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“Science is not a creed.  

It was not revealed to man by some superior deity. 

Science is a product of the human brain, and as such, 

it is always open to discussion and possible revision. 

(…) We select experimental results that appear to us 

as logically connected together, and we ignore many 

facts that do not fit into our “logic”. This rather artificial 

procedure is our own invention and we are so proud of 

it that we insist its results should be considered as 

“laws of nature”.” 

 

 
Leon Brillouin  

Scientific Uncertainty, and Information (1964) 
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1. Introduction 
 

1.1 Challenges associated with harnessing oligonucleotides  
 

Oligonucleotides represent a class of biomacromolecules being effective by a new 

pharmacology. Especially single-stranded antisense oligonucleotides (ASO) or double-

stranded small interfering RNAs (siRNA) bind to cognate RNA sequences through Watson-

Crick hybridization resulting in the inhibition of the protein-coding target RNA. Thereby, ASOs 

and siRNAs activate the targeted, enzyme-mediated degradation of the mRNA and belong to 

the category of so-called “informational drugs” in which the drug specificity is coded by the 

sequence and not by its molecular structure. Never before has the “receptor” mRNA been 

considered in the context of drug receptor interactions. In contrast to small-molecule drugs or 

antibodies which directly interfere with a disease-mediating protein, siRNAs and antisense 

drugs impede the de-novo synthesis of proteins and thus act at an earlier phase in the 

disease-fighting process. Whereas small-molecules and antibody drugs are usually restricted 

to extracellular targets, oligonucleotides can be designed to interfere with every (therapeutic 

interesting) gene or mRNA. After decoding the human genome the design of oligonucleotides 

also succeeded in being more rapid, less complex and more efficient than traditional drug 

design targeting proteins.  

However, rapid nucleolytic degradation of oligonucleotides in body fluids and a high 

hydrophilicity which hinders them from effective membrane crossing often requires the 

assisted transport of oligonucleotides by delivery systems such as liposomes. They 

specifically address challenges involved with the transit of oligonucleotides, namely 

biodistribution, cellular uptake and endosomal release, which is also subject of the present 

work. 

 

 

1.2 Antisense oligonucleotides (ASO)  
 

ASOs, being usually 15 to 20 (desoxy)-ribonucleotides in length, specifically inhibit 

gene expression by Watson-Crick base pairing to their complementary (pre)-messenger 

RNA. As illustrated in Fig. 1.1, two major mechanisms of action have been elucidated 

performing post-transcriptional gene silencing: A) After binding to the (pre-) mRNA most of 

the single-stranded ASOs are designed to mediate the cleavage of the DNA:RNA hybrid by 

RNAse H1. The endo-ribonuclease is primarily located in the nucleus and cleaves the RNA 

moiety of this heteroduplex with subsequent degradation of the target mRNA.1 B) Those 

ASOs which do not induce the RNase H1 cleavage were customized to inhibit the translation 
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of the mRNA by a steric blockade of the ribosome. Most of these ASOs were directed 

against the 5’-terminus (cap region) or the AUG initiating codon region of the target mRNA 

and prevented the binding and assembly of the translation machinery very efficiently.2  

 

 

 
Fig. 1.1: Mechanisms of antisense activity. A) RNase H1 cleavage of the target mRNA induced by 
ASO molecules. B) Inhibition of translation by steric blocking of the ribosome. (modified from 3) 
 

 

Besides the identification of accessible target sites at the mRNA the type and degree 

of chemical modification of the antisense molecule affect its mode of action (Tab. 1.1). 

Generally, three types of modifications can be distinguished: an altered phosphate 

backbone, various sugar modifications (especially at the 2’ position of the ribose), and 

unnatural base-analogs. The use of base-modified antisense technologies was reviewed by 

Herdewijn 4 and the following section will focus on oligonucleotides with modified sugar 

moieties and phosphate backbones.  

Phosphorothioate (PS) oligonucleotides, in which one of the non-bridging oxygen 

atoms on the phosphodiester bond is replaced by sulfur, are the best known and widely used 

representatives of the ‘first generation’ of antisense molecules (Tab. 1.1). The introduction of 

PS linkages into the DNA backbone improved resistance of the ASO towards nucleases and 

increased the half-life (t1/2) in human serum by about 10-fold.5,6 The backbone sulfur is 

accessible for plasma proteins and mediates the binding to α2-macroglobulin and albumin.7 

Once hooked onto these natural and abundant carriers, PS modified oligonucleotides escape 

from rapid renal excretion and accumulate mainly in the cortex and medulla of the kidneys, in 

the liver, lymph nodes and spleen.8 Only little material migrates into lung, colon and ileum.9 

PS oligonucleotides still bind to target mRNA and mediate cleavage by RNAse H1.10  

While the phosphorothiolation solved the most pressing issues, a number of 

drawbacks remained or newly appeared: (1) After intravenous (iv) bolus injections PS 

oligonucleotides mediate unspecific protein interactions (causing complement activation, 

hypotension, thrombocytopenia), largely because of their polyanionic backbone and (2) they 

exhibit a reduced mRNA binding affinity when compared to their unmodified counterparts.11-13 

