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Abstract 
A broad range of diseases is linked to the malfunctioning of a single enzyme. These are 
often relentlessly progressive with high morbidity and mortality. While success have 
been achieved through treatments such as enzyme replacement therapy, there are 
inescapable limitations connected to conventional enzyme replacement therapy. These 
include the degradation of the therapeutic enzymes by proteases and clearance from 
circulation by the mononuclear phagocyte system. To come up with a sustained 
solution, we assembled intracellular active subcompartmentalized nanoreactors 
featuring a model enzyme encapsulated into liposomal subunits. Despite the initial 
success, we wanted to go beyond this to address key challenges such as the lacking 
ability of carrier systems to facilitate escape from the endocytic pathway and the loss 
of enzymatic function over extended periods. Herein, hybrids vesicles composed of the 
diblock copolymer poly(cholesteryl methacrylate)-block-poly(2-dimethylaminoethyl 
methacrylate) and phospholipids were assembled. Confocal laser scanning microscopy 
images demonstrated the ability of the hybrids to facilitate endosomal/lysosomal 
escape. To address the loss of enzymatic function over time, a novel salen-maganese 
complex (EUK-B) was synthesized. The complex proved as an efficient mimic of the 
natural enzyme, catalase, in decomposing hydrogen peroxide, both free in solution and 
when encapsulated into micelles, composed of the diblock copolymer poly(cholesteryl 
methacrylate)-block-poly(2-dimethylaminoethyl methacrylate). Further, HepG2 cells 
exposed to low concentrations of micelle encapsulated EUK-B exhibited resistance 
towards paraquat induced oxidative stress. However, as revealed in both studies, the 
poly(2-dimethylaminoethyl methacrylate) block induces high levels of cytotoxicity, 
setting an inherent limit to the concentrations that can be used. To address this, two 
novel anionic polymers with a biological relevant pH transition were synthesized. These 
were shown to facilitate lysosomal escape when used as the terminal layer on a silica 
substrate. The colloids featuring the anionic polymers elicited significantly lower 
cytotoxicity compared to previously reported pH responsive polymers. While most 
reported examples of lysosomal escape aims at releasing the therapeutic cargo into the 
cytosol, the reported colloids demonstrated the potential to navigate intact artificial 
organelles out of the lysosomes and into the cytosol. Taken together, the findings 
presented here possess the potential to broaden the portfolio of vesicular nanocarriers 
for cytosolic drug delivery and thereby the ability to serve as intracellular active 
artificial organelles. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Resume 
En bred vifte af sygdomme er forbundet med funktionsfejl i et enkelt enzym. Disse er 
ofte ubarmhjertigt progressive med høj morbiditet og dødelighed. Selv om succes er 
opnået gennem behandlinger med enzym-erstatningsterapi, er der uundgåelige 
begrænsninger forbundet med konventionel enzym-erstatningsterapi. Disse 
indbefatter nedbrydningen af de terapeutiske enzymer af proteaser og udskillelse fra 
cirkulation af det mononucleære phagocyt-system. For at levere en vedvarende løsning 
samlede vi intracellulære aktive kompartmentaliserede nanoreaktorer med et model-
enzym indkapslet i liposomale underenheder. På trods af den indledende succes 
ønskede vi at gå videre for at imødekomme vigtige udfordringer, såsom 
bærersystemernes manglende evne til at undslippe endocytotisk nedbrygning og tabet 
af enzymatisk funktion over længere perioder. Derfor samlede vi hybridvesikler 
bestående af diblok copolymeren poly(kolesterylmethacrylat)-block-poly(2-
dimethylaminoethylmethacrylat) og fosfolipider. Konfokal laser scanning mikroskopi-
billeder demonstrerede hybridernes evne til at undslippe endosomal/lysosomal 
nedbrydning. For at overvinde tabet af enzymatisk funktion over tid blev der 
syntetiseret et nyt salen-mangan kompleks (EUK-B). Komplekset viste sig som en 
effektiv efterligning af det naturlige enzym, katalase, i nedbrydningen af brintoverilte, 
både fri i opløsning og indkapslet i miceller, sammensat af diblok copolymeren 
poly(kolesterylmethacrylat)-block-poly(2-dimethylaminoethylmethacrylat). Endvidere 
udviste HepG2-celler udsat for lave koncentrationer af micelle-indkapslet EUK-B 
resistens over for paraquat-induceret oxidativt stress. Som det fremgår af begge 
studier, fremkalder poly(2-dimethylaminoethylmethacrylat) blokken høje niveauer af 
cytotoksicitet, hvilket sætter en øvre grænse for de koncentrationer der kan anvendes. 
For at adressere dette blev to nye anioniske polymerer med en biologisk relevant pH-
transformation syntetiseret. Det blev vist at disse kunne inducere lysosomal flugt, når 
de blev anvendt som terminallaget på et silikatsubstrat. Samtidig fremkaldte kolloider 
med de anioniske polymerer signifikant lavere cytotoksicitet sammenlignet med 
tidligere rapporterede pH-reaktive polymerer. Mens de fleste rapporterede eksempler 
på lysosomal flugt sigter på at frigive den terapeutiske ladning i cytosolen, viste de 
rapporterede kolloider potentialet til at navigere intakte kunstige organeller ud af 
lysosomer og ind i cytosolen. Sammenfattende har de foreliggende resultater 
potentialet til at udvide porteføljen af vesikulære nanosystemer til cytosolisk 
lægemiddelafgivelse og derved evnen til at tjene som intracellulære aktive kunstige 
organeller. 
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1 Introduction 
The Eukaryotic cell. An ingeniously well-orchestrated clockwork, where endless 
streams of cascade reactions are performed every second. As in a clockwork where 
every little cogwheel depends on its neighbor, even the tiniest of mistakes can have 
catastrophic consequences. Despite the complexity, human endeavors have provided 
a fundamental understanding of how the Eukaryotic cell is pieced together and more 
importantly, how we might assists should the clockwork fail. A wide range of diseases 
has been linked to the dysfunction of specific cell organelles. Dysfunction of the Golgi 
Apparatus, responsible for sorting, packaging and post-translational modification of 
proteins, has recently been linked to the lethal autosomal chondrodysplasia caused by 
a mutation in the gene coding for a Golgi microtubule binding protein, severely 
hampering protein transport in tissue [1]. Multiple diseases have been connected to 
alterations in the structure or function of ribosomal components. The most well-
known, Diamond-Blackfan anemia, causes anemia often combined with growth 
retardation or congenital abnormalities, all a result of mutations in 10-15 ribosomal 
proteins [2]. More common examples are, lysosomal storage diseases (LSDs) and 
mitochondrial diseases. The former is a group of more than 70 diseases, all 
characterized by impair of lysosomal function. Being a key cellular hub for catabolism, 
recycling and signaling, dysfunction is associated with accumulation of more or less 
digested macromolecules, ultimately causing cellular damage [3]. The latter is the most 
common group of metabolic disorders and some of the most common forms of 
inherited neurological disorders causing a broad range of symptoms, often relentlessly 
progressive with high morbidity and mortality [4-6]. Despite differences in origin, a 
common feature for the two groups of diseases is that they are often caused by the 
malfunction of a single enzyme. Consequently, an obvious treatment choice is enzyme 
replacement therapy (ERT) [3, 4, 7].  

ERT is a medical treatment, in which a recombinant version of an enzyme, often 
featuring a polymer coating, is administered to the patient, replacing an enzyme that 
is deficient or absent in the body. The first mitochondrial disease to be treated by this 
approach was the mitochondrial neurogastrointestinal encephalopathy disease 
(MNGIE syndrome), which is caused by mutations in the coding region for thymidine 
phosphorylase [8]. Recently, the use of erythocyte-encapsulated thymidine 
phosphorylase has shown clinical success in the treatment of humans [9]. However, 
there are significant shortcomings of ERT. In addition to brain targeting and unintended 
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immune responses, the main shortcomings of ERT are degradation of the therapeutic 
enzymes by proteases and clearance from circulation by the mononuclear phagocyte 
system (MPS). As a result, frequent and sometimes daily administrations are required 
[3, 4, 7]. In some diseases caused by enzyme deviancy, homeostasis can be restored by 
administration of the enzymatic product, although this approach is facing the same 
issues as enzyme replacement therapy and this solution is often even more short-
termed [4]. Another pharmaceutical approach is the removal of toxic compounds. This 
can be achieved either by scavenging for the accumulated compounds or by inhibiting 
the accumulation in the first place. As an example, N-acetylcysteine and metronidazole 
have been administered to reduce elevated levels of hydrogen sulfide that occur in 
patients with ethylmalonic encephalopathy, caused by a mutation in a mitochondrial 
sulfur dioxygenase supposed to detoxify hydrogen sulfide. Co-administration of N-
acetylcysteine and metronidazole has been shown to significantly prolong the lifespan 
of sulfur dioxygenase depleted mice [10, 11]. In the case of mitochondrial diseases, 
dietary supplements are often used. These are readily available and often negates the 
need for pharmaceuticals [4]. Examples include antioxidants (e.g. vitamin C and vitamin 
E) [12], agents to enhance the mitochondrial electron transport chain (e.g. vitamin B2) 
[13], nitric acid precursors (e.g. l-arginine) [4], energetic compounds (e.g. creatine) [14], 
drugs that enhance fatty acid uptake (e.g. l-carnitine) [4] and compounds that promote 
mitochondrial biogenesis (e.g. vitamin B3) [4]. However, daily dose practices often 
greatly exceed the recommended dietary reference intakes and no requirements exist 
to either confirm the effect or undertake stringent post-marketing reviews of the 
products [4]. Additionally, multiple dietary supplements are often consumed, ignoring 
potential compound-compound or compound-drug interactions [15]. 

Rather than treating the symptoms, approaches providing the potential to deliver an 
actual cure have also been investigated. One such is hematopoietic stem cell 
transplantation (HSCT). By applying this approach, thymidine phosphorylase activity 
was efficiently restored, which led to symptomatic improvements in patients with the 
mitochondrial MNGIE syndrome [16] and prevention of neurological symptoms for 
infants suffering from the lysosomal Hurler syndrome [17]. However, HSCT comes with 
a more than 50 % post-graft mortality due to the required immunosuppression [16, 17]. 
Several gene therapies, including tissue-specific adeno-associated virus (AAV)-
mediated gene therapy, have also been attempted for the treatment of mitochondrial 
and lysosomal diseases. A liver targeting AAV vector has been injected into a mouse 
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model, where genes for thymidine phosphorylase and uridine phosphorylase was 
knocked out, representing a model of the previously mentioned MNGIE syndrome. The 
knock out mice showed abnormal high levels of deoxynucleotide triphosphates (dNTP), 
whereas following intravenous injections of the AAV vector, the levels of dNTP in the 
plasma and tissues normalized for up to 8 months of age [18]. Similarly, employing an 
AAV vector to treat patients with spinal muscular atrophy (a neurodegenerative LSD) 
have proved efficient in diminishing neurological symptoms. Child patients with an 
outlook to succumb before gaining the ability to crawl or roll have reached milestones 
such as walking and talking [19]. Despite the encouraging results, even the most 
advanced gene therapies are still in clinical trials and faces numerous major challenges, 
such as the improved efficiency and safety of gene-transfer vectors, having to avoid 
activation of the innate and adaptive immune system [20]. 

Regardless of the current efforts and initial successes there is still a strong demand for 
developing novel approaches for the treatment of enzyme related diseases. One 
possible approach is therapeutic cell mimicry (TCM), which takes advantage of the 
amazing and complex machinery, that already exist in nature. Conceptionally, TCM can 
be divided into two distinct approaches, namely top-down or bottom up [21]. The 
former focuses on isolating biological units and modifying these to fulfill a specific task, 
e.g. the previously mentioned example with erythocyte-encapsulated thymidine 
phosphorylase. Contrary, the latter aims to assemble biological mimicking units by 
synthesizing tailored building blocks and complexing these into functional units. It is 
important to underline that the aim is not to mimic the entire complex machinery of 
the eukaryotic cell, but merely to substitute for a specific missing or lost cellular 
function. In the context of combatting the mentioned diseases, organelle mimicry is 
especially relevant, i.e. producing artificial organelles. The focus of the artificial 
organelles would then be to perform a specific encapsulated enzymatic reaction within 
a cell to provide a sustained solution to counteract enzyme dysfunction related 
diseases. Further, in a eukaryotic cell, compartmentalization ensures that multiple and 
often susceptible reactions remain protected from outside disturbances and that 
cytotoxic reactions with the potential to harm the rest of the cell are prevented from 
doing so [22]. Therefore, for a synthesized vesicle to function as an artificial organelle 
there are certain requirements that demand simultaneous fulfillment. i) The vesicle 
must form a protective shell around the reaction (e.g. protect against proteases), ii) 
substrates must be able to enter the vesicle and products must be able to escape, while 
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still containing the therapeutic enzymes, i.e. a specific permeability is needed, iii) the 
vesicles must be taken up by the target cells, iv) they must preserve integrity while 
present inside the cells for a certain period of time, v) they need to be non-cytotoxic 
and finally vi) the vesicles must still be catalytically active inside the target cells [23]. 

Various building blocks have been considered to form the encapsulating entity while 
meeting the mentioned requirements. Most prevalent are liposomes and 
polymersomes based assemblies while alternative component choices can be 
categorized into layer-by-layer capsules, mesoporous silica particles, hydrogel particles 
and protein-based systems [23, 24]. Several reports on artificial organelles have shown 
to exhibit activity in buffer solutions. However, as artificial organelles rely on the ability 
to substitute for missing or lost cellular function, a fundamental step following 
assembly is cellular internalization and subsequent preservation of therapeutic activity. 
The first report on intracellular function dates back more than 10 years. Ben-Haim et 
al. assembled polymersomes consisting of the triblock copolymer poly(2-
methyloxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline) 
(PMOXA-b-PDMS-b-PMOXA) and demonstrated intracellular activity of trypsin, 
encapsulated within the polymersome cavity [25]. Since then, there has been a massive 
development within the field. Recent examples include cross-linked polyelectrolyte 
complexes composed of trimethyl chitosan with the therapeutic entity being α-
galactosidase A to substitute for the lack of enzymatic function in the LSD, Fabry disease 
[26]. Anraku et al., synthesized enzyme-loaded polyion complex vesicles (PICsomes) 
featuring the beta version of galactosidase, where they confirmed enzymatic activity 4 
days after administration in murine C26 tumors [27].  Another report, displayed a 
simple method for converting red blood cells into enzyme-loaded microreactors [28]. 
Einfalt et al., assembled artificial organelles in the form of polymersomes with inserted 
protein gates to induce control of enzymatic material flow through the membrane, 
while preserving in vivo activity in zebrafish embryos [29]. From a different perspective, 
microinjection was displayed as a mean of achieving cellular internalizing, while 
bypassing the endocytic pathway and subsequent degradation of the artificial 
organelles [30]. Several studies have focused their attention towards alleviating 
cytotoxic levels of reactive oxygen species (ROS), often associated with diseases such 
as Alzheimer’s disease [31], ischemia-reperfusion injury in heart and kidney tissue [32, 
33], multiple sclerosis [34], stroke [35], excitotoxic neuronal injury [36], Parkinson’s 
disease [37] and motor neurone disease [38]. Multiple studies have utilized the natural 
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enzyme catalase, able to convert hydrogen peroxide (H2O2) into water and molecular 
oxygen [39]. Song et al., assembled poly(ethylene glycol) (PEG) functionalized tantalum 
oxide hollow nanoshells shown to efficiently decompose H2O2 in 4T1 tumor-bearing 
mice and thus improving tumor oxygenation [40]. In another report, the authors 
assembled poly(dopamine) (PDA) coated microreactors loaded with catalase. Co-
culturing of the microreactors with HepG2 cells revealed the ability of these to alleviate 
external produced hydrogen peroxide levels and thereby improving the viability of the 
cells [41]. As opposed to immortalized cells, the van Hest group illustrated the ability 
of internalized biodegradable polymersomes to efficiently protect human skin 
fibroblasts against H2O2-induced cytotoxicity [42]. As synthetic enzyme mimics, one 
study assembled a dual system featuring nanowires to serve as a mimic for glutathione 
peroxidase combined with manganese oxide nanoparticles to mimic superoxide 
dismutase and catalase activity. In vitro and in vivo experiments demonstrated the 
ability to remove ROS [43]. Similarly, gold nanoclusters have been used as catalase 
mimics to protect primary neuronal cells against H2O2-induced cytotoxicity [44]. 

As stated, compartmentalization is vital for living cells. In an attempt to mimic this 
feature, we assembled subcompartmentalized nanoreactors featuring the model 
enzyme, glucose oxidase (GOx), encapsulated in liposomal subunits (figure 1.1). The 
nanoreactors were composed of a silica core following a poly(L-lysine) layer allowing 
for the adhesion of the enzyme loaded liposomes without them rupturing [45]. A 
poly(dopamine) (PDA) layer provided a protective layer and the potential to remove 
the silica core, while preserving the structural integrity of the assembly. A terminal 
RDG-functionalized graft copolymer enhanced cellular uptake (figure 1.1i). When 
incubated in glucose containing media, the nanoreactors were able to produce enough 
H2O2 to reduce the cell viability of RAW 264.7 macrophages, as an indirect indicator of 
intracellular activity (figure 1.1ii). For therapeutic purposes, glucose oxidase could then 
be substituted with the missing enzymatic function [46]. 
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Figure 1.1 – Subcompartmentalized nanoreactors; i) Schematic of the assembly procedure featuring a silica 
core and subsequent layers of PLL, liposomal encapsulated GOx, PDA and a RGD-functionalized copolymer. 
ii) Incubation with glucose-enriched media enabled the nanoreactors to produce enough H2O2 to reduce 
the viability of RAW 264.7 macrophages, as a demonstration of intracellular activity [46]. 

Subsequent studies have also featured multiple compartments while demonstrating 
intracellular activity. Godoy-Gallardo et al., assembled microreactors with trypsin- and 
horseradish peroxidase-loaded liposomes, demonstrating the ability of the 
microreactors to conduct multiple enzymatic reactions simultaneously in RAW 264.7 
macrophages [47]. A novel subcompartmentalized nanoreactor was reported by 
Balasubramanian et al., where the nanoreactors were composed of a 
compartmentalized cancer cell membrane material combined with porous silicon 
nanoparticles. Loaded with enzymes they were able to improve the viability of MDA-
MB-231 breast cancer cells following paraquat-induced ROS [48]. 

As mentioned, artificial organelles must retain their activity inside the target cells. An 
often overlook barrier in this context is the endocytic uptake pathway [49-51]. Any 
foreign compounds invading the cellular membrane is first entrapped in vesicular 
organelles named early or sorting endosomes (pH ∼ 6.3). These endosomes transform 
into late endosome (pH ∼ 5.5), which either facilitates exocytosis by recycling 
endosomes or merges with degradative organelles named lysosomes (pH ∼ 4.7) [50, 
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51]. The enclosed compounds are degraded in the lysosomes by the acidic environment 
and digestive enzymes [51, 52]. Thus, if not the target of the therapy, a limiting step in 
achieving intracellular activity is the need to facilitate endosomal escape and ensure 
cytosolic delivery of the therapeutics. 

Looking to nature, viruses and bacteria have evolved efficient strategies for penetrating 
the membrane of their target cells and thereby escaping the endosomal compartments 
[49, 50]. Enveloped viruses transfect membranes through membrane fusion, whereas 
non-enveloped either lyse the membrane or generate pore formation, allowing the 
viral genome to escape into the cytosol. In bacteria, pore formation induced endosomal 
escape is predominant mechanism [50]. One agent for membrane fusion mediated 
endosomal escape is Haemagglutinin (HA), which is a peptide of the influenza virus 
envelope [53] (figure 1.2). The figure shows a HA monomer at neutral pH (figure 1.2, 
left) and the low-pH form, HA2, both as a monomer and a trimer interacting with a 
phospholipid membrane (figure 1.2, right). As the pH drops, a partial unfolding of HA 
occurs causing it to reveal a highly hydrophobic region of its peptide chain. These 
peptide chains are then able to interact with the endosomal membrane, thereby the 
name fusion peptides. The HA2 monomer complexes into trimers, causing the entire 
HA2 protein to fold, while further inducing membrane fusion [54]. 

 

Figure 1.2 – Conformational changes, occurring in the viral HA, inducing membrane fusion, as the pH drops. 
At low pH, the protein partially unfolds into HA2, revealing a highly hydrophobic fusion peptide. Monomers 
of HA2 complex into trimers, further inducing membrane fusion [54]. 
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Two synthetic peptides, GALA and KALA, based on the N-terminal of HA2 have used in 
multiple applications. The former is synthesized by replacing a glycine residue with 
glutamic acid in HA2 and has been employed in cationic liposomes [55-57] and 
lipoplexes [58] to deliver drugs and nucleic acids with endosomal escape properties. 
The latter is a cationic amphipathic peptide synthesized based on the wild type HA2 
sequence and has been shown to effectively release compounds into the cytosol, when 
conjugated to polyethyleneimine (PEI) [59, 60] poly(L-lysine) (PLL) [61] or nucleic acids 
[62]. 

Besides membrane fusion, mechanisms of endosomal escape can be divided into two 
additional categories, namely membrane disruption and pH buffering (osmotic lysis) 
[51]. It is important to note that there is little consensus in the literature surrounding 
the mechanism for endosomal/lysosomal escape. While divided into three categories, 
it is highly likely that more than one mechanism is required for efficient cytosolic 
placement of therapeutics [51]. Further, the applied uptake pathway is nanoparticle 
and cells line dependent and examples of simultaneous entry and subsequent 
trafficking through multiple endocytic pathways have been shown [63]. 

