eigenschaften fiir den Transport von Cu-
Ionen tber die BHS untersucht. Dazu wurden Kern-Schale Nanopartikel (CS-NP) mit
Kern-Multischale Nanopartikeln (CMS-NP) verglichen. CS-NP waren auf der Basis eines
hyperverzweigten Polyglycerin-Kerns (hPG), der mit Trimethylethylendiamin (TMEDA)
Liganden ausgestattet war, wihrend CMS-NP aus hyperverzweigtem Poly(ethylenimin)-
Kern (PEI) und einer Doppelschale aus Alkyl- und Poly(ethylenglykol) (PEG) Bausteinen
aufgebaut war. Im Fall der CS-NP befinden sich die Cu-bindenden Einheiten in der
Peripherie der Nanotransporter, wihrend CMS-NP das Cu im Kern stabilisiert. Die
hergestellten NP konnten grofle Mengen Cu stabilisieren. Die NP zeigten geringe
Zelltoxizitit und durch das Anfirben mit geeigneten Farbstoffen konnte ihre zellulire
Aufnahme verfolgt werden. Dabei wurde beobachtet, dass beide NP im Zytosol der Zellen
lokalisiert waren, wobei CMS-NP die Zellen durch einen Clathrin-vermittelten Transport
und CS-NP tber einen anderen Mechanismus endozytiert wurden. Um auflerdem den
Transport von Cu-Ionen durch die NP zu untersuchen, wurden Neuroblastomzellen mit
verschiedenen Konzentrationen der Cu-beladenen NP inkubiert und die Zelllysate mittels
ICP-MS untersucht, um den Kupfergehalt der Lysate zu bestimmen. Es wurde
herausgefunden, dass beide NP eine Erhéhung des zelluldren Cu-Spiegels erzielen konnten.
Dies belegt, dass beide NP das Cu in die Zelle transportieren, wobei das Cu Transport
Protein Ctrl, das normalerweise fir den zelluliren Cu Transport verantwortlich ist,
umgangen wird. Um die Freisetzung des Cu vom Nanotransporter fiir potentielle in vivo
Anwendungen zu ermdéglichen, wurde der leicht niedrigere pH-Wert im entziindeten
Gewebe des AD-Gehirns als Freisetzungsausloser ausgewihlt. Beide NP konnten das Cu
pH-abhingig freisetzen, wobei die Freisetzung vom CS-NP durch die Stabilisierung des Cu
im AuBeren der TMEDA-Schale erleichtert war. Im Gegensatz dazu, benétigte die
Freisetzung vom CMS-NP nicht-physiologische pH-Bedingungen, weil die Cu-Ionen
durch die Stabilisierung im PEI-Kern von CMS-NP mehr abgeschirmt waren. Auflerdem
wurde gezeigt, dass NP-importierte Cu-Ionen fiir biologische Prozesse zuginglich sind,
wodurch die intrazelluldre Freisetzung bewiesen wurde. Ein zellulires BHS-Modell wurde

von Kooperationspartnern etabliert und das Permeationsverhalten der Cu-beladenen NP

94



Zusammenfassung

durch die BHS wurde mittels ICP-MS Messungen untersucht. Beide Arten von NP
konnten die BHS iberqueren, allerdings scheint CS-NP durch die bessere zellulire

Aufnahme geeigneter fiir in vivo Anwendungen zu sein.

Um Cu noch besser von der Umgebung abzuschirmen und die Blutzirkulationszeit zu
verlingern, wurden diaminofunktionalisierte hPG Nanotransporter durch zwei verschiedene
Verkniipfungsarten mit PEG Einheiten ausgestattet. In einem Nanotransporter waren die
PEG Einheiten an die Diaminoligandenschale angebracht, um eine CMS-Architektur zu
erhalten. Im anderen Fall, wurde PEG direkt an den hPG-Kern geknipft, um ein zufillige
Kern-Schale (CRS) Struktur zu erhalten. Die Synthese und physikalisch-chemische
Charakterisierung von CMS und CRS Nanotransportern demonstrieren den Einfluss der
Architektur auf die Cu-Beladungskapazitit, die Bindungsstirke und die pH-abhingige
Freisetzung. Obwohl beide Nanotransporter mit der gleichen theoretischen Anzahl von
Komplexierungsstellen ausgestattet sind, zeigten UV/Vis Untersuchungen, dass CMS-
Architekturen 14 Cu-Ionen pro Makromolekil stabilisieren kénnen, wihrend das CRS-
System lediglich 5 Cu-Ionen einschloss, was auf die strukturelle Anordnung der
Aminoliganden zuriickzufithren ist, die wahrscheinlich durch die angebrachten PEG-
Einheiten in CRS-System getrennt oder gestort wurden. Die Cu-Freisetzungsprofile der
Nanotransporter, die durch UV/Vis Spektroskopie bei verschiedenen pH-Werten im
Bereich von 2 bis 8 bestimmt wurden, zeigten eine Freisetzung vom CRS Polymer bereits
bei pH 7, daher ist die Kupferbindung in diesem Fall zu schwach fiir in vivo Anwendungen.
Allerdings zeigte die CMS-Architektur ein passendes Freisetzungsprofil von Cu bei pH 4,
was ebenso bei CS-NP beobachtet wurde. Fiir in vivo Anwendungen ist es wichtig, dass der
Komplex auch in der Anwesenheit von anderen, konkurrierenden, im Blut vorkommenden
Metall-Diakationen wie Zn(II), Ni(II), Co(II), Mn(II), Mg(II) und Ca(Il) stabil ist. Ein
Uberschuss dieser Ionen ersetzte die Cu-Ionen im Cu:CMS Komplex nicht, was auf eine
starke Bindung und die Eignung der CMS-Architektur fir den Transport durchs Blut
hindeutet. Fur die Anwendbarkeit in vivo, sollte die Grofe der Nanotransporter in einem
bestimmten Bereich sein. Nanopartikel mit einem Durchmesser von 6 nm bis 200 nm sind
geeignet, um linger im Blut zu verbleiben als Partikel anderer Grofie. Daher wurden DLS-
Messungen gemacht, um den hydrodynamischen Radius der Cu-beladenen und leeren
Nanotransporter zu untersuchen. Es zeigte sich, dass leere CRS-Partikel gerne aggregieren,
aber unimolekular bleiben, wenn Cu in ihnen komplexiert ist. Das CMS-System
andererseits zeigte weder als leerer Partikel, noch als Cu-Komplex Aggregate, weshalb eine

lingere Blutzirkulationszeit zu erwarten ist. Um die BHS zu iberwinden kénnten die NPs
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zu grof} sein, allerdings haben NP mit positivem Charakter eine héhere Chance die BHS zu
passieren, weshalb die Oberflichenladung der NP mittels Zeta-Potential-Messungen
untersucht wurde. Eine partielle Protonierung der Aminoliganden fiithrte zu einer
durchgehend positiven Ladung, die unabhéingig vom pH-Wert war. Dies zeigt, dass die NP
moglicherweise in der Lage sind die BHS zu iberwinden. Des Weiteren waren CRS und
CMS Nanotransporter gegentiber Neuroblastomzellen weniger toxisch als CS-NP.
Zusammenfassend sind CMS-NPs durch ihre geringe Toxizitit und ihre guten
Komplexierungs- und Freisetzungseigenschaften geeignete Kandidaten fir in vivo

Anwendungen.
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