(3) Further, PS oligonucleotides are still extensively digested in plasma and tissues by 

exonucleases.14,15  



                                                                                                                                                Introduction 

 
3 
 

 1st Generation 2nd Generation 3rd Generation 

 

 

 
Phosphorothioate  

DNA (PS) 

2’-O-methyl 

RNA (2’OMe) 

2’-O-methoxy-ethyl  

RNA (2’MOE) 

Locked nucleic acid  

(LNA) 

serum protein binding ++ +/- +/- +/- 

nuclease resistance + ++ ++ ++ 

affinity to mRNA - ++ ++ +++ 

activation of RNase H1 + - - - 
References 5-7,10,16 17,18 19-21 22,23 

 
Tab. 1.1: Generations of antisense modifications. Further details are noted in the text. B indicates 
one of the bases adenine, guanine, cytosine or thymine. Compared to the unmodified phosphodiester 
(PO) DNA molecule +/++/+++ denotes the degree of improvement, +/- no changes and – indicates an 
impairment of the respective modification. 
 

 

A second generation of PS ASOs with modifications at the 2’ position of the ribose 

such as 2’-O-methyl (2’OMe) or 2’-O-methoxy-ethyl (2’MOE) exhibits higher affinity towards 

the complementary RNA and higher nuclease resistance.17,18 For example 1st generation 

ASO molecules show a tissue half-life of only 1-2 d 24 whereas 2nd generation ASOs (e.g. 

2’MOE modified) exhibit a longevity of 8-22 d in target tissues, depending on dose and tissue 

type.19,21,25 Sugar modifications such as 2’OMe or 2’MOE are not compatible with RNAse H1 

activity and therefore need to be restricted to the wings of the oligonucleotide molecule 

leaving a central window of 2’ unmodified DNA nucleotides.26 The so-called gapmers, 

chimeric DNA-MOE oligonucleotides, with at least five nucleotides between the modified 

wings (e.g. 20mers with 5MOE-10DNA-5MOE) increase the ASO potency by 5-15 fold compared 

to its phosphorothiolated counterpart in vitro and in vivo and represent the current state-of-

the-art ASOs for clinical use.27 

Locked nucleic acids (LNA) represent a novel class of nucleic acid analogues 

subsumed under the term ‘third generation’ of antisense agents. The "lock" is a methylene 

bridge connecting the 2’-oxygen with the 4’-carbon of the ribose molecule.28 Introduction of 

LNA into a DNA oligonucleotide induces a conformational change of the DNA:RNA duplex 

towards the A-type helix and therefore prevents RNase H1 cleavage of the target RNA.29 

Like the abovementioned 2’MOE modified ASO, LNA gapmers exhibit increased stability 

against nucleases and unprecedented binding affinity towards complementary DNA or 

RNA.22 This improves RNAse H1 cleavage and leads to a higher potency of LNA gapmers in 

gene silencing compared to the 2’MOE gapmers.  

 



                                                                                                                                                Introduction 

 
4 
 

1.3 RNA interference (RNAi) 
 

RNA interference, a natural occurring phenomenon, is an evolutionary conserved 

mechanism for post-transcriptional gene silencing (Fig. 1.2). It was first described in the 

nematode Caenorhabditis elegans in the late 90’s 30 and has been demonstrated in diverse 

eukaryotes such as insects, plants, fungi and vertebrates.31 Fire & Mellow injected long 

double-stranded RNA (dsRNA) into the gonads of C. elegans to initiate RNA interference 30 

and Tuschl and coworkers demonstrated that small interfering RNAs (siRNAs), processed 

into 21-23 nucleotides long RNAs, can specifically suppress gene expression in mammalian 

cells.32 Within the cellular RNAi pathway long dsRNA is cleaved into smaller fragments of 20-

30 nucleotides with two-nucleotide 3’- or 5’-overhanging ends by the highly conserved 

endonuclease Dicer, located in the cytoplasm.33,34 The short dsRNAs (e.g. siRNAs or 

microRNAs [miRNAs]) generated that way are subsequently incorporated into the RNA-

induced silencing complex (RISC), a multi-functional protein:RNA complex.35  Active RISC 

complexes (RISC*) promote the unwinding of the siRNA through an ATP-dependent process 

and the unwound antisense strand guides RISC* to the complementary mRNA.36 The mRNA 

of the antisense:sense duplex is than cleaved through hydrolysis at a single site by the 

nuclease Argonaute, the core constituent of the RISC.37 Finally, the cut mRNA is degraded 

by intracellular RNAses and is not available for further translation processes.  