An example of membrane disruption is based on photosensitizers that, when exposed 
to light, induce the formation of reactive singlet oxygen species. These have a very short 
lifetime, enabling them to disrupt the endosomal membrane, while the delivery vesicle 
remains intact [64]. However, as revealed in a recent nature publication, the entire 
mechanism behind photochemical disruption is still not known [65]. Another 
compound recently shown to induce membrane disruption is the polymer, PEI. 
Although previously believed to induce endosomal/lysosomal escape via osmotic lysis 
exclusively, studies using artificial membranes have revealed that PEI induce thinning 
or hole formation [66, 67]. Patch clamp experiments with entire cells have revealed 
that PEI and other polycations cause reversible membrane defects [68] and scanning 
electron microscopy (SEM) have demonstrated direct interactions and subsequent 
disruption of lysosomal membranes by PEI [69]. 

The proton sponge effect (or osmotic lysis) is one of the most well established 
mechanisms behind endosomal escape [70] (figure 1.2). This mechanism is often 
assigned to cationic polymers with a high pH buffering capability over a wide pH range, 
such as PEI [71], poly(amidoamine) (PAMAM) [72], poly(L-histidine) [73] and poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA) [74]. 
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The polymers typically feature secondary and/or tertiary amine groups with a pKa close 
to the pH value of the endosome/lysosome. As the endosome matures, a membrane-
bound enzyme, ATPase, actively pumps protons from the cytosol into the endosome, 
lowering the pH of the endosomal compartment and activating a cascade of enzymes. 
The proton sponge polymer, residing inside the endosome, is then able to resist the 
acidification of the endosomes. Therefore, additional protons are continuously 
pumped into the endosome to lower the pH. Along with the protons, chloride ions flow 
into the endosome, increasing the ionic strength eventually leading to the influx of 
water. The increased osmotic pressure will cause the endosome to swell and burst, 
thereby releasing its content into the cytosol [70]. 

 

Figure 1.2 – The proton sponge mechanism. A) Cationic polymers enter the endocytic pathway and are 
entrapped in endosomes. B) ATPase pumps protons into the endosomes, while the polymers become 
protonated, thus resisting the reduction in pH. Additional protons are pumped across the membrane to 
lower the pH. C) Passive transport of chloride ions occurs, increasing the ionic strength and causing water 
influx. The water influx causes the endosomes to swell and eventually rupture, releasing their contents [70].   

It must be noted that the proton sponge mechanism is still subject to debate. Not all 
polymers able to buffer within the relevant pH range are able to induce 
endosomal/lysosomal escape and attempts to synthesize polymers with enhanced 
buffer capacity within the pH range have not resulted in boosted ability to induce 
escape [75]. Further, HeLa cells incubated with PEI exhibited a constant lysosomal pH 
of 4.5 over a 24 h time period [76]. An alternative mechanism has also been proposed 
where disassembly of a polymeric vesicle into individual polymer units leads to an 
osmotic shock causing endosomal/lysosomal rupture [77, 78]. 
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2 Scope 
As mentioned, with our previous work we managed to assemble 
subcompartmentalized artificial organelles with intracellular activity [46]. Although 
active, several issues needs to be addressed, which in turn could enhance and prolong 
the activity of the artificial organelles.  

Therefore, the overall aim of this PhD project was to build on this work. To deal with 
the lack of endosomal/lysosomal escape, a lipid-polymer hybrid vesicle system will be 
reported (chapter 4). In addition to the proton sponge effect originating from the block 
copolymer, phospholipids (POPC) were be used to bring a high level of biocompatibility 
combined with the intrinsic self-assembly property of phospholipids (figure 2.1b). The 
assemblies were analyzed and characterized followed by a biological evaluation using 
RAW 264.7 mouse macrophages, primary rat Kupffer cells and human monocytes 
differentiated into macrophages.  

In a next step, a small organic enzyme mimic was used as a substitute for the natural 
enzyme, catalase (chapter 5). The enzyme mimic was encapsulated into micelles 
assembled from the same type of block copolymer as presented in chapter 4 (figure 
2.1c). The aim was to improve a specific activity and stability of the artificial organelles 
over time, while preserving the endosomal/lysosomal escape capability. In addition to 
the characterization of the loaded micelles, a biological evaluation was performed 
using the human liver cancer cell line, HepG2. 

Finally, the high levels of cytotoxicity caused by the block copolymer was addressed. 
Two novel pH sensitive anionic polymers will be presented (chapter 6). These undergo 
a hydrophilic to hydrophobic transition at a pH of ∼ 4 - 5 in an attempt to facilitate 
endosomal/lysosomal escape with reduced cytotoxicity, i.e. to utilize membranolytic 
polymers instead of using polymers that rely on osmotic lysis. The transition pH and 
their interaction with unilamellar liposomes was determined. The polymers were 
utilized as a terminal layer on 800 nm sized silica colloids (figure 2.1d). In turn, we 
wanted to explore the effect of delivering artificial organelles as colonies rather than 
single organelles. The artificial organelles (e.g. liposomes or hybrids) can be adhered as 
underlying layers on the colloids in a manner similar to our previous report [46]. 
However, in an attempt to elucidate the effect of the polymer coatings, simplified 
colloids were assembled (i.e. no artificial organelles were used). The polymers were 
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characterized followed by a biological evaluation using RAW 264.7 mouse 
macrophages. 

 

Figure 2.1 – Illustration of the work presented in this thesis; a) Eukaryotic cell illustrating the ability of the 
three assemblies to facilitate lysosomal escape. b) Hybrid vesicle consisting of the block copolymer 
poly((cholesterol methacrylate)-block-(2-dimethylaminoethyl methacrylate)) (PCMA-b-PDMAEMA) and 
POPC lipids. c) PCMA-b-PDMAEMA micelle encapsulating the enzyme mimic, EUK-B. d) 800 nm sized silica 
colloid with a terminal membranolytic polymer layer composed of poly(2-carboxyethyl acrylate) (PCEA) or 
poly(5-carboxypentyl acrylate) (PCPA)  e) Chemical structure of the assembly components. 
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3 Experimental Section 
3.1 Hybrid Vesicles with Lysosomal Escape Capability 
3.1.1 Materials 
Sodium chloride (NaCl), poly(L-lysine) hydrobromide (PLL, 40 − 60 kDa), 
poly(methacrylic acid) sodium salt (PMAA, 18.6 kDa), 4-(2-hydroxyethyl)piperazine-1-
ethane-sulfonic acid (HEPES), phosphate-buffered saline (PBS), chloroform anhydrous 
(≥ 99%), ethanol, 2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid N-hydroxysuccinimide ester 
(NHS-CTA), 4′,6-diamidino-2-phenylindole (DAPI), paraformaldehyde (PFA), cell 
counting kit-8 (CCK-8), polyethylene glycol-tert-octylphenyl ether (Triton X-100), 
sodium dodecyl sulfate (SDS), trypsin-EDTA 0.25 %, cholestrol, methacryloyl chloride 
and tetrahydrofuran (anhydrous) (THF) were purchased from Sigma-Aldrich. 
Triethylamine and 5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid sodium salt 
were acquired from Alfa Aesar. Azobis(isobutyronitrile) (AIBN) was commercially 
available from Merck KGaA. Methanol, toluene, hexane and concentrated hydrochloric 
acid were received from VWR. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (POEPC), 1-palmitoyl-
2-oleoylphosphatidylserine (POPS), 1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)-amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC) and Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red-DHPE) were 
purchased from Avanti Polar Lipids. LysoTracker Red® DND-99, Amplex Red® reagent, 
dimethyl sulfoxide (DMSO), horseradish peroxidase (HRP), stabilized hydrogen 
peroxide, reaction buffer (0.5 M potassium buffer containing 0.25 M NaCl, 25 mM 
chloric acid, and 0.5 % Triton X-100 at pH 7.4), cholesterol oxidase from Streptomyces, 
cholesterol esterase from Pseudomonas, and a cholesterol reference standard were 
purchased from Thermo Fisher Scientific. Six-channel ibi-treated μ-slides VI0.4 were 
acquired from iBidi®. Vanillin reagent was purchased from Cell Biolabs, Inc.  

Two types of buffers were used unless noted otherwise: HEPES1 buffer consisting of 10 
mM HEPES at pH 7.4 and HEPES2 buffer consisting of 10 mM HEPES and 150 mM NaCl 
at pH 7.4. The buffer solutions were made using ultrapure water (18.2 MΩ cm−1 
resistance) provided by an ELGA Purelab Ultra system (ELGA LabWater, Lane End). 

3.1.2 Polymer Synthesis 
All polymers were synthesized by Dr. Philipp Schattling and Edit Brodszkij. 
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3.1.3 Vesicle Assembly 
Polymer−lipid hybrid vesicles and liposomes were assembled using the film rehydration 
method. Varying amounts of the lipid stock solution (POPC, 25 mg mL−1 in CHCl3) and 
polymer stock solution (10 mg mL−1 in CHCl3), keeping a total mass of 1 mg constant, 
were added to a round-bottomed glass flask. The solvent was evaporated under 
vacuum for at least 1 h, followed by hydration at 37 °C with 1 mL of HEPES1 or HEPES2 
buffer solution and extrusion through 200 nm polycarbonate filters at room 
temperature. For fluorescent samples, 40 μL of NBD-PC (1 mg mL−1 in CHCl3) was added 
to the round-bottomed flask prior to solvent evaporation. If needed, 0.2 mg of the 
POPC lipids was replaced with positively charged POEPC lipids or negatively charged 
POPS lipids. 

The diameter, polydispersity index (PDI), and ζ-potential of the assemblies were 
analyzed by dynamic light scattering (DLS, Zetasizer Nano ZS Malvern Instruments) 
using a material refractive index of 1.590 and a dispersant (water at 25 °C) refractive 
index of 1.330. For ζ-potential measurements, the assemblies were prepared in HEPES1 
buffer. Furthermore, the stability of selected assemblies was obtained by DLS and ζ-
potential measurements. In this case, the samples were measured at different time 
points and stored at 37 °C. Within this article, samples with a PDI of > 0.4 were 
considered aggregated and were discarded. 

The lipid and cholesterol contents of the assembled hybrid vesicles were quantified 
with a Lipid Quantification Kit (Cell Biolabs, Inc.) and an Amplex® Red Cholesterol Assay 
Kit (Thermo Fisher Scientific), respectively. Non-extruded POPC liposomes (0.0 − 12.5 
mg mL−1 lipids) were used as a reference curve (fitted using a linear regression) for the 
lipid quantification. The lipids were quantified following the protocol of the supplier. 
Briefly, 15 μL (1.0 mg mL−1) of hybrid vesicle stock solution or non-extruded liposome 
standard was transferred to an Eppendorf tube. Sulfuric acid (150 μL, 18 M) was added 
to each tube, and the samples were incubated at 90 °C for 10 min. Subsequently, the 
samples were transferred to 4 °C for 5 min. Each sample (100 μL) was transferred to a 
standard 96-well plate. Vanillin reagent (100 μL) solubilized at 37 °C for 30 min was 
added to each well and mixed carefully. Finally, the samples were incubated at 37 °C 
for 30 min, and the absorbance was measured at λ = 540 nm using a multimode plate 
reader (PerkinElmer EnSight). Absorbance values from a HEPES2 buffer control were 
subtracted for background correction. The non-extruded liposome standard curve was 
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used to translate the measured absorbance values into a lipid concentration. Three 
independent repeats were performed. 

To quantify the cholesterol content in the hybrid vesicles, 100 μL of hybrid stock 
solution (1.0 mg mL−1 in HEPES2 buffer) was mixed with 600 μL of HEPES2 buffer. DMSO 
(300 μL) was added to this solution to obtain a hybrid concentration of 0.1 mg mL−1 
with 30 vol % DMSO. Subsequently, 50 μL of sample was added to each well in a black 
96-well OptiPlate. A working solution (50 μL) consisting of 300 μM Amplex Red reagent, 
2 U mL−1 horseradish peroxidase, 2 U mL−1 cholesterol oxidase, and 0.8 U mL−1 
cholesterol esterase diluted in the supplied reaction buffer (0.1 M potassium 
phosphate, 0.05 M NaCl, 5 mM cholic acid, 0.1 % Triton X-100 at pH 7.4) was added to 
each well. The samples were incubated at 37 °C for 30 min and protected from light. 
Finally, the fluorescence was measured using a multimode plate reader 
(excitation/emission λ = 545 / 590 nm). The values from a HEPES2 buffer control were 
subtracted to correct for background fluorescence. The cholesterol standard (0.0 − 1.0 
μg mL−1) supplied by the kit was used to obtain a reference curve (fitted with a linear 
regression) to convert the measured fluorescence intensity values into a cholesterol 
concentration. Three independent repeats were performed. 

3.1.4 Giant Unilamellar Vesicles (GUVs) 
GUVs were fabricated using the electroformation method. Indium tin oxide (ITO)-
coated glass coverslips (25 × 45 mm2) were cleaned in ethanol and water each for 15 
min by sonication and then dried under a stream of nitrogen. The corresponding lipid-
P3 mixtures were dissolved in chloroform at a total concentration of 5 mg mL−1. P3 (30 
or 70 wt %) and TRDHPE (0.5 wt %) were added to the mixture to fluorescently label 
the GUVs. The lipid−polymer mixture (7.5 μL) was deposited on the ITO electrode 
surface using a needle by spreading the solution carefully back and forth (six times), 
followed by drying under vacuum for 2 h. The lipid−polymer-coated ITO electrodes 
were separated by a rectangular polytetrafluoroethylene (PTFE) spacer with a length, 
width and height of 35 mm, 25 mm, and 2 mm, respectively, and the chamber was filled 
with pure water. An AC electric field (5 V, 10 Hz) was applied for 4 h at 60 °C to generate 
the GUVs. The GUVs were transferred to a vial and stored at 4 °C before imaging. The 
morphology of the GUVs was verified using a fluorescence microscope (Nikon 80i, 
Japan). Cryo-TEM imaging was performed by Kenneth N. Goldie. 
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3.1.5 Quartz Crystal Microbalance with Dissipation (QCM-D) 
The interaction of the hybrid vesicles and liposomes with PLL or PLL/PMAA pre-coated 
surfaces was measured using QCM-D (Q-Sense E4, Sweden). Silica-coated crystals 
(QSX300, Q-Sense) were cleaned in a 2 wt % SDS solution overnight and rinsed with 
ultrapure water. Then, the crystals were dried in a stream of nitrogen, exposed to UV / 
ozone for 30 min, and mounted into the chambers of the QCM-D instrument. The 
frequency changes (Δf) and dissipation changes (ΔD) were monitored at 20 ± 0.02 °C. 
After a stable baseline was obtained in HEPES1 buffer, a PLL solution (1 mg mL−1 in 
HEPES1 buffer) was introduced into the chambers and allowed to adsorb. When the 
surface was saturated, the chambers were rinsed with HEPES1 buffer. The pre-coated 
PLL crystals were exposed to a hybrid vesicle or liposome stock solution until the 
surface was saturated. A layer of PMAA (1 mg mL−1 in HEPES1 buffer) was adsorbed onto 
the PLL pre-coated crystals prior to the exposure to assemblies containing positive 
lipids. Normalized Δf and ΔD using the third harmonic are presented. 

3.1.6 Cell Culture Experiments 
The immortalized RAW 264.7 mouse macrophage cell line and primary rat Kupffer cells 
were purchased from the European Collection of Cell Cultures. RAW 264.7 cells were 
cultured in 75 cm2 culture flasks in cell medium (Dulbecco’s Modified Eagle’s Medium 
with 4500 mg mL−1 glucose, sodium pyruvate and sodium bicarbonate supplemented 
with 10 % fetal bovine serum, 2 mM L-glutamine, 50 μg mL−1 streptomycin, and 50 μg 
mL−1 penicillin (all from Sigma-Aldrich)) at 37 °C and 5 % CO2. Human monocytes were 
isolated from buffy coat preparations from healthy, anonymous blood donors from the 
blood bank of the Red Cross Baden Wuerttemberg by adherence to plastic. The human 
monocytes were differentiated into human macrophages using granulocyte 
macrophage colony stimulating factor (100 ng mL−1) for 4 to 5 days. For some of the cell 
work, the (theoretical) total number of DMAEMA units was kept constant. The number 
of DMAEMA units was estimated by estimating the polymer content in the hybrid 
vesicles using their different molecular weights (Table 4.1). The number of DMAEMA 
units was obtained by multiplying the number of monomer molecules by the degree of 
polymerization. Furthermore, the estimation of the lipid incorporation efficiency was 
used to correct the number of DMAEMA units present in the individual samples, 
assuming that the polymer-to-lipid ratio remained constant. 
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Uptake Experiments. RAW 264.7 cells were seeded in a 96-well plate (50 000 cells per 
well) and allowed to adhere overnight at 37 °C in 5 % CO2. The cells were then incubated 
in cell medium containing hybrid vesicles or liposomes for 5 and 24 h. The (theoretical) 
added liposome concentration was 0.1 mg mL−1 lipids, and the (theoretical) added 
hybrid vesicle concentration corresponded to ∼ 450 × 1013 DMAEMA units per well. 
The cells were washed twice in PBS buffer, and 50 μL of trypsin-EDTA (5 min at 37 °C) 
was used to detach them. Trypsin was neutralized with 200 μL of cell medium before 
analysis by flow cytometry (Accuri C6 Flow Cytometer, BD Biosciences) using an 
excitation wavelength of 488 nm. At least 2000 cells were analyzed, and at least three 
independent repeats were performed for all of the reported flow cytometry results. 
The auto-fluorescence of the cells was subtracted by analyzing control cells where no 
sample was added. In addition, the cell mean fluorescence was normalized to the 
fluorescence of the individual hybrid vesicle or liposome stock solution. The 
fluorescence of a given volume of the stock solution was measured using a multiplate 
reader, and the obtained flow cytometry values were normalized to correct for the 
assumed concentration variations. This normalization approach assumed that NBD-PC 
lipids were evenly distributed in the membrane of the vesicles independently of their 
composition. 

Cell Viability. RAW 264.7 cells were seeded in a 96-well plate (50 000 cells per well) 
and allowed to adhere overnight at 37 °C in 5 % CO2. The cells were washed twice with 
100 μL of PBS and exposed to cell medium containing hybrid vesicles with a 
(theoretical) total number of DMAEMA units of between 0 and ∼ 1350 × 1013 per well 
for 5 h. A hybrid vesicle concentration corresponding to ∼ 450 × 1013 DMAEMA units 
was used to assess the cell viability after 24 h. A maximum of a 10 μL vesicle sample 
was added per well. After the incubation time, the cells were washed twice with fresh 
cell medium, and 110 μL of cell medium containing 10 μL of cell counting kit-8 solution 
(CCK-8) was added to each well. The cells were incubated for 2 h at 37 °C in 5% CO2. 
Then, 100 μL of the solution from each well was transferred to a new 96-well plate and 
analyzed using a multimode plate reader by measuring the absorbance at 450 nm. 
Three independent repeats were performed for all samples. 

Primary rat Kupffer cells were transferred to a 15 mL falcon tube containing 9 mL (4 °C) 
of Kupffer monoculture medium (KMM) immediately after being thawed and placed on 
ice. The cells were centrifuged at 500 g for 5 min and suspended in 1 to 2 mL of KMM. 
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Cells (50 00) were seeded per well in a 96-well plate, and the KMM was exchanged after 
4−6 h and 24 h prior to the experiments. The viability experiments were performed 
using the protocol outlined for the RAW 264.7 cells with an incubation time of 5 h using 
P2LL and P2LL

+ hybrid vesicles (∼ 450 × 1013 and ∼ 1350 × 1013 DMAEMA units). The 
Kupffer cell viability experiments were performed twice using the same batch of cells 
with duplicates of each sample, i.e., no independent repeats were conducted. 

The human macrophages (2 × 105 per well) were cultured with P2LL for 5 h and then 
stained with Annexin V-FITC/propidium iodide (Becton Dickinson) to detect apoptotic 
cells. At least 100 000 cells per sample were acquired by flow cytometry and analyzed 
using FlowJo Software (Becton Dickinson). All samples were set up in duplicates. The 
experiments were repeated three times using cells from different donors.  

Lysosomal Escape. RAW 264.7 cells (100 000) were seeded in each channel in a 6-
channel ibi-treated iBidi μ-slide VI 0.4. The cells were allowed to adhere overnight at 
37 °C in 5 % CO2. The cells were washed twice with PBS and incubated for 1.5 and 5 h 
with cell medium containing either 75 nM LysoTracker® Red DND-99 and P2LL or P2LL

+ 
and 50 nM LysoTracker® Red DND-99 and Lc1 or Lc1

+ (all samples containing 4 wt % NBD-
PC), respectively, at 37 °C in 5 % CO2. The (theoretical) added liposome concentration 
was 0.1 mg mL−1 lipids, and the (theoretical) added hybrid vesicle concentration 
corresponded to ∼450 × 1013 DMAEMA units per well. Before adding to the cell culture, 
the samples were diluted to approximately the same fluorescence intensity measured 
at 460 nm / 534 nm (ex. / em. ) using the sample with the lowest fluorescence as a 
reference in an attempt to expose the cells to comparable amounts of fluorescent 
vesicles. HEPES2 buffer (95 μL) and vesicle stock solution (5 μL) were added to wells 
(black OptiPlate-96) to measure the different fluorescence intensities. After incubation, 
the cells were washed twice with PBS. PFA (120 μL, 4 %) was added to each channel 
and incubated for 15 min at room temperature. The slide was then washed three times 
with PBS and incubated with DAPI (1 mg mL−1 diluted 750-fold in ultrapure water) for 
1.5 h. The use of Triton-X was avoided as this interfered with the LysoTracker® Red 
DND-99. Finally, the cells were washed three times in PBS, and 120 μL of PBS was added 
to each channel for storage. The images were taken using a Zeiss LSM700 confocal laser 
scanning microscope (CLSM). The settings for the red, green and blue channels were 
kept constant. In order to quantify the colocalization between the hybrid vesicles or 
liposomes with the lysosomes, the total Pearson correlation coefficient (PCC) was 
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determined using the Coloc 2 plug-in in ImageJ. Background subtraction (10 pixel ball 
pen size) was performed before the analysis for all of the images. Four images from 
three independent repeats were used. 

3.2 Artificial Organelles with a Small Organic Enzyme Mimic 
3.2.1 Materials 
O-vanilin, 3,4-diaminobenzoic acid, 2,4-dihydroxybenzaldehyde, 4-allyl-2-
hydroxybenzaldehyde, O-phenylenediamine, 2-dimethylaminomethacrylate 
(DMAEMA), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid N-
hydroxysuccinimide ester (CTA-NHS), 2,2’-azobis(2-methylpropionitrile) (AIBN), 
manganese (II) acetate, catalase, Cell Counting Kit-8 (CCK-8), EUK-134, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), L-glutamine (200 mM), MEM 
non-essential amino acid solution 100×, sodium chloride (NaCl), paraquat dichloride 
hydrate (PQ), phosphate-buffered saline (PBS), and trypsin-EDTA 0.25 vol % were 
purchased from Sigma-Aldrich. Amplex® UltraRed Reagent, CellROX® Green Reagent, 
dimethyl sulfoxide (DMSO), horseradish peroxidase (HRP), stabilized hydrogen 
peroxide (30 vol %) and LysoTracker® Red DND-99 were obtained from Thermo Fisher 
Scientific. Dimethyl sulfoxide-d6, chloroform-d1, chloroform anhydrous (≥ 99 %), 
ethanol, methanol, toluene, hexane, diethyl ether, acetone and hydrochloric acid (HCl) 
were purchased from VWR. Fetal bovine serum (FBS), penicillin (10 000 U mL−1) and 
streptomycin (10 000 μg mL−1 Pen Strep) were purchased from Gibco™ Life 
Technologies. VI 0.4 ibiTreat slides were purchased from iBidi®. 

All experiments were carried out using HEPES2 buffer solution consisting of 10 mM 
HEPES and 150 mM NaCl at pH 7.4. Ultrapure water (18.2 MΩ cm−1 resistance) was 
provided by an ELGA Purelab Ultra system (ELGA LabWater, Lane End). 

3.2.2 EUK Synthesis 
EUK ligand A, B, C and D were all synthesized by Dr. Edit Brodszkij. 

3.2.3 Polymer Synthesis 
The PCMA-block-PDMAEMA copolymer used for this work was synthesized by Dr. Edit 
Brodszkij. 

3.2.4 Micelle Assembly and Characterization 
Micelle assembly and characterization was carried out by PhD student Carina Ade and 
Dr. Edit Brodszkij. 
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3.2.5 Catalytic Activity 
The catalytic activity of the EUK ligands and the EUK loaded micelles was analyzed by 
PhD student Carina Ade and Dr. Edit Brodszkij. 

3.2.6 Loading Efficiency of EUK into Micelles 
The loading of EUK ligands into micelles was performed by Dr. Edit Brodszkij. 

3.2.7 Cell Culture Experiments 
The immortalized human hepatocellular carcinoma cell line HepG2 cell line was 
purchased from European Collection of Cell Cultures. HepG2 cells were cultured in 75 
cm2 culture flasks in Minimum Essential Medium Eagle with Earle’s Salts and sodium 
bicarbonate (from Sigma-Aldrich) supplemented with 10 % FBS, 2 mM L-glutamine and 
1 % MEM Non-essential Amino Acid Solution, 100 μg mL−1 streptomycin and 100 U mL−1 
penicillin at 37 °C and 5 % CO2.  

All cell experiments were conducted in at least three independent repeats. Data are 
displayed as mean ± standard deviation (SD) and indicating the number n of 
independent repeats. Unless otherwise mentioned, the statistical significance used to 
compare the distribution was determined using a two-way ANOVA followed by a 
Tukey’s multiple comparison posthoc test. 

Cell Viability. 50 000 HepG2 cells per well were seeded in a 96-well plate (100 μL media 
per well) and allowed to adhere overnight at 37 °C in 5 % CO2. Different volumes of MB 
stock solution were added to the wells and incubated for 6 h or 24 h. In the former 
case, the MB-containing medium was exchange with fresh medium and the cells were 
let to recover for 18 h or 42 h at 37 °C in 5 % CO2. Following on, the cells were washed 
twice with PBS buffer, and 110 μL medium containing 10 μL of Cell Counting Kit-8 
solution (CCK-8) was added to each well followed by 2 h incubation at 37 °C in 5 % CO2. 
Then, 100 μL of the solution from each well was transferred to a new 96-well plate and 
analyzed using a multimode plate reader (EnSight, PerkinElmer) by measuring the 
absorbance (ex. = 450 nm). The obtained values were normalized to untreated cells 
after 24 h incubation. 

Cellular Uptake. 50 000 HepG2 cells per well were seeded in a 96-well plate (100 μL 
media per well) and allowed to adhere overnight at 37 °C in 5 % CO2. 0.5 µL MB

f stock 
solution in HEPES2 buffer was added to per well followed by 3 h, 6 h or 24 h incubation 
at 37 °C in 5 % CO2. Then, the cells were washed twice with PBS buffer and 35 µL of 
trypsin-EDTA (5 min at 37 °C) was used to detach the cells. Trypsin was neutralized with 
115 µL of cell medium before analysis by flow cytometry (Guava® easyCyte Single 
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Sample Flow Cytometer, Merck) using an excitation wavelength of 488 nm. At least 
2000 cells were analyzed. The auto-fluorescence of untreated cells was subtracted. 
Additionally, the cell mean fluorescence values were normalized to the fluorescence 
intensity of MB

f that was measured in the multiplate reader to minimize MB
f batch-to-

batch variations. 

Lysosomal Escape of MB
f. 100 000 HepG2 cells per channel were seeded in an ibidi® VI 

0.4 ibiTreat slide (120 μL media per channel) and allowed to adhere overnight at 37 °C 
in 5 % CO2. 20 or 40 µg/mL MB

f was added to each channel and incubated for 6 or 24 h. 
The LysoTracker® dye and corresponding cell media was heated to 37 °C prior to being 
mixed with a final LysoTracker® concentration of 50 nM. Each channel was washed 
twice with PBS and 120 µL of the LysoTracker containing media was added to each 
channel and incubated for 1.5 h. Thereafter, the cells were washed twice with PBS and 
120 µL PBS was added to each channel for storage. The cells were taking immediately 
for visualization using a confocal microscope. Three independent experiments were 
performed. In order to quantify the colocalization between the micelles and the 
lysosomes, the total Pearson correlation coefficient (PCC) was determined using the 
Coloc 2 plug-in in ImageJ. Background subtraction (10 pixel ball pen size) was 
performed before the analysis for all of the images. Six images from three independent 
repeats were used. 

Intracellular activity of MB. 50 000 HepG2 cells per well were seeded in a 96-well plate 
and allowed to adhere overnight at 37 °C in 5 % CO2. 0 – 2 μL MB and MD stock solution 
were added to the wells and incubated for 6 h. The cells were washed twice with PBS 
buffer and left to recover for 16-18 h in media. Next, PQ (dissolved in HEPES2 buffer) 
was added to the cells to a final concentration of 75 µg mL-1 and incubated for 24 h 
before measuring the cell viability as described above. The obtained absorption values 
were normalized to untreated cells after 24 h incubation. 

Intracellular ROS. 50 000 HepG2 cells per well were seeded in a 96-well plate and 
allowed to adhere overnight at 37 °C in 5 % CO2. Then, the cells were incubated with 0 
- 2 μL MB or MD for 6 h, washed twice with PBS buffer and left to recover for 16-18 h in 
media before adding PQ (75 μg mL-1 final concentration) for 3 h to stimulate the 
intracellular ROS. Then, CellROX™ Green Reagent (5 µM final concentration) was added 
to the wells and let to incubate for 30 min. Following detachment via trypsin, the cell 
mean fluorescence (CMF) was measured by flow cytometry. Auto-fluorescence from 
the cells incubated with CellROX™ in the absence of PQ was subtracted from the CMF. 



[23] 
 

The obtained values were normalized to the CMF of the cells not exposed to PQ 
resulting in the nCMF. 

3.3 Lysosomal Escape of polyanion-coated core shell particles 
3.3.1 Materials 
Paraformaldehyde (PFA), 2-carboxyethyl acrylate, acryloyl chloride, ε-caprolactone, 
poly(methacrylic acid) sodium salt (PMAA, 18.6 kDa), fluorescein O-acrylate, 
fluorescein O-methacrylate, ethanol, poly(L-lysine) hydrobromide (PLL, 40 − 60 kDa), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid N-hydroxysuccinimide ester 
(CTA-NHS), trypsin-EDTA 0.25 %, 2,2’-azobis(2-methylpropionitrile) (AIBN), 
dichloromethane, trimethylamine, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES), sodium chloride, polyethylenimine (PEI) (∼ 25 000 kDa), fluorescein 5-
isothiocyanate (FITC), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 
(EDC), N-hydroxysulfosuccinimide sodium salt (NHSNa) and phosphate buffered saline 
were purchased from Sigma-Aldrich. Sodium hydroxide, magnesium sulfate, and silica 
gel 60 (0.032 – 0.063 mm) was purchased from Alfa Aesar. Dialysis tubing 3.5 kDa 
(Spectra/POR 3) was purchased from Spectrum Labs. Acetone, ethyl acetate, 
chloroform, hydrochloric acid 2 M, diethyl ether, dimethyl sulfoxide-d6, deuterated 
chloroform and dimethyl formamide was purchased from VWR. AIBN was provided by 
dr. Alexander Zelikins laboratory and recrystallized from methanol. Oregon Green™ 488 
(OG) Cadaverine 5-isomer and LysoTracker® Red DND-99 were obtained from Thermo 
Fisher. Silica  particles  (0.8  μm  in  diameter)  were  obtained  from  Microparticles  
GmbH  (Berlin,  Germany). Six-channel ibi-treated μ-slides VI0.4 were acquired from 
iBidi®. Two types of buffers were used unless noted otherwise: HEPES1 buffer consisting 
of 10 mM HEPES at pH 7.4 and HEPES2 buffer consisting of 10 mM HEPES and 150 mM 
NaCl at pH 7.4. The buffer solutions were made using ultrapure water (18.2 MΩ cm−1 
resistance) provided by an ELGA Purelab Ultra system (ELGA LabWater, Lane End). 

3.3.2 Polymer Synthesis and Charaxterization 
The polymer PPAA was synthesized by Dr. Anton A. A. Smith, PCPA was synthesized by 
Master Student Martin J. Hviid and PCEA, PLLFITC and PLLOG were synthesized by Dr. Edit 
Brodszkij and. pH phase transition and liposome interaction experiments were 
performed by Dr. Edit Brodszkij. 

3.3.3 Quartz Crystal Microbalance with Dissipation (QCM-D) 
The adherence of the different polymer were examined using QCM-D (Q-Sense E4, 
Sweden). Silica-coated crystals (QSX300, Q-Sense) were cleaned in a 2 wt % SDS 
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solution overnight and rinsed with ultrapure water. Then, the crystals were dried in a 
stream of nitrogen, exposed to UV / ozone for 30 min, and mounted into the chambers 
of the QCM-D instrument. The frequency changes (Δf) and dissipation changes (ΔD) 
were monitored at 20 ± 0.02 °C. After a stable baseline was obtained in HEPES1 buffer, 
a PLL solution (1 mg mL−1 in HEPES1 buffer) was introduced into the chambers and 
allowed to adsorb. When the surface was saturated, the chambers were rinsed with 
HEPES1 buffer. Next, PMAA, PCEA or PCPA (all at 1 mg mL-1) was introduced following 
the same procedure as for PLL. PMAA coated crystals were further coated with PEI. 
Normalized Δf and ΔD using the third harmonic were used. 

3.3.4 Colloid Assembly 
200 μL (50 mg mL−1) 0.8 μm silica particles was washed two times in HEPES1 buffer, 
coated with PLLFITC or PLLOG (1 mg mL−1 in HEPES1  buffer, 15 min), followed by 3× 
washing in HEPES1 buffer resulting in Si-PLLFITC and Si-PLLOG, respectively. Si-PLLFITC and 
Si-PLLOG were then coated with PCEA (1 mg mL−1 in HEPES1 buffer, 15 min), PCPA (1 mg 
mL−1 in HEPES1 buffer, 15 min) or PMAA (1 mg mL−1 in HEPES1 buffer, 15 min) followed 
by 3 washing steps in HEPES2 buffer resulting in Si-PCEAFITC, Si-PCEAOG, Si-PCPAFITC, Si-
PCPAOG, Si-PMAAFITC, and Si-PMAAOG (i.e. abbreviation is denoted according to the 
terminal polymer layer). Si-PMAAFITC and Si-PMAAOG were coated with PEI (1 mg mL−1 
in HEPES1 buffer, 15 min) followed by washing 3× in HEPES2 buffer yielding in Si-PEIFITC 
and Si-PEIOG. The particle concentration was determined by flow cytometry. 

ζ-potential experiments were performed by dynamic light scattering (DLS, Zetasizer 
Nano ZS Malvern Instruments) using a material refractive index of 1.590 and a 
dispersant (water at 25 °C) refractive index of 1.330. Si-PLLFITC, Si-PMAAFITC, Si-PCEAFITC, 
Si-PCPAFITC and Si-PEIFITC were diluted 10x in HEPES1 prior to being analyzed.  

3.3.5 Biological Evaluation 
The immortalized RAW 264.7 mouse macrophage cell line was purchased from 
European Collection of Cell Cultures. RAW 264.7 cells were cultured in 75 cm2 culture 
flasks in Dulbecco’s Modified Eagle’s Medium with 4500 mg L−1 glucose, sodium 
pyruvate and sodium bicarbonate (from Sigma-Aldrich) supplemented with 10 % fetal 
bovine serum (from Lonza), 2 mM L-glutamine (from Sigma-Aldrich), 100 μg mL−1 
streptomycin and 100 u mL−1 penicillin (from Thermo Fisher Scientific) at 37 °C and 5 % 
CO2. 
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3.3.5.1 Cell Viability 
RAW 264.7 cells were seeded in a 96-well plate (50 000 cells per well) and allowed to 
adhere overnight at 37 °C in 5 % CO2. The cells were incubated with increasing number 
of particles for 24 h and 48 h. After the incubation time, the cells were washed twice 
with PBS buffer, and 110 μL of cell medium containing 10 μL of cell counting kit-8 
solution (CCK-8) was added to each well. The cells were incubated for 2 h at 37 °C in 5 
% CO2. Then, 100 μL of the solution from each well was transferred to a new 96-well 
plate and analyzed using a multimode plate (name, company, country) reader by 
measuring the absorbance at 450 nm. Three independent repeats were performed for 
all polymers and concentrations. 

3.3.5.2 Cellular Uptake 
RAW 264.7 cells were seeded in a 96-well plate (50 000 cells per well) and allowed to 
adhere overnight at 37 °C in 5 % CO2. The cells were incubated with increasing number 
of particles for 5 h and 24 h before the cells were washed twice with PBS buffer and 35 
µL of trypsin-EDTA (5 min at 37 °C) was used to detach the cells. Trypsin was neutralized 
with 115 µL of cell medium before the CMF was monitored by flow cytometry using an 
excitation wavelength of 488 nm. The auto-fluorescence of the cells was subtracted. 
nCMF was calculated by  normalizing the absolute values measured on the flow 
cytometer to the fluorescence of the individual stock sample of particles. Before 
measuring on the flow cytometer, the stock samples were diluted by a factor ∼ 10 000 
depending the actual concentration, which could vary. At least 2000 cells were 
analyzed. Three independent repeats were performed. 

3.3.5.3 Lysosomal Escape 
The lysosomal escape ability of the particles was analyzes by seeding 100 000 RAW 
264.7 cell per channel of a ibiTreat 6 channel µ-Slide VI 0.4 (ibidi®) and let to adhere 
overnight at 37 °C in 5 % CO2. 2 000 000 particles per channel (20 : 1) were added and 
incubated for 5 or 24 h. Afterwards, each channel was washed twice in PBS and 120 µL 
cell media containing LysoTrackerTM dye (50 nM) was added to each channel and 
incubated for 1.5 h. Prior to being added the mixture was heated to 37 °C to avoid 
precipitation of the dye. Finally, the cells were washed twice in PBS and 120 µL PFA (4 
vol %) was added and incubated for 20 min wrapped in aluminum foil. Removal of cell 
media, addition of PBS and PFA was done on channel at a time to avoid flushing away 
the semi-adherent RAW 264.7 cells. Finally, each channel was washed twice in PBS and 
120 µL PBS was added for storage. The cells were visualized using confocal microscopy 
(CLSM). Three independent experiments were performed. 
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4 Hybrid Vesicles with Lysosomal Escape Capability 
This chapter covers the synthesis of novel hybrid vesicles hypothesized to be delivered 
and serve as single artificial organelles. More specifically, the synthesis of 
poly(cholesteryl methacrylate)-block-poly(2-(dimethylamino) ethyl methacrylate) 
(PCMA-b-PDMAEMA) block copolymers and their assembly with phospholipids into 
hybrid vesicles. First, an introduction on the reasoning behind the hybrid system with 
state of the art examples is given. Next, the hybrid structure will be presented and the 
assemblies analyzed to determine their hydrodynamic radius, polydispersity and ζ-
potential. Afterwards, the structure will be confirmed using cryo-TEM and analyzed 
with a crystal quartz microbalance (QCM). Finally, the cellular uptake, intracellular 
stability, cytotoxicity and ability to escape the lysosomal compartments of RAW 264.7 
cells is assessed. The findings in this chapter will be evaluated to conclude if the 
assemblies possess the potential to serve as intracellular active artificial organelles. 

The hybrid vesicles will be denoted according to their composition. I.e. PxLy, where x 
indicates the type of polymer used. This can be 1, 2 or 3 depending on whether the 
polymer is synthesized with a short or extended PDMAEMA block or if a ratio of 
fluorescein O-methacrylate is co-synthesized with the PDMAEMA block, respectively. 
The y indicates whether high (H) or low (L) amounts of lipid were added. Further, 
control assemblies made of lipids only (i.e. liposomes) were used and are referred to as 
Lcz, where z indicates the lipid concentration (e.g. Lc1 and Lc0.3 refer to liposomes 
assembled from 1.0 and 0.3 mg mL-1, respectively. Finally, superscripts “+” and “-“ 
indicates whether 20 wt % of the lipids were positively or negatively charged, 
respectively. 

The aim of this work is to come up with a solution for escaping the endocytic pathway 
and thereby provide an enhanced and/or prolonged activity of the artificial organelles. 
Besides the potential to escape acidified compartments of the cell, we chose a hybrid 
system for reasons mentioned in the following introduction.  

Results in this chapter has been adapted for the following publication: 

Reprinted with permission from Phospholipid–Block Copolymer Hybrid Vesicles with 
Lysosomal Escape Ability; Zong, Wei⊥; Thingholm, Bo⊥; Itel, Fabian; Schattling, Philipp; 
Brodszkij, Edit; Mayer, Daniel; Stenger, Steffen; Goldie, Kenneth N.; Han, Xiaojun; 
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Städler, Brigitte. Langmuir. 2018, 34 (23), pp 6874–6886. Copyright 2019 American 
Chemical Society. 

4.1 Introduction 
At the start of the 21st century, reports of drug carrier vesicles consisting of a 
combination of lipids and polymers started appearing, i.e. hybrids vesicles. These 
hybrid vesicles attempt to overcome the shortcomings of drug carriers assembled from 
each individual component, namely liposomes and their polymer analogues, 
polymersomes. Liposomes offer high levels of biocompatibility and intrinsic self-
organizing properties, but are susceptible towards degradation via oxidation, 
hydrolysis, and aggregation [79-83]. In contrary, polymersomes offer high thermal and 
mechanical stability combined with functional variability through their block copolymer 
design. Yet, polymersomes come with a relatively low permeability out of the gate, 
which for some applications can be limiting [84, 85]. To circumvent this, 
transmembrane peptide and protein pores can be integrated into the vesicle 
membrane, which allows permeabilization in a more controlled manner [86]. However, 
relying on polymer only requires a careful and rational design, which can limit their 
usage in specific circumstances. The introduction of polymer-lipid hybrids have been 
reported to bypass the drawbacks from both systems while preserving the advantages, 
as discussed in two exhaustive reviews [84, 85]. 

These new building blocks have considerable multiplied the availabilities to assemble 
carriers for applications in nanotechnology. Pippa et al. found that by tuning the lipid 
to polymer ratio, hybrid vesicles could act as modulators for the release rate of the 
drug, indomethacin [87, 88] or for the in vitro and in vivo cytotoxicity [89]. Other group 
have likewise shown that hybrid vesicles could tune the release profile of calcein (or 
other water-soluble compounds) by phospholipase A2 [90] or magnetic actuation [91]. 
Another group recently reported a novel method based on microfluidic for the rapid 
production of large volumes of chitosan-lipid hybrids loaded with the aforementioned 
drug, indomethacin [92]. By varying the lipid to polymer ratio, it was also found that 
hybrid vesicles could tune the cellular uptake efficiency by RAW 264.7 mouse 
macrophages, i.e. when a shear stress was applied, shorter hydrophobic blocks resulted 
in higher cellular uptake [93]. Hybrid vesicles were also found to significantly improve  
cellular attachment compared to polymersome in vitro and murine tumor models [94]. 
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From a more fundamental point of view, asymmetric giant hybrid vesicles were 
assembled in an attempt to model and mimic the activity and function of a viable cell. 
Gaining an understanding of the events between ligands (e.g. biomolecules, drug 
carriers etc.) and cell surface receptors is important for the fundamental understanding 
of biological processes or for the refinement of targeted drug delivery. In this context, 
the asymmetry of the model is vital in order to obtain transverse and translational 
properties similar to that of a biological cell [95]. As an example hereof, the Binder 
group showed that the membrane morphology of hybrid unilamellar vesicles (GUVs) 
was modified following the binding of cholera toxin B to ganglioside GM1. Further, they 
found that the lateral membrane organization and mobility could be tuned by varying 
the lipid to polymer composition of hybrid vesicles [96]. In a subsequent work, they 
also showed that by modifying the block copolymer in the same hybrid system with 
triazine they could selectively bind multivalent thymine-conjugated nanoparticles via 
hydrogen bonds. As a consequence of the specific binding the block copolymer could 
be removed from the assembly, in turn inducing membrane rupture [97].  