 

 

 
 

Fig. 1.2: Gene silencing by siRNA molecules. RNA interference is induced by siRNAs 
processed from long dsRNAs or directly delivered into the cytoplasm from an exogenous 
source. 
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Originally, siRNAs are processed from dsRNA precursors (from exogenous sources, 

e.g. long dsRNA, plasmids) and, further, synthetic siRNA molecules can be directly delivered 

into the cells. Importantly, RNAi offers a higher potency than antisense strategies as the 

effector molecules such as siRNAs may function at much lower concentration and the effect 

is long lasting. Once engaged in the RISC, siRNAs can last for weeks which may benefit 

therapeutic approaches.38,39 

The elucidation of the RNAi pathway cleared the way for the scientific community to 

use RNAi as a research tool to temporarily suppress the gene of interest. The breakthrough 

that RNAi works in mammalian cells 32 led to intense investigation into its role in mammalian 

cell function, its use as a valuable “lab tool” in cells and animals, and its application for 

therapeutic purposes.40 However, RNAi effector molecules, esp. siRNAs, have to overcome 

numerous hurdles and barriers within the extra- and intracellular environment: 

1) Unmodified siRNAs exhibit a very short half-life in vivo (~ minutes) due to 

degradation by serum RNAse A-like enzymes 41 and renal elimination.42 Lessons were 

learned from ASO drug development and, for example, the insertion of phosphorothioates 

into the siRNA backbone prolongs the serum half-life and improves the pharmacokinetic at 

all.42 Further, alternating 2’OMe modifications on both strands 43 or the incorporation of 

several LNAs 44 lead to significant resistance against serum-derived nucleases without the 

loss of RNAi activity. 

2) The unintended (“off-target”) silencing of numerous transcripts which share partial 

complementary to the siRNA duplex is a widespread phenomenon and limits the specificity of 

siRNAs for functional genomics and therapeutic applications.45 A stringent sequence 

selection and a smart modification (e.g. 2’OMe or LNA) favors the incorporation of the 

antisense strand into RISC and diminishes the risk of off-target effects.46,47 

3) Additionally, siRNA molecules can trigger cells of the immune system to produce 

cytokines both in vitro and in vivo causing undesirable side effects.48 Recent findings 

propose the involvement of toll-like receptors (TLR), located within the endosome of 

mammalian immune cells, during sensing of foreign DNA and RNA.49,50 Whereas dsRNA is 

recognized by TLR3 in a sequence-independent manner, TLR7 and TLR8 perceive ssRNA 

and dsRNAs as short as 19-21 nucleotides (siRNAs) in a sequence-specific way.48,51 Being 

part of the innate immunity the signaling via this subfamily of TLRs upon recognition of 

nucleic acids proceeds through intracellular pathways 52 leading to the induction of 

proinflammatory cytokines (tumor necrosis factor alpha (TNF-α), interleukin (Il) 6, Il-12) and 

interferon alpha (IFN-α).51,53 Here, Judge and co-workers provide a basis for the rational 

design of siRNAs avoiding the activation of the innate immune response.51,54 

4) Finally, getting siRNAs into the cytoplasm is the most challenging hurdle as they 

are 10-30 times greater than typical small molecule drugs and highly charged and thus too 

hydrophilic and bulky to overcome the cell membrane by nature. 
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1.4  Unassisted application and membrane crossing of 
oligonucleotides 

 

The uptake of ASOs into cells is not well defined yet but there are some evidences 

that plasma proteins hooked with ASOs interact with cell surface proteins including serum 

albumin with megalin (LRP2) and α2-macroglobulin with the low-density lipoprotein receptor-

related protein 1 (LRP1) that enhances crossing of the plasma membrane.2,55 Once bound to 

a cell membrane ASOs are internalized by (receptor-mediated) endocytosis and reach either 

endosomal or lysosomal vesicles.55 The escape mechanisms from the vesicular pathways 

are not fully understood but it is an essential prerequisite of oligonucleotides to run off from 

the endosome and/or lysosome intact to exert sequence-specific antisense effects within the 

cytoplasm or nucleus. Therefore, Akhtar and co-workers already speculated in 1991 that the 

efflux of oligonucleotides from the endosome is mediated by one or more proteins present in 

the bilayers.56 In 2010, Bennett and Swayze proposed a protein complex or channel, called 

“oligoportin”, which allows the passage of ASOs.2  

Stein and co-workers recently published a novel method for the “naked“ delivery of 

LNA-modified oligonucleotides in vitro and in vivo (Tab.1.2), called “gymnosis” (from gymnos 

[greek] = naked). To promote efficient ASO uptake cells were seeded and transfected at low 

plating density and high ASO concentrations (2.5 – 10 µM) were used.57 However, a 

molecular mechanism for ASO uptake was not revealed. 

Numerous preclinical trials allocate the pharmacological activity of unassisted ASOs 

following systemic or topic application. However, ASO-mediated gene silencing is only 

effective at high dosages and usually chemically stabilized ASOs of the 2nd or 3rd generation 

are used. In rodents, dosages for 1st generation ASO ranged from 10 to 75 mg/kg/day, 

whereas 2’MOE- or LNA-modified oligonucleotides are injected at dosages from 5 to 50 

mg/kg/week, depending on the target tissue (see also Tab. 1.2).20,58 Consistently, clinical 

phase III studies using a 2nd generation chimeric ASO against apoB100 (Mipomersen®, 

ISIS301012) demonstrated a dose-dependent reduction in plasma ApoB100 levels with 

dosages of 50 to 400 mg per week in humans.59,60  

 

It is widely accepted that naked, unmodified siRNA is unable to passively cross the 

cell membrane and is thus far not active in vivo after systemic injection. High pressure or 

hydrodynamic (tail vein) injections of naked siRNAs elicit target gene knockdown especially 

in the liver of mammalian model organisms.61,62 However, the hydrodynamic intravenous 

injection requires large volumes (~1 ml / mouse) administered at high pressure over a short 

period of time and is thus not applicable for human application.  