As mentioned, the reconstitution of transmembrane proteins provides the possibility 
to control the flux of ions and other charged or polar molecules across cellular 
membranes [86]. In the context of hybrid systems, this has been explored on both 
planar films [98, 99] and in vesicles [100]. The latter report showed that proteo-hybrid 
vesicles could support the initial activity of cyt bo3 and significantly extend the 
functional lifetime of the protein when compared to standard proteoliposomes. In 
another work, the permeability of liposomes, polymersome and hybrid vesicles was 
investigated [101]. It was found that the permeability of polymersome was significantly 
lower than that of liposomes, whereas hybrid vesicles (comprised of lipids and 
poly(ethylene oxide-block-butadiene) were the most permeable of all towards H+ / OH-

. Further, the permeability could be modulated by the reconstitution of ionphores into 
the respective membranes. Finally, hybrid vesicles have been successfully used to 
synthesize adenosine triphosphate (ATP) by the reconstitution of two enzymes (an ATP 
synthase and a terminal oxidase) into the hybrid membrane [102]. 

NB: It is important to note that for this thesis hybrid vesicles are defined to be vesicles 
with a hybrid membrane, i.e. a membrane composed of a mixture of lipid and polymer. 
Examples of core-shell type hybrids have not been mentioned in the preceding section.  
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Finally, the assembly approach for hybrids has to be considered (e.g. film rehydration 
or direct dissolution [103]). Some polymers cannot be directly hydrated as lipids can, 
which is most likely a consequence of the high glass transition temperature of the 
hydrophobic polymer block [104]. This can be challenging to predict and although failed 
attempts to synthesize vesicles may be of fundamental importance, it is not relevant in 
the synthesis of artificial nanoreactors. Therefore, the following section does not 
contain the vast number of hybrid vesicles that failed to assemble into vesicles using 
the film rehydration method. 

4.2 Phospholipid−Block Copolymer Hybrid Vesicles with Lysosomal 
Escape Capability 

Herein, we report hybrid assemblies consisting of phospholipids and amphiphilic block 
copolymers comprised of poly(cholesterol methacrylate) (PCMA) and poly(2-
dimethylaminoethyl methacrylate) PDMAEMA. PCMA was selected due to cholesterol 
being a hydrophobic biomolecule with inherent self-assembly properties. On top of this 
multiple strategies exits to conjugates it to existing polymers chains [105]. The second 
block, PDMAEMA, was selected for its mentioned endosomal/lysosomal escape 
capabilities [106]. A schematic of the proposed hybrid vesicle is presented in the figure 
below (figure 4.1). 

 

Figure 4.1 - Hypothesized illustration of the hybrid assembly in an aqueous solution with the hydrophobic 
polymer block (PCMA) interacting with the hydrophobic tails of the phospholipids, whereas the hydrophilic 
polymer block is believed to stand out (as illustrated) or interact with the hydrophilic head group of the 
phospholipids (not illustrated). PCMA serves as an anchor, while PDMAEMA provides an inherent 
endosomal/lysosomal escape ability. 



[30] 
 

4.2.1 Polymer Synthesis 
Radical addition-fragmentation chain transfer (RAFT) polymerization was chosen to 
synthesize the polymers, which allows for the synthesis of polymers with a well-defined 
molecular weight distribution. In addition, RAFT polymerization provides the polymers 
with the intrinsic possibility to be extended by another polymer block in a classical chain 
extension polymerization due to the chain regulator agent, the chain transfer agent 
(CTA). The first block (PCMA) was synthesized using an N-hydroxysuccinimide (NHS) 
ester-modified CTA. After purifying this polymer block, it was utilized as a macro-CTA 
for addition of the second block, namely PDMAEMA. The chemical structure of the 
amphiphilic block copolymer is illustrated in the figure below (figure 4.2). 

 

Figure 4.2 – Chemical structure of the amphiphilic block copolymer poly(cholesterol methacrylate) (PCMA) 
- block -  poly(2-dimethylaminoethyl methacrylate) PDMAEMA synthesized by radical addition-
fragmentation chain transfer (RAFT) polymerization with 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid N-hydroxysuccinimide ester as the chain transfer agent [107].   

Three different polymers were synthesized. P1, which contain a ∼ 1:1 weight ratio 
between the hydrophobic block (PCMA) and hydrophilic block (PDMAEMA) (table 4.1). 
P2 features an extended hydrophilic block, with an approximate 1:5 ratio between the 
blocks. The idea behind this was to improve the solubility of this polymer and to 
estimate whether the extension had an effect on the endosomal/lysosomal escape 
capability. P3 was synthesized following the procedure for P2, except for the 
copolymerization of fluorescein O-methacrylate (FIMA) with the DMAEMA block. 
Polymers with varied sizes and ratios of the hydrophilic and hydrophobic blocks were 
synthesized to identify the optimal parameters for vesicle assembly. An overview of the 
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polymers that were successfully able to form vesicles are presented in table 4.1. All 
polymers were synthesized by Dr. Edit Brodszkij and Dr. Philipp Schattling. 

Abbreviation Hydrophobic 
Block 

Molecular 
Weight 

DP 
(NMR) 

Hydrophilic Block Molecular 
Weight 

DP 
(NMR) 

P1 PCMA 5.0 11 PDMAEMA 4.0 25 
P2 PCMA 5.0 11 PDMAEMA 23.0 150 
P3 PCMA 6.7 15 p(DMAEMA/FIMA) 38.0/2.8 233/7 

 

Table 4.1 - Overview of the synthesized AB block copolymers using the PCMA block as a macro-RAFT agent 
followed by the extension with the PDMAEMA block (P1 and P2) or p(DMAEMA/FIMA) (P3). Presented is 
the molecular weight and the degree of polymerization (DP) estimated by NMR. Polymers were synthesized 
by Dr. Edit Brodszkij and Dr. Philipp Schattling. 

4.2.2 Hybrid Vesicles Assembly and Characterization 
In order to assemble hybrids  vesicles lipids are likewise needed. Here, monosaturated 
zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids were 
chosen, as the cholesterol unit in the PCMA block favors saturated acyl chains [108, 
109]. In addition, with a transition temperature of ∼ −2 °C these lipids are convenient 
to work with, as film rehydration and extrusion can be performed at room temperature. 
As charged lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (POEPC) and 
1-palmitoyl-2-oleoyl-sn-phosphatidylserine (POPS) were chosen, as they feature a 
positively and negatively head group, respectively. Charged lipids were chosen to 
conclude what effect the addition of charges had on parameter such as cellular uptake, 
intracellular stability, cytotoxicity and ability to escape acidic compartments. The 
theoretical composition used to assemble hybrid vesicles can be seen in the table below 
(table 4.2). A theoretical block copolymer to lipid mole ratio and a cholesterol to lipid 
mole ratio is likewise presented. 
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Assembly 
Type 

Composition Mole ratio  
(block copolymer to 
lipid) 

Mole ratio  
(cholesterol to lipid) 

LC1 1.00 mg POPC 0.000 0.000 
LC0.7 0.70 mg POPC 0.000 0.000 
LC0.5 0.50 mg POPC 0.000 0.000 
LC0.3 0.30 mg POPC 0.000 0.000 
P1LH 0.70 mg POPC + 0.30 mg P1 0.033 0.358 
P1LL 0.30 mg POPC + 0.70 mg P1 0.177 1.951 
P2LH 0.70 mg POPC + 0.30 mg P2 0.014 0.156 
P2LL 0.30 mg POPC + 0.70 mg P2 0.077 0.848 
LC1

+ 0.80 mg POPC + 0.20 mg POEPC 0.000 0.000 
LC0.7

+ 0.56 mg POPC + 0.14 mg POEPC 0.000 0.000 
LC0.5

+ 0.40 mg POPC + 0.10 mg POEPC 0.000 0.000 
LC0.3

+ 0.24 mg POPC +0.06 mg POEPC 0.000 0.000 
P1LH

+ 0.50 mg POPC + 0.20 mg POEPC 
+ 0.30 mg P1 

0.033 0.366 

P1LL
+ 0.10 mg POPC + 0.20 mg POEPC 

+ 0.70 mg P1 
0.187 2.057 

P2LH
+ 0.50 mg POPC + 0.20 mg POEPC 

+ 0.30 mg P2 
0.014 0.159 

P2LL
+ 0.10 mg POPC + 0.20 mg POEPC 

+ 0.70 mg P2 
0.081 0.894 

LC1
- 0.80 mg POPC + 0.20 mg POPS 0.000 0.000 

LC0.7
- 0.56 mg POPC + 0.14 mg POPS 0.000 0.000 

LC0.5
- 0.40 mg POPC + 0.10 mg POPS 0.000 0.000 

LC0.3
- 0.24 mg POPC +0.06 mg POPS 0.000 0.000 

P1LH
- 0.50 mg POPC + 0.20 mg POPS + 

0.30 mg P1 
0.033 0.366 

P1LL
- 0.10 mg POPC + 0.20 mg POPS + 

0.70 mg P1 
0.181 1.991 

P2LH
- 0.50 mg POPC + 0.20 mg POPS + 

0.30 mg P2 
0.014 0.157 

P2LL
- 0.10 mg POPC + 0.20 mg POPS + 

0.70 mg P2 
0.079 0.866 

 

Table 4.2 – Theoretical composition, lipid to block copolymer mole ratio and lipid to cholesterol mole ratio 
of the different liposome and hybrid assemblies. 
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The assembly itself was performed via the film rehydration method. Here a chloroform 
solution of the lipids and block copolymers was evaporated onto a round-bottled flask 
leaving behind a thin dried film. Next, the solution was rehydrated into the 
corresponding buffer, HEPES1 or HEPES2. Films consisting of 30 wt % lipids and 70 wt % 
P1 or P2 could be detached without visible material stuck on the inside of the flask and 
subsequently extruded through 200 nm membranes. The mole ratio calculations 
assumes that 100 % of the materials was recovered from during the film rehydration. 
It was not possible to detach films consisting of polymer only, i.e. no polymersome 
assemblies could be obtained. 

The obtained assemblies were analyzed by dynamic light scattering (DLS) to identify 
parameters such as their hydrodynamic radius, polydispersity and ζ-potential. The 
groups of assemblies that successfully formed vesicles are presented in the following 
table (table 4.3). 
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Assembly Type Diameter / STD 
[nm] 

Polydispersity / STD ζ-potential / STD 
(mV) 

LC1 229.1 / 10.1 0.14 / 0.04 -4.4 / 1.6 
LC0.7 229.4 / 10.2 0.12 / 0.05 NA 
LC0.5 224.4 / 9.0 0.12 / 0.02 NA 
LC0.3 201.8 / 21.3 0.15 / 0.04 NA 
P1LH 214.0  / 15.2 0.09 / 0.05 0.5 / 1.9 
P1LL 172.8 / 25.5  0.12 / 0.04 12.9 / 4.3 
P2LH 1473.3 /605.5  0.83 / 0.27 NA 
P2LL 230.0 / 3 3.7  0.18 / 0.06 24.2 / 7.7 
LC1

+ 179.4 / 13.5  0.12 / 0.02 59.9 / 1.8 
LC0.7

+ 180.6 / 8.9  0.12 / 0.03 NA 
LC0.5

+ 192.6 / 31.1  0.13 / 0.03 NA 
LC0.3

+ 190.5 / 13.3  0.12 / 0.02 NA 
P1LH

+ 210.2 / 17.9  0.10 / 0.02 49.5 / 2.7 
P1LL

+ 198.4 / 27.9  0.11 / 0.02 20.5 / 2.6 
P2LH

+ 442.2 / 178.9  0.74 / 0.36 NA 
P2LL

+ 180.8 / 15.0  0.14 / 0.03 29.8 / 1.3 
LC1

- 212.4 / 45.6  0.16 / 0.07 −45.7 / 8.9 
LC0.7

- 204.5 / 17.5  0.17 / 0.03 NA 
LC0.5

- 210.1 / 34.9  0.14 / 0.03 NA 
LC0.3

- 206.2 / 40.6  0.19 / 0.03 NA 
P1LH

- 1072.2 / 283.5  0.68 / 0.28 NA 
P1LL

- 1119.9 / 384.2  0.76 / 0.27 NA 
P2LH

- NA NA NA 
P2LL

- 178.2 / 13.7  0.23 / 0.04 21.6 / 1.1 
Sample aggregated (i.e., diameter > 300 nm and/or PDI > 0.4) 
Not possible to detach film from the glassware during the film hydration 

 

Table 4.3 – Overview of the diameter, PDI and ζ–potential of the various liposome and hybrid assemblies. 
The hybrid assemblies are denoted PxLy, where x can be 1 or 2 depending on whether the polymer contains 
a short or extended hydrophilic block (PDMAEMA), respectively. The y indicates whether low (L, 30 wt %) 
or high (H, 70 wt %) amounts of lipids were used. Control assemblies with lipids only, are denoted Lcz, where 
z determines the lipid concentration used (e.g. 1  1.0 mg mL-1). Superscripts of “+” or “-“ indicates if 20 
wt % of the lipids used were positively or negatively charged, respectively. At least 4 independent samples 
were measured for each lipid/polymer composition. 

 



[35] 
 

Vesicles assembled from lipids only (Lc1, Lc0.7, Lc0.5, Lc0.3, Lc1
+, Lc0.7

+, Lc0.5
+, Lc0.3

+, Lc1
-, Lc0.7

-, 
Lc0.5

-, Lc0.3
-) all exhibited a similar diameter with sufficiently low PDI. ζ-potential 

measurements of these revealed that LC1, Lc1
+ and Lc1

- had a zwitterionic (-4.4 mV), 
positive (59.9 mV) and negative (-45.7 mV) surface charge respectively. However, the 
successful assembly of hybrid vesicles depended on both the type of lipid and polymer 
used and the ratio between the two. For the zwitterionic and positively charged 
assemblies, all mixtures with P1 assembled into vesicle structures, whereas high ratios 
of lipids mixed with P2 led to aggregation (high PDI and diameter) 2 h after extrusion. 
This correlates well with previous reports, indicating that low amounts of polymer can 
lead to budding and phase separation of hybrid vesicles. Therefore, we hypothesize 
that this observation might be caused by membrane instabilities due to phase 
separation into lipid only and polymer only aggregates [110-112]. Despite not observing 
this effect after 2 h in giant unilamellar vesicles (GUV) P2LL assemblies, the membrane 
stabilities of nano-sized vesicles might differ from their GUV counterparts. All mixtures 
with negatively charged lipids and P1 triggered an aggregation of the assemblies, 
whereas mixtures with P2 and a lipid content of 30 wt % lead to assemblies with 
acceptable PDI values. I was not possible to detach the films composed of 30 wt % P2 
and 70 wt % POPC/POPS lipids from the glass surface. 

ζ-potential measurements revealed that the zwitterionic assemblies exhibited an 
increasingly positive surface charge with an increase in polymer content. Additionally, 
a higher ζ-potential was measured for the P2 assemblies compared to P1 with a similar 
lipid content, which can be explained by the slightly positive charge of the PDMAEMA 
block (extended in P2) at a pH of 7.4 (pKa of the homopolymer is ∼ 7.0 [113]). A similar 
trend was observed with negatively charged lipids, whereas the opposite was 
registered in assemblies with positively charged lipids. Here the ζ-potential dropped 
with an increasing polymer content, leading to the conclusion that the main contributor 
to a positive surface charge originates from the lipids. In general, hybrids assembled 
with 20 wt % POPS (negative head group) exhibited a slightly higher PDI, which was also 
confirmed by cryo-TEM images (figure 4.5f). Experiments measuring these assemblies 
over longer time revealed that the negatively charged assemblies showed signs of 
degradation within 1 – 3 days after synthesis (data not shown). On the other hand, P2LL 

and P2LL
+ assemblies exhibited a stable diameter and ζ-potential after 14 days and were 

therefore chosen for the subsequent cell experiments. 
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To verify the presence and ratios of lipids and cholesterol (i.e. polymer) in the hybrids, 
two assays were employed. The lipid quantification was performed using the Cell 
Biolabs, Inc. Lipid Quantification Kit. As a control, non-extruded multilamellar 
liposomes (2.5 mg mL-1 in HEPES2) were used with the assumption that in this case 100 
% of the lipids were assembled into liposomes. A standard curve was made by 
measuring the absorbance at 540 nm after reaction of the control samples with the 
vanillin reagent (figure 4.3).  

 

Figure 4.3 – Standard curve for the lipid quantification of liposomes (extruded) and hybrid vesicles. 
Absorbance at 540 nm as a function of the lipid concentration [107]. Data is expressed as mean ± SD. (n = 
3). 

Subsequently, the absorbance of each liposome (extruded) and hybrid sample was then 
measured and compared to the standard curve to translate the measured absorbance 
into a lipid concentration. The lipid incorporation efficiency of Lc1 was as expected ∼ 
100 %, whereas the efficiencies of P1LH, P1LL and P2LL was 36, 38 and 67 %, respectively 
(table 4.4). This indicates that the incorporation efficiency was more efficient when 
using the block copolymer with the extended hydrophilic block, most likely due to the 
improved solubility of the P2 polymer.  

The cholesterol quantification was done using the Amplex® Red Cholesterol Assay Kit. 
A similar standard curve was made using a cholesterol standard sample provided by 
the assay kit (figure 4.4).  
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Figure 4.4 – Standard curve for the cholesterol quantification of hybrid vesicles. Fluorescence intensity 
(ex./em. 545/590 nm) as a function of the cholesterol concentration [107]. Data is expressed as mean ± SD. 
(n = 3). 

It was possible to detect the incorporation of cholesterol in the hybrid vesicles. 
However, the values were very low for all assemblies, which most likely can be 
explained by the cholesterol units being conjugated to a polymer that again is 
incorporated into a hybrid membrane. The addition of dimethylsulfoxid (DMSO) 
combined with sonication improved the detection limit, but as the assay relies on 
multiple enzymes there is an intrinsic limit to the amount of DMSO that can be used. 
Most enzymes start seeing a significant reduction in their activity at 20 – 30 vol % of 
DMSO [114]. The highest detection of cholesterol was measured with a DMSO 
concentration of 30 vol %. Despite the lowered detection limit the qualitative ratios 
between the hybrid assemblies was as expected (table 4.4), indicating that varying the 
incorporation of block copolymers was possible. 

Assembly 
Type 

Lipids Cholesterol 
Theoretical 
[mg mL-1] 

Measured/S
TD [mg mL-1] 

Efficiency/
STD [%] 

Theoretical/S
TD [µg mL-1] 

Measured/S
TD [µg mL-1] 

Efficiency/
STD [%] 

LC1 1.00 0.97 / 0.08 97 / 8 NA NA NA 
P1LH 0.70 0.25 / 0.07 36 / 10 0.709 0.02 / 0.01 2.9 / 0.8 
P1LL 0.30 0.11 / 0.02 38 / 7 1.654 0.04 / 0.01 2.4 / 0.4 
P2LL 0.30 0.20 / 0.02 67 / 7 0.532 0.02 / 0.01 3.5 / 0.3 

 

Table 4.4 – Overview of the theoretical and measured lipid and cholesterol amounts in Lc1, P1LH, P1LL and 
P2LL assemblies. The listed values are averages from three independent repeats. 
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Cryo-TEM was applied to further elucidate the nature of the assemblies, e.g. if micelles 
or vesicles were formed (figure 4.5). Only vesicles were observed with a size range of 
∼ 20  - 400 nm. However, the larger assemblies consisted of many multilamellar and 
vesicle-inside-vesicle structures. This was especially the case for P1 hybrid assemblies 
and to a lesser extent for P2 assemblies (figure 4.5). The thickness of the membranes 
was also estimated. The hybrid membranes had a thickness of 5.8 – 6.7 nm and thereby 
thicker than pure POPC (Lc1) membranes of 4.9 – 5.4 nm (images not shown). Further, 
the membranes of P2 (6.4 – 6.7 nm) was thicker than hybrid vesicles with the P1 (5.8 – 
6.9 nm) polymer integrated. This finding support the hypothesis that the PCMA block 
is inserted into the lipid bilayer with the PDMAEMA block standing out or lying curled 
up on the surface. The bilayer structure was still visible in all hybrid samples, indicating 
that the lipid may form the backbone of the membranes with the block copolymers 
attach through their cholesteryl moieties. While it is believed that the PDMAEMA block 
is standing out of the membrane, the presence of negatively charged lipids might 
promote interaction with this block and thereby destabilizing the membrane. This was 
supported by the cryo-TEM images of P2LL

- assemblies, where practically all vesicles 
were broken up, rendering them less optimal candidates for further experiments 
(figure 4.5f). These assemblies were therefore excluded from the following 
experimental data. 

 

Figure 4.5 – Cryo-TEM images of different hybrid vesicles a) P1LL, b) P1LL
+, c) P1LL

- d) P2LL, e) P2LL
+ and f) 

P2LL
-. Figure made by Dr. Fabian Itel [107].  
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To further confirm the presence of both lipid and block copolymer in the vesicles, giant 
unilamellar vesicles (GUVs) were made and visualized by fluorescent microscopy. A 
mixture of POPC lipids and a block copolymer with fluorescein O-methacrylate (FIMA) 
copolymerized with the PDMAEMA block was used, i.e. P3. Texas Red-DHPE lipids were 
used for the visualization of the lipids. 

Since GUVs are much larger than the ∼ 200 nm vesicles, the difference in membrane 
curvature might influence the distribution of lipids and block copolymers in the 
membrane [115]. Despite this, it is still believed that GUVs are able to provide relevant 
information on the distribution of lipids and block copolymers in the membrane [110]. 
The GUVs exhibited a homogeneously distribution of the two dyes at P3 to POPC weight 
ratios of 3:7 (figure 4.6ai) and 7:3 (figure 4.6aii). To further demonstrate the membrane 
is a mixture of the two components, cholesterol was added in the mix at a 17 wt %, as 
cholesterol is known to alter the domain sizes and induce demixing in the membrane 
[116]. The addition of cholesterol to the system caused a re-arrangement of the 
membranes into lipid-rich and polymer-rich domains at both tested lipid to polymer 
ratios (figure 4.6bi and figure 4.6bii). It was estimated from the captured images that 
∼ 95 % of the hybrid vesicles underwent phase separation following the addition of 
cholesterol. It was not possible to give an estimate of the absolute domain sizes 
between the two used weight ratios. However, it was obvious that larger domains were 
formed using high amounts of lipids (figure 4.6bi).    
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Figure 4.6 – Fluorescence microscopy images of GUVs assembled from P3, lipids and cholesterol at different 
weight ratios (a) i) P3:POPC = 3:7 ii) P3:POPC = 7:3 and (b) i) P3:POPC:Chol = 3:7:2 ii) P3:POPC:Chol = 7:3:2. 
Green  FIMA of P3; Red  Texas Red-DHPE lipids; I  green channel; II  red channel; III  overlay. 
Scale bars are 20 µm. Vesicles assembly and figure was made by Wei Zong [107]. 

In conclusion, the fluorescence microscopy images confirmed the presence of both 
membrane constituent in the assemblies. Since the desired membrane was a 
homogeneous mixture, cholesterol was omitted from the subsequent experiments. 

Quartz crystal microbalance with dissipation (QCM-D) was applied to further analyze 
the different surface properties of the hybrid assemblies. More specific, QCM-D was 
employed as in indirect confirmation of the surface composition, i.e. the ability of the 
hybrids, in comparison to liposomes, to adsorb onto pre-coated silica crystals was 
assessed at pH 7.4 (figure 4.7). 
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Figure 4.7 - Adsorption of hybrids/liposomes at pH 7.4: Frequency changes ∆f (i) and dissipation change ∆D 
(ii) of PLL (a) or PLL/PMAA (b) pre-coated silica crystals upon exposure to hybrid/liposome assemblies made 
from P1 or P2 and/or several types of lipids in varied weight ratios. Data is expressed as mean ± SD. (n = 3). 
Results were obtained in collaboration with PhD student Wei Zong [107]. 

The changes in frequency (Δf, figure 4.7i) and dissipation (ΔD, figure 4.7ii) of the 
polymer pre-coated crystals upon exposure to different PxLy assemblies was 
monitored. Poly-L-lysine (PLL, positively charged at pH 7.4) was used as precursor 
coating for the zwitterionic assemblies (figure 4.7a), whereas an additional layer of 
poly(methacrylic acid) (PMAA, negatively charged at pH 7.4) was adsorbed, onto the 
pre-coated crystals, for the assemblies containing positively charged lipids (figure 4.7b). 
Controls with lipids only was assembled and analyzed with a decreasing amount of 
lipids to compare these results to the hybrids with different polymer to lipid ratios. As 
expected, liposome assembled with a lipid concentration of 0.3 mg mL-1 (LC0.3 and LC0.3

+) 
exhibited a Δf that was approximately three times lower than liposomes assembled via 
a 1.0 concentration of POPC lipids (Lc1 and Lc1

+). The observed dissipation change (ΔD) 
was not equally three times lower for the zwitterionic assemblies, which can be 
explained by the non-linear relationship between lipid density and energy dissipation, 
i.e. low density liposomes dissipate relatively large amounts of energy.       
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The interaction of the polymer-lipid hybrids with the surfaces clearly depended on the 
composition of the former. First, hybrids containing zwitterionic lipids were used to 
compare their interaction with PLL pre-coated surfaces to liposomes assembled from 
different lipid concentrations (P1LH, P1LL and P2LL) (Figure 4.7a). When comparing Δf 
and ΔD of PLL pre-coated crystals due to the adsorption of P1LH and P2LL, the values 
were similar to Lc1 in the former case. On the other hand, P2LL led to lower Δf and ΔD 
even when compared to Lc30. This finding illustrates that P2 affects the surface 
properties of the assemblies, i.e. the positive charges of the PLL pre-coated crystals and 
the hybrid vesicles probably repelled each other. This effect was even more significant 
in the case of the P2 hybrids, likely due to the higher molecular weight of the 
PDMAEMA copolymer block, as this has proved more efficient in rendering the hybrid’s 
surface positively charged as compared to P1 hybrids. This finding correlates well with 
the data from the ζ-potential measurements (table 4.3). 

Moving on, 20 wt % of positively charged lipids were added to the hybrid assemblies. 
More specific, 20 wt % POEPC lipids with a positively charged head group at pH 7.4 was 
added in place of zwitterionic POPC lipids resulting in P1LH

+, P1LL
+ and P2LL

+ hybrid 
assemblies. The adsorption of the assemblies onto poly(methacrylic acid) (PMAA, 
negatively charged at pH 7.4) pre-coated crystals, in comparison to Lc1

+, Lc0.5
+ and Lc0.3

+, 
was monitored (figure 4.7b). Exposing the PMAA pre-coated crystals to POPC/POEPC 
liposomes resulted in the expected concentration dependent adsorption. When 
crystals were exposed to hybrid vesicles, comparable Δf and ΔD to Lc1

+ was observed, 
while liposomes assembled from similar amounts of lipids (Lc0.5

+ and Lc0.3
+) led to much 

lower Δf and ΔD. In the latter case, the observation strongly supports the presence of 
block copolymers in the vesicles independent if P1 or P2 was used. 

4.2.3 Cellular Uptake & Intracellular Stability 
Cellular internalization of an artificial organelle is a fundamental step in order to 
achieve an intracellular functional artificial organelle. Therefore, the uptake of 
liposomes and hybrids in RAW 264.7 macrophages was analyzed using NBD labelled 
lipids. The cells were exposed to 50 µg mL-1 of the fluorescently labelled liposomes and 
hybrids for 5 h and the normalized cell mean fluorescence was collected by flow 
cytometry at an excitation wavelength of 488 nm (figure 4.8a).  
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Figure 4.8 – Cellular Uptake: nCMF of RAW 264.7 cells upon incubation with 50 µg mL-1 fluorescently labeled 
hybrids and liposomes for a) 5 h and b) nCMF as a function of time. Data is expressed as mean ± SD. (n = 3, 
* p ≤ 0.05, ** p ≤ 0.01). Results were obtained in collaboration with PhD student Wei Zong [107]. 

The normalized cell mean fluorescence (nCMF) was normalized to the fluorescence of 
the individual samples, as this could vary. This normalization assumes that the 
fluorescent lipids were evenly distributed in the membrane of all assemblies. All 
analyzed zwitterionic hybrid vesicles showed a significantly higher nCMF when 
compared to their corresponding control, Lc1 (figure 4.8a). For the positively charged 
hybrids only P1LL

+ exhibited a significantly higher uptake compared to Lc1
+. However, it 

should also be noted that the uptake for Lc1
+ was significantly higher than for Lc1, which 

is not unexpected as positively charged assemblies exhibit a stronger affinity for the 
negatively charged cell surface [117]. Generally, P1LL and P1LL

+ exhibited the highest 
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nCMF, which is somewhat surprising considering their more neutral surface charge at 
pH 7.4 (table 4.3, ζ-potential). However, considering the endosomal/lysosomal escape 
experiments, assemblies with P1 would most likely exhibit a less potent ability to 
escape the endosome/lysosome due to the shorter PDMAEMA polymer block. 

Following on, the nCMF of two selected hybrid assemblies (P2LL and P2LL
+) incubated 

with RAW 264.7 mouse macrophages was assessed over time (figure 4.8b). These 
hybrid vehicles were chosen since their assembly was possible for both mixtures of 
lipids and P2 was expected to possess the more potent endosomal/lysosomal escape 
ability. No significant differences were observed after 24 h, when compared to the 
fluorescence measured after 5 h. This indicates that the fluorescent signal originating 
from the assemblies is stable inside the cells for at least 24 h. 

Uptake efficiencies were also measured using the C6 flow cytometer (Accuri Cytometer, 
Inc.) by setting a standard fluorescence limit on the flow cytometer and comparing this 
to the fluorescence of each count (i.e. each RAW 264.7 cell) measured. These indicated 
that the uptake efficiency for all samples hybrid samples was above 80 % after 5 h, 
whereas control samples with liposomes only exhibited as less potent uptake efficiency 
(figure 4.9a). Finally, no change in the uptake efficiency was observed over a longer 
period of time (16 h and 24 h) (figure 4.9b), which can be interpreted as the cells were 
never fully saturated at any point or that the limit set in the flow cytometer was too 
low to truly distinguish differences between each sample type. 
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Figure 4.9 - Uptake efficiency: a) Uptake efficiency of fluorescently labeled hybrid vesicles (left: P1LH, P1LL 
and P2LL; right: P1LH

+, P1LL
+ and P2LL

+) and liposomes (Lc1 and Lc1
+) by RAW 264.7 cells within 5 h. b) Uptake 

efficiency of fluorescently labeled P2LL and P2LL
+ by RAW 264.7 cells within 5, 16 and 24 h. Data is expressed 

as mean ± SD. (n = 3). Results were obtained in collaboration with PhD student Wei Zong [107]. 

In conclusion, the cellular uptake results illustrates that the assembly constituents of 
the hybrid vesicles compared to their liposome counterparts, led to significant different 
uptake profiles in RAW 264.7 mouse macrophages. 
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4.2.4 Cytotoxicity 
An important requirement for a vesicle to function as an artificial organelle is the need 
for the vesicle to exhibit low levels of cytotoxicity. Therefore, a biological evaluation of 
the cell viability of RAW 264.7 mouse macrophages was performed. These were 
exposed to different concentrations of the liposomes and hybrid assemblies for 5 h and 
the cell viability was measured using the Cell Counting Kit-8 (CCK-8) (figure 4.10). 

 

Figure 4.10 - Short-term cell viability as a function of concentration: The effect on the RAW 264.7 cell 
viability upon exposure to varying concentrations of a) Lc1, P1LH, P1LL and P2LL and b) Lc1

+, P1LH
+, P1LL

+ and 
P2LL

+ for 5 h is shown. The results were normalized to untreated cells, as a control. Data is expressed as 
mean ± SD. (n = 3, * p < 0.05, ** p < 0.01). 
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As expected, neither of the tested concentrations of liposomes (LC1 and Lc1+) negatively 
affected the cell viability compared to the untreated cells. However, all tested hybrids 
assemblies showed increasing cytotoxicity with an increasing concentration. A 250 
µg/mL hybrid concentration containing P1 and P2 reduced the cell viability to ∼ 20 % 
and ∼ 70 %, respectively. This observation was expected considering the structure and 
purpose of the hybrids. The PDMAEMA polymer block is designed to provide the 
hybrids with an endosomal/lysosomal escape ability, thus at higher concentrations 
they might be capable of bursting the outer membrane of the cells, as proton pumping 
ATPase proteins are also present in the plasma membrane [118]. Particularly, this was 
visually observed at high hybrid concentrations through a bright field microscope (data 
not shown). This also correlates well with the fact that assemblies containing P2 proved 
more cytotoxic compared to P1, as the former contains a higher molecular weight 
PDMAEMA block. In fact, by plotting the concentration as a number of DMAEMA units 
that the cells were exposed to it becomes evident that the cytotoxicity originates from 
this polymer block (figure 4.11). The calculation of DMAEMA units was based on the 
data from the lipid quantification with the assumption that the polymer to lipid ratio 
remained constant. By taking the estimated molecular weight and the dilution factor, 
the total number of DMAEMA units the cells were exposed to was calculated. No 
significant difference between the samples was observed when plotting the normalized 
cell viability as a function of DMAEMA units. 
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Figure 4.11 - Short-term cell viability as a function of DMAEMA units: The effect on the RAW 264.7 cell 
viability upon exposure to P1LH, P1LL and P2LL for 5 h is shown. The concentration is expressed in the number 
of DMAEMA units (theoretical) incorporated into the hybrid vesicles. The results were normalized to 
untreated cells, as a control. Data is expressed as mean ± SD. (n = 3) [107]. 

Further, combining the viability data with the uptake data, the observed reduction in 
cell viability cannot solely be attributed to a higher internalized number of hybrids. 
While P2-based assemblies, independent on the used lipids, were found to cause the 
largest reduction in cell viability (or most potent proton sponge effect), cells exposed 
to P1LL had the highest nCMF, showing that the design of the chosen building block had 
a considerable influence on the biological response. 

Additionally, a long-term investigation of the effect on the RAW 264.7 cells’ viability 
was also performed. The cells were exposed to P2 containing hybrids at a 50 µg/mL 
concentration for 24 h and 48 h (figure 4.12). This concentration was chosen as it 
exhibited no significant reduction in cell viability after 5 h (figure 4.10a and 4.10b).   
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Figure 4.12 - Long-term cell viability: The effect on the RAW 264.7 cell viability upon exposure to a 50 µg/mL 
concentration of P2LL and P2LL+ after 5 h, 24 h and 48 h is shown. The results are normalized to untreated 
cells. Data is expressed as mean ± SD. (n = 3, * p < 0.05, ** p < 0.01) [107]. 

Besides an initial reduction in the cell viability after 5 h, no further reduction in cell 
viability was observed after 24 h and 48 h, i.e. no statistical significant differences were 
found. This leads to the conclusion, that despite an initial reduction, the cells are able 
to recover over time at this specific concentration. 

In a next step, to bring the hybrids assemblies one step closer to fulfilling their 
therapeutic purpose, the effect of a 50 µg/mL P2LL concentration incubated for 5 h was 
tested on primary rat Kupffer cells and freshly isolated human monocytes 
differentiated into macrophages (figure 4.13).  
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Figure 4.13 – The effect on the normalized cell viability of primary rat Kupffer cells and human monocytes 
upon exposure to different numbers of DMAEMA units for 5 h. The results are normalized to untreated cells. 
Data is expressed as mean ± SD. Monocyte experiments were performed by Daniel Mayer [107].   

Primary rat Kupffer cells were chosen since they are specialized macrophages localized 
in the liver, playing a key role in the removal of substances, such as gut-derived 
bacteria, microbial debris, bacterial endotoxins [119] and foreign nanomaterials [120]. 
When incubated with P2LL hybrids these cells showed an initial drop of ≈ 10 % in 
viability, similarly to what was observed for the RAW 264.7 cell line. Surprisingly, a 
further increase in P2LL hybrid concentration had only very little effect on the viability. 
This finding was in contrast to the response of RAW 264.7 cells, suggesting that either 
the Kupffer cells are more resilient or the uptake of the P2LL hybrids by the Kupffer cells 
might be somewhat limited, thus seemingly lowering the cytotoxicity of the assemblies. 
It is important to note that due to the sticky nature of the Kupffer cells it was only 
possible to conduct two non-independent repeats. Therefore, the standard deviation 
for the presented data (figure 4.13) is based on these repeats. 

Human monocytes are cells found circulating in the peripheral blood that differentiate 
into macrophages when reaching contact with tissue and organs. The hybrid vesicles 
had a drastic effect on the human monocytes. Cells incubated with > 500 DMAEMA 
units reduced the viability of the cells to less than 50 %. Despite reflecting the 
vulnerability of cultured human macrophages it likewise underlines that a general 
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conclusion on the cytotoxicity of a given substance cannot be drawn from tests on a 
single cell line. 

4.2.5 Endosomal/Lysosomal Escape 
Acquiring an efficient escape some endosomal/lysosomal compartments is crucial for 
maintaining the therapeutic activity of an artificial organelle. Previously mentioned 
examples claim to have partially escaped these cellular compartments and escaped into 
the cytosol [121, 122]. The escaped vesicles were highly localized, which caused the 
authors to suggest that the vesicles were encapsulated in unknown non-acidic (i.e. non-
stained) compartments. However, in both cases the exposed cells were first incubated 
with the artificial organelles and subsequently incubated with the 
endosomal/lysosomal staining dye. Following a subsequent administration, RAW 264.7 
macrophages were first incubated with NBD stained liposomes/hybrids for 2 h and 
subsequently stained with LysoTracker® Red DND-99 for 1.5 h (figure 4.14a). 

 

Figure 4.14 – Representative CLSM images as a results of different administration procedures of POPC 
liposomes to RAW 264.7 macrophages. Liposomes were labelled with NBD (green), whereas the lysosomes 
were stained red stained with LysoTracker® Red DND-99 and the cell nuclei were blue stained with DAPI. a) 
Macrophages were first exposed to liposomes for 2 h and subsequently stained with LysoTracker® Red DND-
99 for 1.5 h. b) Macrophages were incubated with a mixture of liposomes and LysoTracker® Red DND-99 
for 1.5 h.  The scale bars are 20 µm. 

The CLSM images obtained had quite similar look, when compared to the previously 
mentioned examples [121, 122]. Analyzing the images, one could be tempted to 
conclude that even the lipid only samples escaped the endosomes/lysosomes, as hardly 
no co-localization was observed. This would be a surprising result, as no known 
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mechanism could explain the escape ability of the POPC liposomes. Therefore, a 
simultaneous administration of the liposomes and the LysoTracker® was also 
attempted (figure 4.14b). The results were drastically different when compared to the 
images obtained through a subsequent administration and leads towards the 
conclusion that almost all liposomes were encapsulated into acidic cellular 
compartments, as a high degree of co-localization was observed. Co-administration 
was applied for the remainder of the CLSM experiments in this chapter, following the 
hypothesis that having first saturated endosomal/lysosomal compartments with 
certain vesicles seems to inhibit (or compete with) the subsequent uptake of 
endosomal/lysosomal staining dyes, such as pHrodo® or LysoTracker®. It is highly likely 
that the results obtained are case sensitive, i.e. subsequent administration might 
produce the same result for other combinations of dyes and cell types. More convincing 
endosomal/lysosomal escape of hollow silica nanospheres was achieved with another 
endosome-staining dye, FM4-64, though it seems to stain almost the entire cell [123].  

To elucidate whether the hybrids possessed the ability to facilitate lysosomal escape, 
confocal laser scanning microscopy (CLSM) was employed to visualize the fluorescent 
signal originating from the internalized hybrids and liposomes (Figure 4.15). More 
specific, Lc1 and Lc1

+ were compared to P2LL and P2LL+, respectively. The cellular 
lysosomes were stained using LysoTracker® Red DND-99. Hybrid vesicles were 
incubated for 1.5 h, whereas liposome samples required an incubation of 5 h in order 
to achieve a sufficient level of fluorescence for CLSM. 
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Figure 4.15 - Lysosomal escape: Representative color split CLSM images of liposome [ i) Lc1 and iiI) Lc1
+] 

incubated for 5 h and hybrid vesicles [ ii) P2LL and iv) P2LL
+] incubated for 1.5 h; LysoTracker® Red DND-99 

(left, red), NBD lipids (middle, green) and merged (right); PCC = Pearson Correlation Coefficient. Scale bars 
are 20 µm. (n = 3) [107].  
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In agreement with the flow cytometry data (figure 4.8a), the green fluorescent signal 
of the cells, due to internalized hybrids, was higher compared to cells exposed to 
liposomes (despite a longer incubation time with liposomes). In addition, cells 
incubated with P2LL+ had the highest green signal, again confirming the flow cytometry 
data.  

Further, the green signal in cells exposed to Lc1 and Lc1
+ exhibited a high degree of co-

localization with the LysoTracker® Red DND-99 stained lysosomes. In contrast, the 
green signal in cells exposed to the hybrids was less localized, but more spread across 
the cells suggesting their release into the cytosol. To bring a measure for the correlation 
with the lysosomes, the Pearson Correlation Coefficient (PCC) was used. The value of 
the coefficient depends on the degree of correlation between the red and green pixels 
(table 4.5) [124].  

PCC value Degree of correlation 

0.90 – 1.00 Very high correlation 
0.70 – 0.90 High correlation 
0.50 – 0.70 Moderate correlation 
0.30 – 0.50 Low correlation 
0.00 – 0.30 Negligible correlation 

 

Table 4.5 – Overview of the relationship between Pearson Correlation Coefficients and the degree of 
correlation [124].  

Four representative images were picked for each sample type. Results are displayed in 
the table below (table 4.6). 

Assembly Type PCC value / STD 
LC1 0.74 / 0.07 
LC1

+ 0.83 / 0.05 
P2LL 0.49 / 0.10 
P2LL

+ 0.41 / 0.05 
 

Table 4.6 – Pearson Correlation Coefficients (PCCs) for liposomes (Lc1 and Lc1
+) and hybrid vesicles (P2LL 

and P2LL
+). Four representative CLSM images were selected for each assembly type. 
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Both liposome samples exhibited a high degree of correlation with the fluorescent 
signal originating from the lysosomes, whereas a low degree of correlation was 
observed for both types of hybrid vesicles. I.e. a cytosolic placement of the hybrid 
vesicles fluorescence was likely. However, due to their small size it was impossible to 
conclude whether hybrids vesicles escaped as intact artificial organelles or 
partially/completely disintegrated. 

Another very recent publication (July 2018), investigating the cellular entry and 
intracellular trafficking mechanisms of PDMAEMA-DNA polyplexes, conclude that these 
enter the endosomal/lysosomal compartments very fast (within 5 min), but are able to 
escape this route of degradation 24 h after cellular uptake [125]. With this in mind, we 
could maybe have achieved an enhanced lysosomal escape effect by incubating for 
extended time points. 

4.2.6 Conclusion 
This chapter reports the successful assembly of hybrid vesicles consisting of two 
different PDMAEMA-block-PCMA copolymers with phospholipids. A significant higher 
uptake of hybrid vesicles using RAW 264.7 mouse macrophages was observed when 
compared to POPC liposomes. The highest uptake was seen for P1LL

+ hybrid vesicles.  