In 2002, Hunter and co-workers introduced the multispan transmembrane protein 

SID-1 (systemic RNA interference-deficient) as a putative cell membrane transporter of 
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double-stranded RNA in C. elegans.63,64 SID-1 is required for the systemic RNAi; it passively 

transports dsRNA into the cytoplasm like a pore or channel 63 independent of chain length 65 

and is therefore supposed to act as siRNA transporter. The mammalian homolog of SID-1 

(FLJ20174) has been demonstrated to enhance the uptake of siRNA molecules in human 

cancer cells 66 and silencing of SID-1 in human hepatic cells reduced the internalization of 

lipophilic siRNAs.67 However, the cellular uptake of naked (modified) siRNA remains 

unproven and publications describing the transporter SID-1 are restrained. 

To this date systemically injected naked siRNA molecules failed to yield endpoints in 

animal models and studies were focused on local / topical siRNA delivery. Intravitreally 

injected siRNAs targeting the VEGF pathway in wet age-related macular degeneration 

(AMD), a retinal disease causing loss of vision, were under clinical investigation.68 However, 

the trials of both candidates (Bevasiranib@ (Cand5) by OPKO Health, Inc. and Sirna-027 

(AGN211745) by Allergan, Inc.) were terminated after poor phase II/III data. 

 

In summary, the effectiveness of 2nd generation antisense molecules either after 
systemic or local injections is widely accepted and enables convenient application at 
low dosages in selected tissues (e.g. liver). Further, several 2’-modified chimeric anti-
cancer ASO molecules are currently under clinical investigation.2 However, the 
biodistribution of ASO molecules far from liver, spleen and kidney is poor and 
applications in cancer or inflammation diseases require high dosages.13,69  

The challenge of siRNA uptake requires the assisted transport through the 
body. Nucleases rapidly degrade siRNAs in biological fluids; they are quickly excreted 
via the kidneys and induce immune responses after recognition by endosomal TLRs. 
Further, siRNA molecules are not able to cross the plasma membrane by themselves. 
Formulation of siRNAs with proper delivery systems can solve most of these pressing 
issues and can further direct them to the appropriate tissues. The next chapters focus 
on strategies for the delivery of ASO and siRNA molecules, namely by liposomes. 

 

 

1.5 Lipid-based vehicles for oligonucleotide delivery  
 

Significant progress has been made in the construction of delivery systems that 

enable cytosolic delivery or nuclear uptake of oligonucleotides without affecting cellular 

integrity. Reinsch et al., 2008, Wu & McMillian, 2009 as well as Reischl & Zimmer, 2009 

profile some of the most advanced non-viral delivery vehicles for oligonucleotides including 

synthetic oligonucleotide conjugates, polymer- or lipid-based systems.70-72 The following 

chapter focus on the delivery of oligonucleotides by using lipid-based vehicles and highlights 

common building and mechanistic principles. 
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1.5.1  Lipid-based vehicles (Liposomes) – an overview 
 

Liposomes, characterized by a bilayered membrane assembly, are mainly made of 

phospholipids bearing a diacyl-glycerol membrane anchor or cholesterol derivatives. Within 

the last 30 years liposomes have been developed as a pharmaceutical carrier for therapeutic 

agents including small molecules, proteins and DNA/RNA-based drugs and several FDA-

approved liposomal formulations are presently available on the market (AmBisome®, 

Doxil/Caelyx®, Visudyne® and others). 

The most common feature of all oligonucleotide carriers, either lipid- or polymer-

based, is a positive surface charge, which facilitates rapid complex formation with negatively 

charged oligonucleotides resulting in high weight ratios between cargo and vector. In 

addition, complexes with a cationic net-charge are readily adsorbed onto cells, leading to a 

high local oligonucleotide concentration at the cell surface, which supports internalization.  

Stable nucleic acid-lipid particles, SNALPs, are PEGylated cationic lipid carriers 

originally comprising the ionizable 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA) 

specially developed by Protiva Biotherapeutics Inc. (now Tekmira Pharmaceuticals Corp., 

Burnaby, BC, CA). Recent developments created the ionizable cationic DLin-KC2-DMA 

which was formulated in SNALPs and showed to have in vivo activity at siRNA doses as low 

as 0.01 mg/kg in rodents and 0.1 mg/kg in nonhuman primates.73 SNALPs PEG-lipids with 

rather short membrane anchors exhibit sufficient membrane residence during production and 

storage, but redistribute in the presence of a sink such as lipoproteins or cellular 

membranes.74  

Alnylam Pharmaceuticals, Inc. (Cambridge, MA, USA) has been developed a 

combinatorial library comprising lipid-like agents varying in i) alkyl chain length, ii) ester or 

amide linkages between the alkyl chains and the amine and iii) the polar amine-containing 

head group were tested in vitro and in rodents and nonhuman primates. For in vivo testing of 

nanoparticles lipidoid materials were formulated with cholesterol, PEG-lipids and 2’OMe 

modified siRNAs targeting coagulation Factor VII and ApoB100 75,76 or PCSK9 mRNA 77 for 

preferably liver delivery after intravenous injection (see also Tab. 1.2). A recent publication 

reported therapeutic efficacy of epoxide-derived lipidoids with pyrazine containing amine 

head groups (called C12-200) at dosages of less than 0.1 mg/kg in mouse hepatocytes 

indicating a hundredfold improvement in potency over the prior lipidoids.78  

In contrast, the delivery profile of neutral liposomes consisting of 100 % dioleoyl-

phosphatidylcholine (DOPC) 79,80 or a mixture of egg phosphatidylcholine (PC) 81 and 

cholesterol was investigated in mouse models of cancer or inflammation. Since these vectors 

lack the electrostatic interaction between cargo and carrier, efficient sequestration of the 

oligonucleotides during production and strict confinement after injection are typical 

challenges in this group of vectors. 
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1.5.2     Amphoteric liposomes (Smarticles) 
 

Smarticles (formerly proprietary of novosom AG, now Marina Biotech Inc., Bothell, 

WA, USA) are charge-reversible (amphoteric) lipid-based formulations and respond to the pH 

of the environment. Being negatively charged at neutral pH, amphoteric liposomes share the 

biodistribution properties of known anionic or neutral liposomes. However, once taken up by 

a cell and exposed to low pH in the endosome, amphoteric liposomes become neutral and 

eventually cationic and thus provide a mechanism for endosome release and intracellular 

delivery of sequestered oligonucleotides.82-84 Further, the cationic surface charge at pH 4-5 is 

used for efficient loading of oligonucleotides during the encapsulation process (called 

“advanced loading procedure”, ALP). 

The lipid mixture of Smarticles formulations comprises distinct portions of anionic and 

cationic lipids either amphoteric or permanently charged and neutral lipids resulting in three 

classes of amphoteric liposomes: 

 

Amphoter I:  comprising a permanent cationic lipid and a charge-reversible anionic lipid 

Amphoter II:  comprising both charge-reversible anionic and cationic lipids 

Amphoter III:  comprising permanent anionic lipid and a charge-reversible cationic lipid 

 

Safe and efficient in vivo delivery has been demonstrated in mouse models of colitis85 

and collagen-induced arthritis 86 using CD40 targeting antisense oligonucleotides 

encapsulated into Smarticles formulation nov038. This Amphoter II class liposome is based 

on the fully charge-reversible lipids α-(3-O-cholesteryloxy)-δ-(N-ethylmorpholine)-

succinamide (MoChol, cationic) in combination with the cholesteryl-hemisuccinate (CHEMS, 

anionic) and neutral lipids dioleoyl-phosphatidylethanolamine (DOPE) and palmitoyl-oleoyl-

phosphatidylcholine (POPC) at molar ratios of 20:20:45:15. Equimolar mixtures of the 

charged lipids were found to stably sequester oligonucleotides and a 3:1 combination of 

DOPE to POPC substantially improved the serum stability.86 

Systemic administration of nov038 effectively delivers ASO to the liver, spleen and 

sites of inflammation 87 and treats established arthritic disease by improving clinical 

parameters, inflammation and joint damage. The therapeutic efficacy of nov038-CD40-ASO 

is related to its tropism for monocytes/macrophages and myeloid dendritic cells, where it 

results in rapid down-regulation of CD40, reduction of major inflammatory cytokines such as 

TNFα, IL-6 and IL-17 and inhibition of T cell responses in draining lymph nodes.86 Further, 

nov038 mediated the delivery of ASO molecules to hepatocytes and potentiated the 

antisense dependent knockdown of several target genes (this work & unpublished data) 

compared to non-encapsulated ASO molecules.  
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1.5.3 Principal considerations on the pharmacokinetics (PK) and 
biodistribution (BD) of liposomes 

 
A blood borne drug has to be able to leave the vasculature in order to be distributed 

inside the target tissue. Liposomes have been widely used to alter the pharmacokinetic and 

biodistribution profile of encapsulated drugs in circulation. Factors including charge, size, 

dose and lipid composition are well known parameters influencing that carrier profile.88-93 