The hybrids containing the extended PDMAEMA block caused the largest reduction in 
cell viability, though this is most likely related to them featuring the most potent proton 
sponge effect. However, considerations regarding the administered concentration of 
the hybrids needs to be taken to reduce cytotoxicity, while still preserving an 
endosomal/lysosomal escape ability. Long-term viability experiments revealed that 
despite an initial drop in cell viability with a 50 µg/mL hybrids concentration, no further 
reduction was observed after 48 h. Surprisingly, primary rat Kupffer cells proved very 
resilient upon exposure to two selected hybrid vesicles. On the other hand, the hybrid 
vesicles had a striking effect on the viability of human macrophages, underlining the 
importance of assessing more than a single cell line prior to making conclusions on the 
cytotoxicity of a given substance.  

CLSM images confirmed that the hybrids possessed the ability escape the 
endosomal/lysosomal compartments, as labelled hybrid vesicles exhibited a low 
correlation in contrast to their liposome counterparts that almost exclusively resided 
in the acidic cellular compartments. 
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Summing up, the findings in this chapter illustrates that the PCMA-block-PDMAEMA 
copolymer hybrid vesicles possess the potential to broaden the portfolio of vesicular 
nanocarriers for cytosolic drug delivery and thereby serve as intracellular active 
artificial organelles. However, for certain cell lines it might be necessary to explore the 
possibility to reduce the cytotoxicity, while preserving the ability to escape the 
lysosomes for sustained therapeutic effect. 
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5 Artificial Organelles with a Small Organic Enzyme Mimic 
The following chapter covers the development of polymer micelles loaded with a 
synthetic enzyme mimic to serve as artificial organelles. Specifically, poly(cholesteryl 
methacrylate)-block-poly(2-dimethylaminoethyl methacrylate) (PCMA-b-PDMAEMA) 
block copolymers assembled into micelles with the encapsulation of different salen-
manganese complexes, also called eukarions (EUKs) after the US pharmaceutical 
company, Eukarion. First an introduction on EUKs will be given, highlighting the reason 
for choosing this small organic molecule. Next, considerations regarding the synthesis 
of the EUK complexes, micelle assembly and micelle characterization are summarized. 
The primary focus will be on the biological evaluation, where the cellular uptake, cell 
viability, intracellular activity and lysosomal escape capability will be assessed using the 
human cancer liver cell line, HepG2. In the end, the results from the chapter will be 
evaluated to conclude whether they possess the ability to serve as or improve current 
examples of artificial organelles. 

Four different EUK complexes were synthesized and denoted A, B, C and D. Micelles 
loaded with EUK will be denoted MX, where X refers to the EUK ligand encapsulated in 
the assembly. Empty micelles are denoted M0. 

The purpose of this work is to development artificial organelles with reduced cost, 
improved intracellular stability and lower environmental sensitivity compared to 
artificial organelles utilizing natural enzymes. To this end, the small organic enzyme 
mimic, EUK, was chosen. 

Part of the results in this chapter has been adapted for the following publication: 

Small organic catalase mimic encapsulated in micellar artificial organelles; Ade, 
Carina⊥; Brodszkij, Edit⊥; Thingholm, Bo; Itel, Fabian; Taipaleenmäki, Essi; Hviid, Martin 
J.; Schattling, Philipp; Städler, Brigitte. ACS Applied Materials & Interfaces. 2019, 
Under Revision. 

5.1 Introduction 
Despite being essential for aerobic life, molecular oxygen can be converted into 
potentially cytotoxic compounds, including superoxide ion, hydroxyl radical and 
hydrogen peroxide, collectively known as reactive oxygen species (ROS). Due to their 
high reactivity, increased levels of ROS can cause cellular damage through interactions 
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and subsequent modification of proteins, lipids and DNA. However, the eukaryotic cell 
has some degree of protection through the ROS scavenging enzymes peroxide 
dismutase (SOD) and catalase that catalytically decompose superoxide ion and 
hydrogen peroxide, respectively. In addition, compounds that are synthesized 
endogenously or acquired through diet have antioxidant properties. Examples are 
ascorbate (vitamin C), a-tocopherol (vitamin E) and last but not least glutathione. 
However, when ROS levels exceed the capacity of the neutralizing scavengers, cells 
become vulnerable. A condition known as oxidative stress [126]. 

A way to address this issue is through the development of synthetic enzyme mimics. 
One such example is the synthetic salen-manganese complex, eukarion (EUK). The 
abbreviation “salen” is a contraction of salicylaldehyde and ethylenediamine [127, 
128]. These complexes have been shown to exhibit both superoxide dismutase (SOD) 
and catalase activities. Similar to the mechanism of natural Mn-SOD enzymes, the 
manganese in the complex is reduced by superoxide, producing molecular oxygen 
(reaction 1). Next, it can be re-oxidized by a second superoxide molecule, producing 
hydrogen peroxide (reaction 2) [128, 129]. 

MnIII (salen) + O2
· - → MnII (salen) + O2   (1) 

MnII (salen) + O2
· - → MnIII (salen) + H2O2   (2) 

Mimicking the reaction of catalase, MnIII (salen) is first oxidized by hydrogen peroxide, 
forming an oxo-manganese-salen intermediate and producing water (reaction 3). 
Subsequent, the oxo-manganese-salen intermediate can react with a second molecule 
of hydrogen peroxide, reducing the intermediate and producing water and molecular 
oxygen (reaction 4) [128, 129].  

MnIII (salen) + H2O2 → MnV (salen) = O + H2O  (3) 

MnV (salen) = O + H2O2 → MnIII (salen) + H2O + O2  (4) 

Compared to natural antioxidant enzymes, these low molecular weight synthetic salen-
manganese complexes exhibit improved stability and bioavailability. Indeed, salen-
manganese complexes have shown efficacy in several models for ROS associated 
pathologies, exemplified by EUK-8 and EUK-134 (figure 5.1).  
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Figure 5.1 – Chemical structures of the salen-manganese prototypes, EUK-8 and EUK-134. 

These prototype EUKs were shown to protect cells and tissue from ROS generated in 
animal models for Alzheimer’s disease [31], ischemia-reperfusion injury in heart and 
kidney tissue [32, 33], multiple sclerosis [34], stroke [35], excitotoxic neuronal injury 
[36], Parkinson’s disease [37] and motor neurone disease [38]. 

Another advantage of EUK is that the chemical structure of the molecule can be altered 
to enhance the activity for a specific application. For example, exchanging the ethane 
bridge with an aromatic bridge can significantly increase the catalase activity. Further, 
alkoxy substituents in ortho or para position to the metal complexation site enhance 
the catalase activity, whereas meta substituents lowers the activity. More so, electron-
donating substituents stabilize the oxo-manganese-salen intermediate, while electron-
withdrawing substituents destabilize it [129-131]. 

Despite all the positives regarding EUK there are still challenges to overcome in 
oxidative stress related pathological conditions. One such is the extremely low water 
solubility of EUK. In this context, Vecchio et al. modified different EUKs by conjugating 
β-cyclodextrins to the complexes. However, in all cases the increase in water solubility 
came at the price of lowered catalase activity compared to EUK-8 and EUK-134 [132-
134].  

Further, both catalase and peroxidase activities of EUK-8 were shown to be pH sensitive 
[129]. The activity of EUK-8 increased with increasing pH in the range of pH 6 to pH 9. 
In the context of biological applications, this underlines the importance of escaping the 
acidified compartments of the cell for optimal activity. 
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5.2 Small Organic Catalase Mimic Encapsulated in Micellar Artificial 
Organelles 

5.2.1 EUK Synthesis 
Four alternative versions of EUK were synthesized with the aim to obtain catalase 
mimics with higher activity towards decomposing hydrogen peroxide. As mentioned, 
exchanging the ethane bridge with an aromatic bridge and 3-methoxy substituents in 
ortho or para position could improve catalase activity [129-131]. Therefore, the EUK 
complexes were designed to exhibit enhanced electron-donating abilities compared to 
the EUK complex known to possess the highest overall catalase activity, EUK-134 (figure 
5.2a). In addition, a carboxylic acid pendant group was chosen in EUK-A to allow for 
further chemical modification and to improve the water solubility of the complex. 
Further, EUK-B, EUK-C and EUK-D were synthesized to compare electrophilic aromatic 
substitution of hydroxyl or allyl groups at the meta or ortho position to the metal 
complexation site, respectively. In addition, the allyl group provides the possibility to 
polymerize the complexes. The catalytic activity of the different EUKs was estimated by 
incubating varying concentrations of these with 5 µM hydrogen peroxide. 
Subsequently, the remaining hydrogen peroxide was quantified using the Amplex 
UltraRed® assay, i.e. the more hydrogen peroxide intact, the lower the catalytic activity.  
More than 2 mM EUK-134, EUK-C and EUK-D was needed to decompose 50 % of the 
initial hydrogen peroxide, whereas only 0.5 mM EUK-A and 0.05 mM EUK-B was needed 
to produce the same catalytic activity (figure 5.2b). Despite promising catalytic activity, 
the solubility of EUK-C in water was very poor, i.e. only 0.17 mM EUK-C could be 
dissolved without visible precipitation. EUK-D exhibited high water solubility, but 
showed only modest catalytic activity, which can be explained by the addition of the 
hydroxyl groups that exhibit electron withdrawing properties. Contrary, EUK-B 
exhibited a remarkable high activity compared to EUK-134. It was not possible to 
determine the exact chemical structure of EUK-B from the 1H NMR spectra (data not 
shown). However, since neither EUK-C nor EUK-D showed this level of catalytic activity, 
it would make sense if EUK-B mostly consisted of the asymmetrical complex (figure 
5.2a). In addition, the enzyme catalase lost its catalytic activity within 2 days in a buffer 
solution, whereas EUK-134 preserved its activity for at least 100 days (figure A1). This 
confirms previous reports stating that this type of enzyme mimics exhibit superior 
stability compared to natural enzymes. All EUKs were synthesized by Dr. Edit Brodszkij 
and catalytic activity was measured by PhD student Carina Ade and Dr. Edit Brodszkij. 
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Figure 5.2 – EUK complexes: a) Chemical structures and b) Concentration-dependent catalytic activity of 
EUK-134, EUK-A, EUK-B, EUK-C and EUK-D to convert 5 µM hydrogen peroxide to water and molecular 
oxygen in 30 min. Data is expressed as mean ± SD. (n = 3). All EUKs were synthesized by Dr. Edit Brodszkij 
and catalytic activity was measured by PhD student Carina Ade and Dr. Edit Brodszkij. 

5.2.2 Micelles 
Next, the effect of encapsulating the EUKs in polymer micelles was investigated. The 
idea behind this was two-fold. Instead of modifying the chemical structure of the EUK 
to improve the water solubility, a different approach would be to encapsulate the 
complex and thereby improve the solubility. Second, the need for lysosomal escape 
cannot be disregarded in an attempt to optimize the intracellular activity of an artificial 
organelle. Therefore, we chose the block copolymer poly(cholesteryl methacrylate)-
block-poly(2-dimethylaminoethyl methacrylate) (PCMA-b-PDMAEMA), which was 
synthesized with a 5.2 kDa PCMA and a 21.6 kDa PDMAEMA block. Our group have 
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previously used PCMA as the hydrophobic block to assemble micelles [135] or lipid-
polymer hybrid vesicles [93, 107]. The PDMAEMA block was chosen for its ability to 
escape the endocytic pathway via the proton sponge effect [51, 107, 125, 136]. Micelles 
were assembled via the film rehydration method (without extrusion). It was not 
possible to encapsulate EUK-134, which most likely can be attributed to the relative 
hydrophilic nature of the complex, rendering it unfavorable to be inserted into the 
hydrophobic PCMA micelle core. The formation of micelles was confirmed by 
transmission electron microscopy (TEM) (figure 5.3a). The micelles had a diameter of 
∼ 20 nm exhibiting a more or less elongated shape. Empty micelles (M0) had the highest 
aspect ratio of 3.0 compared to 1.9, 1.2, 1.7 and 1.4 for MA, MB, MC and MD, 
respectively. The EUK encapsulation efficiency (EE) was likewise estimated utilizing the 
absorption of EUK at 310 or 354 nm (data not shown). The EE was 41 %, 20 %, 3 % and 
> 1 % for MB, MC, MA and MD, respectively. This is not too surprising considering the 
hydrophilicity/hydrophobicity of the complexes, except one would expect EUK-C to 
exhibit higher EE than EUK-B. 

In a next step, the catalytic activity of the micelles was determined using the Amplex 
UltraRed® assay in manner similar to the determination for the free complexes (figure 
5.3b). Considering the activity of the free complexes (figure 5.2b) and the EEs, it was 
not surprising that M0 and MD decomposed no hydrogen peroxide at all. MA, MC and MB 
converted ∼ 23 %, ∼ 63 % and ∼ 97 %, respectively. Contrary to free EUK-C, there was 
no solubility issues with the EUK-C micelles, MC. Due to the superior performance of 
EUK-B and the corresponding micelles (MB), these were chosen for the subsequent 
biological evaluation. MD was chosen as a control ahead of M0, as no catalytic activity 
was present in both cases and by utilizing MD is could simultaneously be concluded that 
obtained results were not a consequence of differences in synthesis/assembly 
protocol. All micelles were assembled and characterized by PhD student Carina Ade 
and Dr. Edit Brodszkij. 
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Figure 5.3 – EUK loaded PCMA-b-PDMAEMA micelles: a) Representative TEM images of M0 (empty), MA, 
MB, MC and MD. Scale bars are 200 nm and 50 nm in the inset. b)  Catalytic activity of M0 (empty), MA, MB, 
MC and MD exposed to 5 µM hydrogen peroxide for 30 min. Data is normalized µM 5 hydrogen peroxide 
without micelles. The data is expressed as mean ± SD. (n = 3). All micelles were assembled and characterized 
by PhD student Carina Ade and Dr. Edit Brodszkij. 
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5.2.3 Biological Evaluation 
5.2.3.1 Cellular Uptake 
As previously stated, a fundamental step in achieving an intracellular active artificial 
organelle is to ensure that the artificial organelles are taken up by the cell. In this 
context, the uptake efficacy of fluorescently labelled EUK-B micelles (MB

f) by HepG2 
cells was determined by flow cytometry. For the assembly of MB

f, fluorescein O- 
methacrylate (FlMA) was co-polymerized with the PDMAEMA block yielding PCMA-b-
p(DMAEMA-co-FlMA) with a 5.2 kDa PCMA and a 31.6 kDa second block. Utilizing the 
FlMA modified copolymer did not affect the micelle morphology nor their catalytic 
activity (data not shown). 10 µg mL-1 MB

f stock solution was incubated with HepG2 cells 
for 3 h, 6 h and 24 h. The cell mean fluorescence was collected by flow cytometry and 
normalized to the fluorescence of the individual stock solutions (measured with a 
multimode plate reader) to correct for batch-to-batch variations in fluorescence (figure 
5.4). 

 

Figure 5.4 – Cellular uptake: Normalized cell mean fluorescence (nCMF) of HepG2 cells when incubated with 
10 µg mL-1 MB

f for 3 h, 6 h and 24 h monitored by flow cytometry. Data was normalized to the fluorescence 
of the individual stock solutions of MB

f measured using a multimode plate reader. Data is expressed as 
mean ± SD. (n = 3). Results were obtained in collaboration with PhD student Carina Ade. 

An increase in fluorescence was observed during this time frame, leading to the 
conclusion that the cells were never completely saturated after 3 h or 6 h. Finally yet 
importantly, the successful association of MB

f with HepG2 cells was confirmed. 



[65] 
 

5.2.3.2 Cell Viability 
Another crucial step in the context of developing an intracellular active artificial 
organelle is to evaluate whether they induce a cytotoxic response. Therefore, the 
viability of HepG2 cells exposed to different concentrations of MB and MD was 
determined (figure 5.5). Due to the previously shown high cytotoxicity of the 
hydrophilic block, PDMAEMA (figure 4.11 and 4.13), the cells were only exposed to 
micelles for 6 h followed by 18 h recovery in fresh cell media prior to assessing the 
viability. The viability data was normalized to untreated cells incubated for 24 h. 

 

Figure 5.5 – Dose-response: Normalized cell viability of HepG2 exposed to varying concentrations of MB or 
MD for 6 h followed by a recovery time of 18 h, where the cells were incubated in fresh media. Data is 
normalized to untreated cells after 24 h. Data is expressed as mean ± SD. (n = 3). 

The dose-response cell viability was comparable for MB and MD within the tested 
period, i.e. no significantly differences were found using a two-way ANOVA followed by 
a Turkey’s multiple comparison posthoc test. The median lethal dose (LD50) was 
determined to be ∼ 60 µg mL-1 in both cases. This is approximately half the value of the 
LD50 determined with the hybrid vesicles (with a similar polymer block ratio) in chapter 
4 (figure 4.10a, see P2). Theoretically, these micelles, consisting of polymeric material 
only, should also exhibit a more potent proton sponge effect per weight compared to 
the hybrid vesicles. In addition, one needs to keep in mind that the hybrid vesicles were 
tested on RAW 264.7 mouse macrophages, whereas the micelles were tested on HepG2 
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liver cells. Further, the HepG2 cells were exposed to micelles for 6 h and then let to 
recover for 18 h, whereas no recovery time was given to the RAW 264.7 cells after 5 h 
of incubation. This leads to the assumption that the difference in LD50 is even larger 
than a factor 2. 

In a next step, we aimed to illustrate that the HepG2 cells, despite experiencing high 
levels of cytotoxicity, were able to recover from the incubation with micelles. To this 
end, we again exposed HepG2 cells to MB, but this time allowed them to recover for an 
additional 24 h before assessing their viability (figure 5.6). The viability data was again 
normalized to untreated cells incubated for 24 h. 

 

Figure 5.6 – Recovery effect: Normalized cell viability of HepG2 exposed to varying concentrations of MB or 
MB (+ 24 h of additional incubation). Data is normalized to untreated cells after 24 h. Data is expressed as 
mean ± SD. (n = 3, * p < 0.05). 

As expected, the untreated cells almost doubled within the extra 24 h of recovery. This 
correlates well the known doubling time for HepG2 of ∼ 20 h [137]. Assuming a linear 
relationship between absorption and concentration the viability should have been a 
factor 2.4 higher. However, the fact that this level was not reached can be explained by 
the non-linear relationship between absorption (at a specific wavelength) and 
concentration at higher concentrations. Further, cells incubated with up to 40 µg mL-1 
MB showed a statistically higher viability after an additional 24 h of recovery, i.e. the 
cell populations kept proliferating despite the pre-incubation with micelles. This leads 



[67] 
 

to the conclusion that when exposed to micelle concentrations ≤ 40 µg mL-1 the cells 
are able to recover from the effects caused by the micelles. Higher amounts of micelles 
caused irreversible damage to the cell populations, illustrated by the similarly low 
viability of MB and MB + 24 h. 

5.2.3.3 Intracellular Activity 
In a next step, we wanted to determine whether we could achieve an intracellular 
activity of MB, which already proved catalytic active in a buffer solution (5.3b). This was 
done by determining the ability of MB versus MD (catalytic inactive) to improve HepG2 
cell viability when stressed with a known ROS inducer, paraquat (PQ) [138]. First, 
HepG2 cells were incubated with varying concentrations of MB or MD for 6 h followed 
by a recovery period of 18 h. Stress was induced to the HepG2 cells by exposure to 150 
µg mL-1 PQ for 3 h followed by 21 h recovery and subsequent assessment of the cell 
viability (figure 5.7a). The PQ concentration and incubation time was chosen from a 24 
h dose-response curve with the normalized cell viability as a function of the PQ 
concentration (figure A2). A concentration of 150 µg mL-1 affected the cells, but most 
likely without causing irreversible damage. Consequently, this concentration was 
chosen with a reduced incubation time from 24 h to 3 h (followed by 21 h of recovery). 
Further, the concentration of micelles administered was limited to a maximum of 40 
µg mL-1, as higher concentrations inherently limited the recovery ability of the cells due 
the cytotoxic effect (see figure 5.6). All data was normalized to untreated cells (no PQ) 
after 48 h, which explains why the viability at 0 µg mL-1 micelles is reduced to ∼ 75 % 
(figure 5.7b). 
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Figure 5.7 – 3 h PQ: a) Illustration of the experimental setup; MB or MD were incubated with HepG2 cells 
for 6 h followed by exchange of the micelle-containing cell media with fresh cell media. Subsequently, the 
cells were let to recover for 18 h prior to the addition of PQ (150 µg mL-1) for 3 h followed by another 
exchange of cell media and a recovery period of 21 h. In the end, read-out of the cell viability (CV) was 
performed. b) Normalized cell viability of HepG2 cells exposed to MB or MD and stressed with PQ as outlined 
above. Data was normalized to untreated cells after 48 h and expressed as mean ± SD. (n = 3, * p < 0.05, 
** p < 0.01). 

No significant differences were observed for MB between the different concentrations. 
In contrast, when cells were exposed 40 µg mL-1 MD, their viability was significantly 
lower compared to all other concentrations of MD (figure 5.7b). This effect was not 
observed for MB. Besides illustrating the inherent cytotoxicity of the micelles it also 
supports the intracellular activity of MB, where no statistically drop in cell viability was 
found. However, to further support this hypothesis it would be crucial to observe a shift 
in viability between the different concentrations of MB, i.e. to see an actual increase in 
cell viability as a consequence of administered EUK-B loaded micelles. To this end, we 
decided to increase the incubation time with PQ from 3 h to 6 h with a recovery period 
of 18 h. However, the results were very similar to those obtained with a 3 h incubation 
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(data not shown). Therefore, the incubation time was increased to 24 h with no 
recovery period (figure 5.8a). 

 

Figure 5.8 – 24 h PQ: a) Illustration of the experimental setup; MB or MD were incubated with HepG2 cells 
for 6 h followed by exchange of the micelle-containing cell media with fresh cell media. Subsequently, the 
cells were let to recover for 18 h prior to the addition of PQ (150 µg mL-1) for 24 h. In the end, read-out of 
the cell viability (CV) was performed. b) Normalized cell viability of HepG2 cells exposed to MB or MD and 
stressed with PQ as outlined above. Data was normalized to untreated cells after 48 h and expressed as 
mean ± SD. (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). 