Both, cationic and anionic particles are removed from the bloodstream by cells of the 

mononuclear phagocyte system (MPS, formerly known as reticuloendothelial system, RES) 

located in the liver (Kupffer cells) and in the spleen.90,94 Cationic liposomes, for example, tend 

to form large aggregates with anionic serum components (e.g. complement proteins) that are 

cleared rapidly from the circulation or associate directly with the glycoprotein layer of the 

endothelium and get trapped in first pass organs.95,96 Major organs of distribution after iv 

administration of cationic liposomes are the liver and lungs followed by spleen, kidney and 

heart.97,98 The accumulation of large cationic aggregates in the lung capillaries where 

liposomes and cargo are then absorbed can lead to a massive obstruction with fatal 

consequences. Neutral and negatively charged liposomes distribute mainly in liver and 

spleen and exhibit longer circulation times but without affecting the lung capillaries or other 

endothelia. Generally, electrostatically charged liposomes disappear faster from the blood 

than uncharged liposomes.99 It could be shown that the clearance of liposomes via the 

complement system (protein-membrane interactions) depends not only on surface 

charge.100,101 Lipid head group and acyl chain composition must also influence liposome-

protein interactions. Besides phosphatidylglycerol (PG) and phosphatidylinositol (PI) 100, the 

incorporation of lipid-conjugated PEG considerably inhibits non-specific interactions with 

serum proteins and cells and tremendously alters the pharmacological properties of the 

carriers independent of their surface charge.91,102-105 PEGylated liposomes offer a 

substantially increased circulation time but also PEG suppresses the binding to cell 

membranes and limits the cellular uptake. PEG-lipids with a rather short membrane anchor 

eventually leave the carrier membrane after intravenous injection and the carrier gradually 

exposes a more and more cationic surface which improves the affinity to anionic cell 

surfaces (see SNALPs). However, repeated high-dose administration of PEGylated carriers 

triggers the host immunogenicity which ends up in faster blood clearance.106,107 

Particle size also effects the PK and BD of vesicular carriers whereas, generally, 

small liposomes (<100 nm) are eliminated from the blood more slowly than large 

liposomes.88,108 Thereby, the complement activation and uptake of liposomes by cells of the 

MPS strongly depends on the size whereas the particle recognition and clearance increase 

with increasing size.109-111 The complement activation requires the assembly and activation of 

complement proteins. Devine and co-workers suggested that the more curved surfaces of 
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smaller liposomes cannot achieve the proper geometric configuration for efficient 

complement activation. Substantial differences were observed in the consumption of 

complement components at liposomal sizes between 100-200 nm. In addition, depending on 

size and composition of the liposomes, the parenchymal cells of the liver (hepatocytes) may 

also play a dominant role in the elimination of liposomes from the blood.112 Numerous open 

fenestrations allow the passing of liposomes through the hepatic sinusoidal endothelial 

lining.113 In rodents, these fenestrations have a size of 100-200 nm 114 and thus allow small 

liposomes to gain access to the hepatocytes.111,115 Generally, small long-circulating 

nanoparticles readily accumulate at sites of vascular leak including tumor vasculature 116 and 

inflammation sites relying on the “enhanced permeability and retention (EPR) effect”.117 

Finally, the administered lipid dose plays a crucial role in circulation times and 

distribution of liposomes following systemic injection. Cullis and co-workers showed that 

increasing lipid doses (16…1600 µmol/kg BW) of neutral or anionic liposomes leads to 

prolonged blood t1/2 which corresponds to a depletion of blood opsonins and subsequently 

lowers the probability of MPS-mediated clearance.118 In addition, early works suggest that 

increasing lipid doses (5…500 µmol/kg BW) saturate non-specific binding sites of the murine 

liver and spleen and, as a result of the hepatic and splenic saturation, the liposomal blood 

levels increase.88 Further, Chow and co-workers propose that the hepatic uptake of small 

neutral liposomes in mice involves two parallel pathways in which one is saturable mediated 

by phagocytic Kupffer cells (blocking lipid dose ~16 µmol/kg BW).119 The other is a non-

saturable, pinocytotic uptake pathway mediated by parenchymal cells, favoring this pathway 

at high lipid doses. Increasing lipid doses (0.005…159 µmol/kg BW) led to a decrease in 

relative Kupffer cell uptake and concomitant increase in relative hepatocytes uptake.   

 

Liver and spleen are major sites of liposomal distribution. Thereby, the 
biodistribution strongly depends on size, surface charge, lipid composition and dose 
of the liposomes. Charged particles and those with increasing size are cleared rapidly 
from the bloodstream whereas increasing lipid doses facilitate parenchymal liver 
uptake and prolonged circulation times of the liposomes. Positive surface charges 
further facilitate rapid complex formation with negatively charged oligonucleotides. 
Complexes with a cationic net-charge are readily adsorbed onto cells and are thus 
internalized more easily. However, aggregate formation with serum components and 
unspecific adsorption to endothelia can lead to a blockage of the (lung) capillaries. In 
contrast, amphoteric liposomes are stable in serum (pH 7.4) and distribute in the same 
manner as true anionic liposomes. In contrast to anionic carriers, amphoteric 
liposomes exhibit a high payload of oligonucleotides (at pH 4-5). PH-sensitive lipids 
can provoke an endosomal escape of the drug and a molecular mechanism thereof is 
given in the next chapter. 
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1.6  Lipid shape theory & mechanism of pH-sensitive liposomes   
 

According to the shape theory provided by Israelachvili and co-workers the 

thermodynamically favored aggregate of lipid molecules depends on the ratio between their 

molecular volume of the hydrocarbon chains (v) and the product of the optimal molecular 

surface area (a0) and maximum tail length (lc) which calculates a shape factor (Ns) or “critical 

packing parameter” (CPP) 120:   Ns = v / (a0 *  lc) 

The surface area a0 is determined by the volume of the head group, its hydration, 

charge and hydrogen bonding capabilities whereas the chain volume ν  is dependent on their 

thermal motion. Possible CPP values and predicted lipid aggregates are listed in Fig. 1.3.   

 

 

 
Fig. 1.3: Schematic illustration of lamellar and non-lamellar lipid aggregates formed in aqueous 
solutions. The “critical packing parameter” CPP defines the molecular lipid shape and their 
superordinated aggregate structures. (modified from: 120-122) 
 

 

Liposomes only form when cylindrical molecules predominate or when the tendency 

of e.g. inverted cone-shaped molecules to form hexagonal structures is balanced by the 

presence of cone-shaped molecules in the membrane. The non-fusogenic lamellar phase of 
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a lipid bilayer is characterized by a cylindrical shape of lipids whereas the fusogenic 

hexagonal (HII) phase is characterized by inverted cone-shaped lipids. The Lipid shape 

theory relates small polar head groups of the lipids to a fusogenic state and larger head 

groups to a lamellar, non-fusogenic phase.120,121 

Following encapsulation of drugs and the transport to the target cells liposomes are 

predominantly internalized by way of endocytosis and end up in the endolysosomal system. 

For release of the cargo into the cytoplasm the liposomal and endosomal membrane need to 

fuse, usually in a pH-dependent manner. Thereby liposomes undergo a structural change in 

order to perform a transition between the stable phase at neutral pH and the fusogenic state 

at lower pH found within the endosome. Here, the most frequently used concept of 

membrane-fusion triggered by pH-sensitivity involved the combination of inverted cone-

shaped phosphatidylethanolamine (with unsaturated chains, e.g. DOPE) with cylindrical 

amphiphiles such as CHEMS (see below) which act as a stabilizing agent at neutral pH 

(reviewed in 123,124). After acidification the cylindrical CHEMS undergoes a change in the 

geometrical shape to a more inverted cone-shaped structure and thus promotes a hexagonal 

phase conversion together with the inverted cone-shaped lipid DOPE.   

Amphoteric liposomes comprise charge reversible lipids containing pH-sensitive 

elements, such as the ionizable CHEMS (pKα of ~5.8) and MoChol (pKα of 6.5). CHEMS is 

thus an anionic lipid at physiological pH and the succinate moiety is protonated and 

uncharged at acidic pH. Vice versa, the morpholine moiety of MoChol is protonated at low pH 

and presents a cationic charge, at neutral pH the head group is deprotonated and non-

charged. An equimolar mixture of both ionizable lipids (pKα of ~6.3) is illustrated in Fig. 1.4.  

 

 

 
Fig. 1.4: Schematic illustration of an amphoteric membrane at different pH values. An 
equimolar mixture of ionizable lipids, CHEMS and MoChol, their counterion recruitment, 
molecular lipid shape and phase transition in dependency of the environmental pH is shown. 
Stable phases are important for oligonucleotide loading at low pH and storage and injection of 
the liposomes at physiological pH. Further details are noted in the text. 
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When charged, these lipids attract counterions which substantially increase head 

group volumes and thus promote the lamellar, non-fusogenic orientation.125,126 Counterion 

binding causes a shape transition and stabilizes bilayers. Panzner and co-workers suggest 

that lipid bound counterions contribute a shape determining portion to the charged lipid and 

developed an extension of the lipid shape theory.127,128 Transferred to a lipid bilayer, a stable 

phase occurs at ~pH 8 where MoChol is protonated and electrically neutral and the charged 

CHEMS recruits its counterion from the solvent.  A second stable phase is at low pH where 

the charged MoChol recruits its counterion from the solvent and CHEMS is protonated and 

neutral. Fusion of the anionic CHEMS and the cationic lipid MoChol occurs in the absence of 

counterions at ~pH 6. The counterions are displaced and the charged lipids form an interlipid 

salt.128 While displacing the counterions the volume of the head groups decrease which leads 

to a phase transition from stable lamellar to hexagonal phase. At this stage the membrane 

consisting of cone-shaped lipids and ion-free interlipid salt bridges is able to fuse with other 

membranes.129 

The quantitative parameter describing the pH dependent phase behavior of lipid 

bilayers is the volume ratio between all polar and apolar elements and is called kappa (κ). 

The function implies the head group and tail volumes of anionic and cationic lipids, its molar 

fractions and was extended by the volume of the respective counterions.127 The minimum 

kappa (κmin) is calculated at the isoelectric point (IP) of the lipid mixture where the formation 

of an interlipid salt promotes a lipid phase transition. κmin is thus the calculated volume ratio 

with highest tendency to fusogenicity.  