First, the overall cell viability was drastically reduced, which was slightly surprising 
considering the 24 h PQ dose-response curve (figure A2), where 200 µg mL-1 PQ was 
required in order to reduce the viability to ∼  20 %. This highlights the often-
experienced challenge of performing cell experiments, as small differences can be 
observed from batch to batch using the same cell line. However, with the longer PQ 
incubation period the cell viability was statistically significantly higher for HepG2 cells 
exposed to 10 and 20 µg mL-1 of MB compared to cells without MB (i.e. 0 µg mL-1) (figure 
5.8b). This point towards MB being able to alleviate the pressure from the cells due to 
intracellular scavenging of ROS by MB. Further, significant differences were also found 
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between MB and MD at micelle concentrations of 10 and 20 µg mL-1. While this drastic 
difference most likely can be explained by intracellular ROS scavenging of MB one has 
to be more careful with drawing a conclusion here, as differences in viability between 
the micelle types can (to some degree) be explained by a difference in stock 
concentration due to the challenging task of quantifying the actual micelle stock 
concentrations. The only significant difference for MD was between 0 and 40 µg mL-1, 
which can be explained by the inherent cytotoxicity of the micelles. 

In an attempt to further enhance the observed differences, the concentration of PQ 
was reduced by a factor 2 (to 75 µg mL-1) to achieve a higher overall viability of the cells 
(figure 5.9a). 

 

Figure 5.9 – 24 h PQ (low): a) Illustration of the experimental setup; MB or MD were incubated with HepG2 
cells for 6 h followed by exchange of the micelle-containing cell media with fresh cell media. Subsequently, 
the cells were let to recover for 18 h prior to the addition of PQ (75 µg mL-1) for 24 h. In the end, read-out 
of the cell viability (CV) was performed. b) Normalized cell viability of HepG2 cells exposed to MB or MD and 
stressed with PQ as outlined above. Data was normalized to untreated cells after 48 h and expressed as 
mean ± SD. (n = 3, * p < 0.05, ** p < 0.01). 
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As expected, higher overall viability was achieved (figure 5.9b). The same trend was 
again observed with an enhanced difference for MB between concentrations of 0 and 
10 µg mL-1 compared to results obtained with the higher PQ concentration. The 
expected almost linear drop in viability for MD was again observed. The fact that the 
overall trend was the same further supports the hypothesis that the increase in cell 
viability for MB was caused by the intracellular scavenging of ROS by MB. 

5.2.3.4 Intracellular ROS Estimation 
In an attempt to support the hypothesis of MB exhibiting intracellular activity, the 
intracellular ROS level was determined using CellROX® green reagent. CellROX® is a 
fluorogenic probe designed for measuring oxidative stress in cells. The dye is weakly 
fluorescent in the reduced state, while exhibiting a bright green fluorescence upon 
oxidation by ROS and subsequent binding to DNA with absorption/emission maxima of 
∼ 485 / 520 nm. HepG2 cells were incubated with MB or MD for 6 h followed by the 
usual 18 h recovery period. Subsequently, the cells were exposed to 75 µg mL-1 PQ for 
24 h followed by the addition of 5 µM CellROX® reagent for 30 min.  The cell mean 
fluorescence (CMF) was collected by flow cytometry (figure 5.10a). Further, a duplicate 
of the experimental setup was simultaneously performed, where instead of measuring 
the intracellular ROS in the end, the viability of the cells was assessed (data not shown). 
Results obtained from the flow cytometry that corresponded to a more than 50 % 
reduction in cell viability, were omitted from the data set. Large reductions in viability 
made it difficult to analyze the cell populations by flow cytometry due to most events 
being recorded outside of the expected gate. 
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Figure 5.10 – Intracellular ROS: a) Illustration of the experimental setup; MB or MD were incubated with 
HepG2 cells for 6 h followed by exchange of the micelle-containing cell media with fresh cell media. 
Subsequently, the cells were let to recover for 18 h prior to the addition of PQ (75 µg mL-1) for 24 h followed 
by the addition of 5 µM CellROX® reagent for 30 min.  The cell mean fluorescence (CMF) was collected by 
flow cytometry. b) Cell mean fluorescence (CMF) of HepG2 cells exposed to MB or MD and stressed with PQ 
as outlined above. Data was expressed as mean ± SD. (n = 3 for 0, 10 and 20 µg mL-1, n = 2 for 40 µg mL-1, 
* p < 0.05, ** p < 0.01). 

While not statistical significant different, the CMF of the HepG2 cells exposed MB 

seemed lower compared to cells exposed to MD, suggesting higher amounts of ROS 
were present in the latter case. In agreement with this statement, significant 
differences were found for MD between data collected at 0 and 20 / 40 µg mL-1. First, 
this highlights that exposure to our micelles causes additional ROS to be produced be 
the HepG2 cells, as also implied by the cell viability experiments. However, this trend 
was not observed for MB suggesting that MB were to some extent able to decompose 
part of the produced ROS. Repeating this experiment one additional time would most 
likely produce statistical significant differences between the two micelle types, as p 
values were 0.604 and 0.588 at 10 and 20 µg mL-1, respectively. A significant difference 
was not found at 40 µg mL-1, as one data point was omitted (due to cell death) causing 
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the amount of independent repeats to be reduced by one. Taken together, the 
intracellular ROS estimation in accordance with the viability experiments leads to the 
conclusion that MB, in a specific concentration interval, are able alleviate some of the 
pressure from the cells caused by ROS. 

5.2.3.5 Lysosomal Escape 
To determine whether the micelles possessed the ability to escape the lysosomes, the 
fate of MB

f was visualized using confocal laser scanning microscopy (CLSM) (figure 5.11). 
A green signal was used to track the FlMA from the block copolymer, whereas 
LysoTracker® Red DND-99 was used to stain the lysosomes. The ability to facilitate 
lysosomal escape was evaluated after 6 h and 24 h of exposure to MB

f. Both a 
subsequent and simultaneous administration of micelles and LysoTracker® Red DND-
99 was attempted during the 6 h incubation. As no differences was found between the 
two administrations procedures (data not shown) a subsequent administration was 
employed for the 24 h exposure (and 6 h), as incubation with the LysoTracker® dye for 
24 h would most likely lead to overstained lysosomes. A 20 µg mL-1 concentration 
proved optimal for this evaluation. Further, no fixation of the cells was performed, as 
the cells were taken immediately for CLSM visualization. 

 

Figure 5.11 – Lysosomal escape: Representative merged CLSM images of HepG2 cells incubated with 20 µg 
mL-1 MB

f for 6 h (left) or 24 h (right); LysoTracker® Red DND-99 (red) and PCMA-b-p(DMAEMA-co- FlMA) 
(green) were subsequently administered. Scale bars are 20 µm. (n = 3). 

In accordance with the hybrid experiments (chapter 4), the green fluorescent signal 
originating from the block copolymer and the red stained lysosomes exhibited low 
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levels of correlation. Pearson Correlation Coefficient (PCC) values were generated using 
six representative images for each incubation time. Displayed results are averages 
(table 5.1). 

Assembly Type PCC value / STD 
MB

f – 6 h 0.35 / 0.05 
MB

f – 24 h 0.32 / 0.04 
 

Table 5.1 – Pearson Correlation Coefficients (PCCs) for MB
f incubated for 6 h or 24 h. Six representative 

CLSM images were selected for each assembly type. 

Low degrees of correlation (almost negligible correlation) was observed according to 
table 4.5. This point towards the micelles being efficient in facilitating cytosolic 
placement. However, while the PCC values were promising, there are more key aspects 
than can be drawn from the CLSM images. First and most importantly, it is impossible 
to determine whether the micelles are internalized or simply associated with the cells 
(e.g. adhered to the surface). The membrane of the HepG2 cells was not stained by the 
LysoTracker® dye, as it was observed with the RAW 264.7 cells (figure 4.15). It would 
be difficult to imagine how the micelles should be able to scavenge ROS without the 
micelles being internalized. However, to confirm internalization a membrane stain (e.g. 
CellBrite™) should be employed. Second, higher levels of aggregation was observed 
after 24 h (compared to 6 h), which most likely can be attributed to the positive charge 
of the micelles, promoting interaction with the proteome that exhibit on overall 
negative charge [139]. Finally, the green signal from the CLSM (figure5.11) was more 
localized compared to the signal originating from the NBD lipids of the hybrid vesicles 
(figure 4.15), suggesting that at least some of the micelles were partially intact. 

5.2.4 Conclusion 
Summing up, EUK-B complexes were identified as the most efficient catalase mimic free 
in solution and when encapsulated into PCMA-b-PDMAEMA micelles.  In addition, 
further enhancement of the catalytic activity might be achieved by covalent 
attachment of the EUK-B complex to a polymer by co-polymerizing it with one of the 
monomers to reduce the precipitation of the EUK complex observed over time. Further, 
HepG2 cells exposed to low concentrations of MB exhibited significantly better 
resistance towards the ROS-inducer PQ compared to cells exposed to catalytic inactive 
EUK-D micelles, MD. This first report on utilizing a small organic complex is a crucial step 
in overcoming one of the frequently experienced challenges in organelle mimicry, i.e. 
the loss of enzymatic function over longer time spans. Despite the positives, the 



[75] 
 

inherent cytotoxicity of this type of micelle needs to be addressed. One way to do so 
could be to replace the PDMAEMA block with alternative polymers still providing the 
ability to escape the acidified compartments of the cell. This would also provide the 
possibility to increase the concentration of the micelles and thereby work at 
concentrations well above the critical micelle concentration (CMC). 
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6 Lysosomal Escape of polyanion-coated core shell 
particles 

The last chapter covers the development of two novel anionic polymers, aiming at a 
hydrophilic to hydrophobic transition pH of ∼ 4 - 5. These are then to serve as the 
terminal layer on subcompartmentalized artificial organelles to facilitate 
endosomal/lysosomal escape. More specific, poly(2-carboxyethyl acrylate) (PCEA, ∼ 
13.2 kDa) and poly(2-carboxypentyl acrylate) (PCPA, ∼ 14.8 kDa) were synthesized. 
Besides the two synthesized polymers, three other polymers were obtained, namely 
poly(propylacrylic acid) (PPAA, ∼ 12.8 kDa), poly(methacrylic acid) (PMAA, ∼ 18.6 kDa) 
and poly(ethyl imine) (PEI ∼ 25.0 kDa). First an introduction highlighting the reasoning 
behind the experiments will be given. Next, the cytotoxicity, transition pH and lipid 
interaction will be discussed. The focus of the chapter will be towards using a subset of 
the polymers as the terminal layers onto 800 nm sized silica colloids. These will undergo 
a biological evaluation using RAW 264.7 mouse macrophages including assessment of 
their effect on cell viability, cellular uptake and the ability to facilitate cytosolic 
placement. 

Four different colloids were assembled using an 800 nm silica substrate and denoted 
according the terminal polymer layer, i.e. Si-PLL, Si-PCPA, Si-PCPA and Si-PEI. The use 
of an underlying fluorescent poly(L-lysine) (PLL) layer will be denoted with a subscript 
referring to the fluorophore used, e.g. Si-PCPAFITC (fluorescein isothiocyanate) or Si-
PCPAOG (Oregon Green™ 488). 

The aim of this work is to develop larger subcompartmentalized artificial organelles, 
similar to our previous publication, with the ability to circumvent degradation by the 
endocytic pathway while exhibiting acceptable levels of cytotoxicity. To facilitate this, 
the polymers PCEA and PCPA were chosen. 

Part of the results in this chapter has been adapted for the following publication: 

pH-Responsive Anionic Polymers to Facilitate Lysosomal Escape; Brodszkij, Edit; Hviid, 
Martin J.; Ade, Carina A.; Thingholm, Bo; Schattling, Philipp; Zhu, Chuntao; Han, 
Xiaojun; Städler, Brigitte. In Preperation. 

6.1 Introduction 
Endocytosis is the primary cellular mechanism for uptake of nanoparticles [63, 140, 
141]. Escaping the endocytic degradative pathway remains one of the major challenges 
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in exploiting the full potential of nanoformulations. Therapeutics captured in 
endosomal/lysosomal compartments are often rendered completely ineffective. To 
circumvent this, several approaches have been considered, which can be divided into 
three overall mechanisms of escape, membrane fusion, membrane disruption and 
osmotic lysis (proton sponge effect). It is important to note that there is little consensus 
in the literature surrounding the mechanism for endosomal/lysosomal escape. While 
divided into three categories, it is highly likely that more than one mechanism is 
required for efficient cytosolic placement of therapeutics [51]. Further, the uptake 
mechanism is nanoparticle and cells line dependent and examples of simultaneous 
entry and subsequent trafficking through multiple endocytic pathways have been 
shown [63]. 

Polymers have long been utilized to induce endosomal/lysosomal escape. Most famous 
are cationic polymers originally applied for the delivery of small interfering RNA (siRNA) 
for gene therapy [142]. The polymers are believed to provide a buffering effect that 
exploit the acidification process where ATPases reduce the cytosolic pH of 7.4 to ∼ 4.7 
in succeeding steps. As the polymers become protonated, additional protons are 
pumped into the endosomal/lysosomal lumen, leading to the transport of chloride ions 
to maintain charge balance followed by an osmotic flow of water molecules. As a result, 
a high osmotic pressure is generated causing the swelling and eventual rupture of the 
endosome/lysosome compartment. Examples of such polymers are poly(ethyl imine) 
(PEI), poly(amidoamine) (PAMAM) and poly(2-dimethylaminoethyl methacrylate) 
(PDMAEMA). Wherever efficient, rupture of the endosomal/lysosomal compartment is 
associated with apoptosis, as calcium ions and proteases are exposed to the cytosol 
[51]. To circumvent this, the Stayton group synthesized the anionic polymer 
poly/propylic acid) (PPAA) that undergoes a hydrophilic-to-hydrophobic transition at 
endosomal pH, triggering membrane interaction as the polymer becomes protonated, 
thus mediating escape through what is believed to be some sort of membrane 
disruption and/or membrane fusion mechanism [143]. They showed that efficient 
intracellular delivery of DNA was possible when PPAA was incorporated into lipoplexes 
[144]. In a recent effort, a diblock micelle carrier was synthesized comprised of a 
PDMAEMA block and a second block containing different mixtures of PDMAEMA, PPAA 
and butyl methacrylate (BMA) [145]. The micelles disassembled under low pH 
conditions, as present in endosomal compartments. Further, their ability to 
interact/disrupt the membrane of red blood cells was confirmed by a hemolysis assay 
[146], demonstrating high and increasing levels of lysis at a pH range of 6.6 to 5.8 and 
loaded with siRNA, targeting the gene GAPDH, efficient knockdown was observed. 



[78] 
 

However, despite confirming the transition action of the polymers, the hemolysis assay 
also reveals the inherent issue of utilizing these polymers, as all experiments were 
performed at relatively low polymer concentrations (2.2 – 18.0 µg mL-1) to minimize 
cytotoxicity effects. 

6.2 pH-Responsive Anionic Polymers to Facilitate Lysosomal Escape 
Inspired by the work on PPAA, two novel polymers were synthesized, namely poly(2-
carboxyethyl acrylate) (PCEA, ∼ 13.2 kDa) and poly(2-carboxypentyl acrylate) (PCPA, ∼ 
14.8 kDa) aiming for a hydrophilic-to-hydrophobic transition at pH ∼ 4.7 to facilitate 
lysosomal escape with reduced cytotoxicity. The polymers poly(propylacrylic acid) and 
poly(methacrylic acid) were used as comparative controls with suggested pKa values of 
∼ 6.0 [144] and ∼ 4.8 [147, 148], respectively. Finally, poly(ethyl imine) (PEI ∼ 25.0 kDa) 
was also acquired as a positive control with previous reports having established its 
ability to facilitate lysosomal escape through osmotic lysis [71].  

As one of the primary aims were to achieve reduced cytotoxicity, efforts were made to 
determine the cytotoxicity of the polymers free in solution on HepG2 human liver cells 
and RAW 264.7 mouse macrophages. Experiments performed by PhD student Carina 
Ade revealed that PCEA and PMAA caused no change in the viability of both cell lines 
within a concentration range of 0 – 2 mg mL-1. Not surprisingly, PEI showed the highest 
reduction in viability, as its mechanism of escape induces high levels of cytotoxicity [51]. 
PPAA induced similar levels of cytotoxicity for the two cell lines with LD50 of ∼ 0.25 – 
0.3 mg mL-1. Contrary, PCPA caused a significant reduction in the viability of RAW 264.7 
cells (LD50 ∼ 0.1 mg mL-1), whereas the HepG2 cells were almost unaffected (LD50 > 1.5 
mg mL-1). This again underlines the fact that the cytotoxicity of a given substance, more 
than often, is cell line specific. 

The hydrophilic-to-hydrophobic transition pH of PCEA and PCPA (figure 6.1a) was 
determined to ensure a biologically relevant pH transition enabling the potential to 
facilitate lysosomal escape. In particular, the polymers were dissolved in alkaline water 
at concentration of 2, 5 and 10 mg mL-1 and titrated using 1 M HCl, while recording the 
absorption at 500 nm (figure 6.1b). The decrease in polymer concentration because of 
the titration was considered negligible. 
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Figure 6.1 – a) Chemical structure of PCEA and PCPA. b) Hydrophilic-to hydrophobic transition pH of PCEA 
and PCPA in water. (n = 3). Experiments were performed by Master student Martin Hviid and Dr. Edit 
Brodszkij. 

As expected, lowering the pH caused the polymers to precipitate, explained by 
protonation of the carboxylic acid group rendering the polymers hydrophobic, thus 
maximizing hydrogen bonding between molecules of water and minimizing the area of 
contact between water and polymer causing the polymer to precipitate. Aggregation 
of the polymers might be further enhanced by the formation of intermolecular 
hydrogen bonds. All polymers exhibited a concentration dependent pH response in 
water with a transition pH of ∼ 2.8 - 3.5 and ∼ 4.0 - 4.8 for PCEA and PCPA, respectively. 
PCPA exhibited a higher transition pH compared to PCEA due to the longer hydrocarbon 
chain, enhancing the hydrophobic effect. The results confirm that, at least for PCPA, 
the transition pH is within the relevant biological regime for inducing lysosomal escape.  

The interaction of PCEA, PCPA, PPAA and PMAA with 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) liposomes was assessed to determine the crucial interactions 
of the polymers with a lipid bilayer. For this, liposomes (∼ 150 nm) assembled via the 
film rehydration and extrusion method were mixed with a solution of the polymers 
while reducing the pH from 7.4 to 6.0, 5.0, 4.0 and 3.0 in four succeeding steps through 
the addition of 1 M HCl and monitoring the hydrodynamic radius by dynamic light 
scattering (DLS). The liposome solutions containing PCPA, PCEA and PPAA all 
aggregated at a pH of 5.0, 5.0 and 6.0, respectively, while the PMAA solution was 
unaffected by the decrease in pH despite the presumed pKa of 4.8 [147, 148]. The latter 
is in line with previous observations and can be explained by the hydrophilic nature of 
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the polymer and the formation of a hydration layer [149], though this fails to account 
for why (at least) PCEA does interact strongly with the liposomes. An increase in count 
rate with decreasing pH was observed for PMAA, suggesting that despite not causing 
large aggregates, interaction with the liposomes did occur. PPAA exhibited the most 
potent interaction. Similarly, the reversibility of the polymer-lipid interactions was 
analyzed by cycling the pH of the solutions multiple times, while monitoring the 
hydrodynamic radius of the liposomes. Again, the PMAA solution failed to elicit a 
response. PCEA, PCPA and PPAA solution exhibited a reversible aggregation-dissolution 
behavior even after 3 cycles. In addition, ∼ only 4 µg mL-1 PCPA was required to obtain 
aggregates larger than 500 nm, whereas ∼ 10 µg mL-1 PPAA was required to achieve 
similar aggregation sizes (data not shown). This is highly relevant, as the ability to 
facilitate lysosomal escape at low polymer concentrations provide the potential to elicit 
low/negligible levels of cytotoxicity.  

As PMAA failed to elicit a significant pH response, the polymer was excluded for the 
subsequent colloid experiments. Despite the measured lower transition pH of PCEA 
(figure 6.1b), significant interactions with DOPC liposomes was observed. Further, as 
PCPA (at least for HepG2 cells) and PCEA exhibited the lowest levels of cytotoxicity, 
these were chosen for the subsequent core-shell colloid experiments. A biological 
evaluation was also performed with polymers free in solution. However, only the 
biological evaluation for the colloids will be presented here. 

6.2.1 Colloid Assembly and Characterization 
To determine the ability of the polymers to facilitate lysosomal escape, 800 nm sized 
silica particles were coated via the layer-by-layer technique to obtain the four types of 
colloids illustrated in the figure below (figure 6.2). 

 

Figure 6.2 – Illustrations of the assembled colloids using an 800 nm silica substrate. a) Si-PLL b) Si-PCPA c) 
Si-PCEA and d) Si-PEI (Illustrations are not drawn to scale). 
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The purpose of assembling the colloids was to identify the optimal terminal polymer 
layer for the assembly of artificial organelles with lysosomal escape capability. The 
therapeutic entity of the assemblies should be liposomes (or hybrids) in a manner 
similar to our previous report [46]. Therefore, poly(L-lysine) (PLL) was chosen as a 
precursor layer for all assemblies, as PLL has proven optimal for the adherence of high 
amounts of liposomes without them rupturing [45]. With the purpose of assembling 
artificial organelles, the capping layer for the liposomes could be the copolymer, 
poly(cholesteryl methacrylate)-co-(methacrylic acid) (PMAAC), as this layer have shown 
to cause negligible liposome desorption due to the cholesteryl block [150]. The 
copolymer then allows for the subsequent deposition of poly(vinyl pyrrolidone) (PVP), 
which at low pH can be followed by a thiol-modified PMAA (PMAASH) layer, as PVP and 
PMAASH are held together by hydrogen bonds at low pH [151]. Multiple layers of 
PVP/PMASH can then be cross-linked by an oxidizing agent (e.g. chloramine T) and as 
the pH is increased back to 7.4, the hydrogen bonding between PVP and PMASH 
diminishes, resulting in the release of PVP and the layers of PMAA being held together 
by disulfide linkages [151]. Finally, a layer of PLL would allow for the electrostatic 
binding of PCEA or PCPA at neutral pH.  

In the end, the silica core could be removed using a HF/NH4F solution leaving the 
structural integrity to the cross-linked PMAA layer. This would most likely cause the 
disruption of the thin PLL and PMAAC layers, releasing the liposomes into the cavity of 
the assembly. Further, the liposome encapsulated cargo can be released by the 
addition of Triton X-100, as illustrated by a previous report [150]. The suggestion for 
the assembly of subcompartmentalized artificial organelles would be (figure 6.3): 
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Figure 6.3 – Subcompartmentalized artificial organelle assembled from the following layers (from within); 
SiO2 | PLL | Liposomes | PMAAC | (PVP/PMAASH)4 | PLL | PCEA/PCPA (not drawn to scale). 

And after crosslinking and core removal (figure 6.4). 

 

Figure 6.4 - Subcompartmentalized artificial organelle after release of PVP, cross-linking of the PMAASH and 
removal of the silica core. The latter will most likely cause the disruption of the thin PLL and PMAAC layers, 
releasing the liposomes into the cavity of the artificial organelle leaving the structural integrity to the cross-
linked PMAAS-SPMAA layers. Subcompartmentalized artificial organelle composed of (from within); 
Liposomes | PMAAS-SPMAA | PLL | PCEA/PCPA (not drawn to scale). 
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In fact, the deposition of each step for this assembly have been monitored using quartz 
crystal microbalance with dissipation (QCM-D) using PCEA as the terminal layer (data 
not shown). Despite not tested, it would be surprising if not PCPA was able to bind due 
to the structural similarity to PCEA. The option to bind PCEA/PCPA directly to PVP 
through hydrogen bonding (at low pH) was also attempted without success. 

However, for the purpose of this thesis, simplified assemblies will be considered, as the 
aim was to identify the optimal terminal polymer layer able to facilitate lysosomal 
escape. 

First, we wanted to confirm the presence of the polymer layers on the simplified 
colloids (figure 6.2). To this end, QCM-D and DLS with ζ-potential were employed. The 
substrate for QCM was planar silica (figure 6.5a), whereas colloids were measured on 
the DLS (figure 6.5b). 

 

Figure 6.5 – Confirmation of the polymer layer using a) QCM-D with a planer silica substrate and b) DLS ζ-
potential measurements with a colloidal silica substrate. (n = 3 for QCM and n = 2 for ζ-potential). 

QCM-D experiments revealed a significant adsorbance for all polymer layers (figure 
6.5a). Not surprisingly, PLL adhered to the bare silica, as the former is positively charged 
at neutral pH, whereas the latter features an overall negative charge [152]. In similar 
manner, PCEA, PCPA and PMAA all exhibited electrostatic interactions with the PLL 
precursor layer. Finally, PEI adhered to the PMAA layer, confirming the presence of all 
polymer layers for Si-PLL, Si-PCPA, Si-PCEA and Si-PEI (see figure 6.2). Low levels of 
dissipation was observed for all layers (data not shown). Combined with the relative 
small difference in frequency, the results indicate rigid (low viscoelasticity) polymer 
monolayers. 
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The QCM findings were in line with the ζ-potential measurements. PLL rendered the 
colloids positively charged (43.6 ± 3.1 mV), whereas the adherence of PCPA, PCEA and 
PMAA provided the colloids with an overall negative surface charge of -61.6 ± 3.1, -62.1 
± 1.7 and -64.9 ± 0.5 mV, respectively. The addition of PEI shifted to surface charge back 
to 36.5 ± 3.9 mV. 

In conclusion, the experiments confirmed the option to bind PCEA and PCPA to a PLL 
precursor layer through electrostatic interactions. 

6.2.2 Colloid Biological Evaluation 
A biological evaluation of the colloids was performed using RAW 264.7 mouse 
macrophages. 

6.2.2.1 Cell Viability 
A natural first step was to ensure that the assembled colloids did not cause large 
reductions in cell viability. Therefore, RAW 264.7 macrophages were incubated with 
different concentrations of colloids for 24 h (figure 6.6a) and 48 h (figure 6.6b) before 
the viability was assessed using Cell Counting Kit-8 (Dojindo Molecular Technologies, 
Inc.). 

 

Figure 6.6 – Normalized cell viability of RAW 264.7 macrophages exposed to Si-PCPA, Si-PCEA or Si-PEI for 
a) 24 h or b) 48 h. Data was normalized to cells only. (n = 3, ** p < 0.01, *** p < 0.001). 

No reduction in viability was observed after 24 h within the tested concentration range 
for all colloids (figure 6.6a). On the other hand, after 48 h Si-PEI exhibited significant 
higher levels of cytotoxicity compared to Si-PCPA and Si-PCEA at a concentration of 20 
particles per cell (figure 6.6b). This finding correlates well with the results obtained for 
the experiments with polymers free in solution, although significant lower levels of 
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cytotoxicity was observed for the colloids within the tested concentrations.  However, 
it is worth noting that the results cannot be directly compared, as the actual amount of 
polymer exposed to the cells remains unknown in the colloid case. Anyhow, addition of 
20 particles per cell results in the cells being covered with particles, suggesting that this 
mode of delivery has little to no effect on the viability of RAW 264.7 macrophages after 
48 h. 

6.2.2.2 Cellular Uptake 
As the ultimate aim was to assemble artificial organelles, it was crucial to confirm 
cellular internalization of the colloids. Previous reports have shown that due to the size 
and density of the silica colloids, they should almost exclusively be taken up by 
phagocytosis [153-155]. 

The colloids were tracked using a fluorescein isothiocyanate (FITC) labelled PLL (PLLFITC) 
precursor layer by flow cytometry. Colloids with only a PLLFITC layer (Si-PLLFITC, figure 
6.2a) would later be used as a negative control for the lysosomal escape experiments. 
The pKa of PLL is ∼ 10, i.e. no known mechanism would explain the ability for Si-PLLFITC 
to induce lysosomal escape [156, 157]. Therefore, Si-PLLFITC was also included in the 
cellular uptake experiments. 

After completing all the uptake experiments using PLLFITC layers, subsequent confocal 
images unfortunately revealed that these were not useable, due to a strong pH 
dependence of FITC. FITC is completely quenched at a pH below 5.5 [158]. This effect 
was clearly identifiable from the obtained CLSM images (figure 6.7). 
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Figure – 6.7 Representative CLSM image of RAW 264.7 mouse macrophages exposed to Si-PLLFITC for 5 h 
followed a staining of the lysosomes using LysoTracker® Red DND-99. (Red = LysoTracker® and Green = 
FITC). Scale bar is 20 µm. (n = 3). 

Exposing RAW 264.7 cells to Si-PLLFITC for 5 h (green color) and subsequent staining of 
the lysosomes (red color) revealed several red particle shaped signals that exhibited no 
emission when excited with the 488 nm laser (figure 6.7). Therefore, these particles 
were not considered correlated with the lysosomes for the calculation of the Pearson 
Correlation Coefficients (PCCs). Consequently, false low PCC values were obtained in 
cases where most of the colloids were trapped in acidified compartments where almost 
no FITC emission was observed. 

Despite being severely quenched, some emission was observed from FITC, meaning 
that the images importantly confirmed that the colloids were internalized and not 
simply associated with the cells. 

Due to the pH dependence of FITC, the uptake experiments were repeated using a less 
pH sensitive fluorophore, Oregon Green™ 488 (OG). Approximately 80 % of the 
fluorescence emitted by OG at neutral pH is still preserved at pH 5.5 [159]. RAW 264.7 
mouse macrophages were exposed to Si-PCPAOG, Si-PCEAOG, Si-PEIOG and Si-PLLOG for 5 
h or 24 h followed by assessment of the cell mean fluorescence (CMF) by flow 
cytometry when excited at 488 nm (figure 6.8). The CMF was normalized to the 
fluorescence of the individual colloid stock solution measured by flow cytometry 
despite only small differences in fluorescence was observed using OG. 
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As expected, the general CMF was drastically higher when OG was used as the 
fluorophore instead of FITC (data not shown), supporting the hypothesis of FITC being 
quenched. 

 

Figure 6.8 – Cellular Uptake: Normalized cell mean fluorescence of RAW 264.7 mouse macrophages 
exposed to different concentrations of Si-PCPAOG, Si-PCEAOG, Si-PEIOG or Si-PLLOG for a) 5 h or b) 24 h. Data 
was normalized to the fluorescence of the individual stock solution. All data was recorded by flow 
cytometry. (n = 3). 

Si-PEIOG exhibited the highest level of uptake after 5 h, which is not surprising 
considering their positive surface charge. Si-PCPAOG, Si-PCEAOG and Si-PLLOG showed 
similar levels of uptake after 5 h of exposure. After 24 h, a slight reduction in 
fluorescence was observed for Si-PEIOG compared to 5 h. Si-PCPAOG and Si-PCEAOG both 
exhibited similar levels of fluorescence between the two time points. Contrary, the 
fluorescent signal originating from Si-PLLOG almost completely vanished after 24 h. 

6.2.2.3 Lysosomal Escape 
Finally, CLSM images were obtained to visualize the fluorescent signal originating from 
internalized colloids and to elucidate whether any of these possessed the ability to 
facilitate escape from the endocytic pathway. Specifically, RAW 264.7 mouse 
macrophages were exposed to Si-PLLOG, Si-PCPAOG, Si-PCEAOG and Si-PEIOG for 5 h or 24 
h followed by staining of the acidified compartments using LysoTracker® Red DND-99 
(figure 6.9). Again, a simultaneous administration of the colloids and lysosome staining 
dye was attempted, producing similar results. Therefore, a subsequent administration 
was used, as incubation with the LysoTracker® Red DND-99 dye for 24 h would result 
in overstained lysosomes. 
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Figure 6.9 – Lysosomal Escape: Representative merged CLSM images of Si-PLLOG, Si-PCPAOG, Si-PCEAOG and 
Si-PEIOG for 5 h (left) or 24 h (right); Lysosomes stained with LysoTracker® Red DND-99 (red color) and 
colloids labelled with Oregon Green™ 488 (green color). Scale bars are 20 µm. (n = 3). 

In accordance with the flow cytometry data (figure 6.8), the green fluorescent signal of 
the cells, due to internalized colloids, exhibited a similar level for Si-PLLOG, Si-PCPAOG 
and Si-PCEAOG after 5 h, whereas the green signal was higher for Si-PEIOG. After 24 h, Si-
PCPAOG, Si-PCEAOG and Si-PEIOG revealed similar levels of green signal despite the 
intensity being slightly lower in the latter case. However, this correlates well with the 
stock solution of Si-PEIOG exhibiting a factor ∼ 1.4 lower intensity (data not shown) 
compared to Si-PCPAOG and Si-PCEAOG due to the additional polymer layer on top of the 
fluorescent PLLOG layer. A factor that was accounted for in the cellular uptake 
experiments (figure 6.8), but not for the CLSM images. The Si-PLLOG stock solution 
exhibited the highest intensity (∼ 1.8 higher than Si-PCPAOG and Si-PCEAOG). Further, 
the green signal originating from internalized Si-PLLOG was severely reduced after 24 h, 
again confirming the flow cytometry data. In addition, the remaining Si-PLLOG seems to 
be mostly trapped in stained acidified compartments. 

The Pearson Correlation Coefficient was again used in an attempt to quantify the ability 
to facilitate cytosolic placement of the colloids. Six representative images were 
selected for each colloid type after 5 h (table 6.1) or 24 h (table 6.2) of incubation. 
Presented data are averages. For interpretation, see table 4.5. 
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5 h 
Colloid Type PCC value / STD 
Si-PLLOG 0.56 / 0.04 
Si-PCPAOG 0.49 / 0.03 
Si-PCEAOG 0.51 / 0.02 
Si-PEIOG 0.51 / 0.04 

 

Table 6.1 – Pearson Correlation Coefficients (PCCs) for the four types of colloids incubated for 5 h. Six 
representative CLSM images were selected for each colloid type.  

24 h 
Colloid Type PCC value / STD 
Si-PLLOG 0.57 / 0.03 
Si-PCPAOG 0.43 / 0.02 
Si-PCEAOG 0.44 / 0.03 
Si-PEIOG 0.46 / 0.04 

 

Table 6.2 - Pearson Correlation Coefficients (PCCs) for the four types of colloids incubated for 24 h. Six 
representative CLSM images were selected for each colloid type. 

Following 5 h of incubation, similar levels of correlation was observed for all colloid 
types. Despite the PCC average for Si-PLLOG being slightly higher, no statistical 
significant differences using an ordinary one-way ANOVA test were found. On the other 
hand, after 24 h of incubation, Si-PLLOG exhibited significant higher levels of correlation 
with the acidified compartments compared to the remainder colloid types. This 
combined with the disappearance of the Si-PLLOG after 24 h points towards two possible 
scenarios. Either the fluorophores are specifically degraded in the case of Si-PLLOG or 
the colloids are being exocytosed by the cells. Either way, this point towards Si-PLLOG 
not being able to escape the endocytic pathway, meaning they are not able to facilitate 
endosomal/lysosomal escape. Previously, most exocytosis was believed to occur from 
early endosomes (pH ∼ 6.3). However, several studies have revealed that for most 
animal cells, exocytosis is also triggered from lysosomes (pH ∼ 4.7) [160-162], thus 
explaining the ability of Si-PCEAOG and Si-PCPAOG to facilitate escape from the endocytic 
pathway, despite the relatively low pKa values of the polymers. 

The CLSM images and corresponding PCC values indicate that exocytosis (or 
degradation of the fluorophore) takes place within a time span of 5 - 24 h for Si-PLLOG. 
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Consequently, the presence and relatively low PCC value for the remainder colloids 
suggest that these are able to facilitate lysosomal escape within the same time window. 
Inclusion of a third time point (e.g. 12 h) might provide further insight. 

It is important to note, that the results found are not universal rules. It is assumed that 
the colloids are taken up by phagocytosis, meaning that different conclusions might be 
drawn with a smaller assembly taken up through another endocytic pathway. Finally, 
RAW 264.7 macrophages were chosen as the cell line for the biological evaluation and, 
as already illustrated, caution must be taken before assuming that similar results can 
be obtained using a different cell line. 

6.2.3 Conclusion 
Taken together, two novel anionic polymers were synthesized with a biological relevant 
and reversible pH transition. These were shown to possess the ability to facilitate 
lysosomal escape when used as discrete layers on a silica substrate, while eliciting lower 
cytotoxicity compared to previously reported pH responsive polymers. The 800 nm-
sized assemblies are, to the best of my knowledge, the largest assemblies successfully 
modified to facilitate lysosomal escape. The synthesized polymers feature the 
possibility to broaden the portfolio of polymers used to facilitate lysosomal escape. 
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7 Final Comments 
Despite recent advances in e.g. enzyme replacement therapy (ERT), treating patients 
with enzyme deficiencies remains challenging. Reasons are the degradation of the 
therapeutic enzymes by proteases or clearance from circulation by the mononuclear 
phagocyte system (MPS). In an attempt to address those challenges, artificial organelles 
were assembled to provide a sustained solution. Specifically, subcompartmentalized 
nanoreactors with enzymes encapsulated in liposomal subunits were assembled. 
Although high cellular internalization and intracellular activity was achieved, the study 
left several options for improvement. For one, the issue of escaping the endocytic 
pathway and subsequent degradation was not addressed. 

Therefore, polymer-lipid hybrids were presented to tackle this and to overcome 
challenges of using pristine carrier systems. Hybrid vesicles assembled from the block 
copolymer PDMAEMA-block-PCMA mixed with phospholipids exhibited a significant 
higher uptake compared to liposomes on RAW 264.7 macrophages. CLSM images 
demonstrated that the hybrids possessed the ability to facilitate endosomal/lysosomal 
escape, as labelled hybrids vesicles exhibited a low correlation with acidified cellular 
compartments compared to liposomes that almost exclusively resided in the acidified 
compartments. The findings illustrated that the hybrids possessed the potential to 
broaden the portfolio of vesicular nanocarriers for cytosolic drug delivery and the 
ability to serve as intracellular active artificial organelles. 

Although the hybrid/liposome cages does provide some protection against proteases, 
the therapeutic enzymes are still subject to various reactions that might render them 
inactive, e.g. non-enzymatic deamination [163] and carbonylation caused by ROS [164]. 

To circumvent this, a novel salen-manganese complex, EUK-B, was synthesized. The 
complex proved as an efficient mimic of the natural enzyme catalase, both free in 
solution and when encapsulated into PDMAEMA-block-PCMA micelles. Further, HepG2 
cells exposed to low concentrations of micelle encapsulated EUK-B exhibited significant 
better resistance towards paraquat induced oxidative stress, compared to cells 
exposed to catalytic inactive micelles. The report is a crucial step in overcoming the loss 
of enzymatic function. In addition, polymerization of the EUK-B complexes might 
enhance the catalytic activity by reducing the precipitation of the EUK-B complex 
observed over time. 



[93] 
 

However, as also revealed in the hybrid study, the PDMAEMA block induces high levels 
of cytotoxicity, especially for non-cancer cell lines. The cytotoxicity is unavoidable 
linked to the ability to facilitate cytosolic placement, setting an inherent limit to the 
concentrations that can be used. One way to circumvent this would be to utilize 
alternative polymers providing the ability to escape the endocytic pathway through a 
different mechanism. 

To address this, two novel anionic polymers with a pH transition optimal for lysosomal 
escape were synthesized. These were shown to facilitate lysosomal escape when used 
as a terminal layer on a silica substrate. The colloids featuring the anionic polymers 
elicited significantly lower cytotoxicity compared to previously reported pH responding 
polymers. While most reported examples of lysosomal escape aims at releasing the 
therapeutic cargo into the cytosol, the reported colloids demonstrated the potential to 
navigate intact artificial organelles out of the lysosomes and into the cytosol. Inspired 
by the Stayton group, improved escape might be achieved by integrating the anionic 
polymer in a block copolymer mixed with other polymers known to promote lysosomal 
escape [145]. 

Bottom-up assembled artificial organelles have shown great promise as a long-term 
substitute for recombinant enzymes used in ERT. However, multiple challenges needs 
to be solved before artificial organelles can reach the milestone of clinical trials. Some 
of these have already been addressed in this thesis, e.g. cytosolic placement of intact 
artificial organelles and a solution to the relatively low half-life of enzymes. Aside from 
these, the variation of catalytic conversion demonstrated to date is very limited. As 
illustrated in the introduction, the majority of reports have focused on the removal of 
ROS. While surely relevant, additional reactions will need to be demonstrated to 
improve the applicability of artificial organelles for medical applications. Finally, as 
artificial organelles are envisioned to provide a sustained therapeutic solution it is 
imperative to understand the fate of these upon cell division. In a work by Yan et al., 
the fate of nanoporous poly(methacrylic acid) particles were tracked for 24 h and 
beyond the first cell cycle in HeLa cells with a mean cell division time of 20.5 h. The 
results indicated that the particles were distributed asymmetrically between daughter 
cells with an average segregation deviation of 60 % (i.e. 1/5 of the particles to daughter 
cell A and 4/5 to daughter cell B) [165]. The understanding of how compounds are 
distributed when the target cell divides into two daughter cells is particularly important 
in the regard of therapeutics, as cell division might lead to a rapid dilution or up-
concentration of therapeutics, rendering them ineffective or cytotoxic, respectively. 
The examination of nanodiamonds [166] and silica microparticles [167] indicated a 
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symmetric distribution between daughter cells, whereas studies with quantum dots 
[168, 169] led to an asymmetric distribution. The initial studies point towards the 
conclusion that the intracellular mobility of particles is strongly affected by factors such 
as size, shape, surface chemistry, as well as cell physiology [165]. 

In the end, a few comments on the progress towards achieving efficient 
endosomal/lysosomal escape of polymeric nanoparticles. In line with Selby et al. [51], 
I strongly believe that more fundamental studies are needed to elucidate what 
mechanisms are truly in play before being able to achieve efficient escape. Amazing 
progress have been made in the last decade, with numerous advanced and 
sophisticated reports. However, our fundamental understanding of how nanoparticles 
facilitate endosomal/lysosomal escape lags behind. At the current state, I believe that 
the more advanced the experimental setup, the more case-specific are the conclusions 
that can be drawn. We need to elucidate what effect the selected internalization 
pathway has on the subsequent trafficking and ability to escape. Moreover, we need 
to determine what effect parameters such as size, shape or surface charge have in this 
context. The unraveling will most likely not be straightforward, as the environment of 
the eukaryotic cell is highly complex. Therefore, it might be necessary to simplify the 
experimental setup to reduce the amount of variables, e.g. by using simple (well-
understood) particle systems and synthetic or harvested lipid bilayer mimics. We must 
overcome the bottleneck in intracellular delivery, as most medical applications rely on 
cytosolic placement for optimal efficiency. It starts with a sufficient understanding of 
how compounds interact with organelle or cell surfaces. 
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9  Appendix 
9.1 Supporting Figures 

 

Figure A1 - Long-term activity of EUK-134 in comparison to catalase: The remaining H2O2 detected using 
the Amplex® UltraRed assay when either 5 and 1 mM EUK-134 or 5 and 1 U mL-1 catalase was incubated 
with 10 μM hydrogen peroxide for 30 min at 37 °C. The catalytic activity was assessed for catalase and the 
EUK-134 for up to 50 d and 82 d, respectively. Experiments performed by Dr. Edit Brodszkij and PhD student 
Carina Ade. 

 

Figure A2 – Dose-response: Normalized viability of HepG2 cells as a function of paraquat (PQ) concentration 
when incubated for 24 h. (n = 3). Results were carried out by PhD student Carina Ade. 
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