It was shown by E.Siepi that large cationic counterions (e.g. Arginine, Tris) increase 

κ values and stabilize the anionic lipid bilayer more effectively. Conversely, membrane 

stability was diminished in the presence of small cationic counterions (e.g. Na) advantaged 

by small κ values.  With respect to the stability and fusogenicity of cationic lipid bilayers 

similar results were found using different sizes of anionic counterions. Further, the impact of 

neutral lipids on the fusogenicity of a lipid mixture depends on their individual κ values. For 

example, POPC (κ =0.58) possesses a large head group and with increasing amount of 

POPC the κmin value of the lipid mixture increases and fusion is reduced (determined by 

fusion assays 127). Thus, POPC stabilizes membranes. In contrast, the small κ value of 

cholesterol (κ =0.09) decreases the κmin value of the mixture and promotes fusion.  

κmin limits the transfection efficacy on HeLa cells. Liposomes with low values (<0.16) 

were substantially more effective than those with κmin >0.3.127 Mostly, the calculated κmin 

values can be used as a predictive criterion for fusion and transfection of HeLa cells. The 

tight correlation between κmin and transfection efficacy on primary mouse hepatocytes 

(PMHs) is demonstrated in this work. Therefore, the established ApoB100 model exemplified 

the transfection efficacy of liposomes in vitro, on PMHs, as well as in vivo in naïve mice.  
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1.7  ApoB100 – a valuable target to investigate oligonucleotide-
mediated gene silencing in vivo 

 

The apolipoprotein B100 (ApoB100) protein is present in plasma and is required for 

the assembly, secretion and the structural integrity of very-low-density lipoprotein (VLDL) and 

low-density lipoprotein (LDL) particles and acts as a ligand for the LDL receptor (LDLR) in 

various cells throughout the body. Elevated ApoB100 and LDL levels are associated with 

premature atherosclerosis in several inherited diseases, including familial 

hypercholesterolemia.130 Abnormalities in ApoB100 metabolism are also observed in 

diabetes mellitus and obesity increasing the risk for coronary heart disease (CHD).131,132 

This scaffolding protein ApoB100 is not amenable to conventional therapeutics such 

as small molecules, proteins, or monoclonal antibodies. Potential ASO and RNAi therapies 

have been developed against the so far “non-druggable” target ApoB100 which is 

predominantly expressed in the liver. Tab. 1.2 gives a comprehensive overview regarding the 

preclinical ApoB100 model targeted by oligonucleotides with or without delivery assistance. 

In the majority of the listed ApoB-trials, the wild type mouse strain C57Bl/6 was used, rarely 

BALB/c mice. In most cases ApoB-1 siRNA originally designed by Soutschek and co-workers 
133 was selected for mouse trials. Within this work, C57Bl/6 mice were used for in vitro 

(isolated primary hepatocytes) and in vivo testing of formulated ApoB-1 siRNA or ApoB-ASO. 

 
 

Company, 

Academia 
Ref Oligo 

Delivery 

system 
Dosing 

Results (KD %) additional 

analyses mRNA protein Chol:HDL:LDL 
ASOs 

ISIS 134 ISIS 
147764 - ip; 12 x 

50mg/kg L:88~ S: 90¢ 66  :   --  :  87 DR, AXT, histo, 
persist, 

Santaris 57 SPC3716 - 3 x 
5mg/kg L:70~  --   85  :   --  :   -- persist 

siRNAs 

Alnylam 133 ApoB-1 Chol-
conjugate 

iv; 3 x 
50mg/kg L: 60*  P: 70+  40  :   25 :  40 BD, 5’-RACE 

Alnylam, 
Protiva 

135 ApoB-1 SNALPs iv; 1 x 
2.5mg/kg L: 80* S: 72+ --  :  --   :   -- DR, persist, 

Alnylam, 
MIT  

75 ApoB-2 Lipid-like 
conjugates 

Iv: 1x 
5mg/kg L:70* --     --  :  --   :   -- DR; persist 

hematology,  

Mirus 136 ApoB-1 Dyn. Poly-
conjugates 

iv; 1 x 
2.5mg/kg L: 75~ S:~50¢ 30  :   --  :   -- BD, histo, 

persist 

Protiva 54 ApoB-1 
(2’OMe) SNALPs iv; 3 x 

5mg/kg L: 80* S:70+ 50  :   --  :   -- cytokines 

RXi 137 ApoB iNOPs iv; 3 x 
5mg/kg L: 50~ P: 60¢ 35  :   --  :   -- DR, cytokines 

University 
of Tokyo 

138 ApoB-1 α-
Tocopherol 

iv: 1x 
2mg/kg L:50~ --   20  :   --  :   -- persist, BD, DR, 

AXT, histo 
 
Tab. 1.2: Setup and results of the mouse ApoB100 model: This table gives a comprehensive 
outline for various oligonucleotides and delivery systems in the preclinical mouse ApoB100 model. 
Abb.: KD: knockdown; analyses by * branched DNA; + ELISA; ~ qPCR; ¢ WB; L: liver; P: plasma; S: 
serum; BD: biodistribution; AXT: liver enzymes ALT and AST; histo: histopathology; persist: 
persistence, DR: dose response; tox: toxicity analyses; ip: intraperitoneal; --: not applicable 
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1.8  Scope of the thesis 
 

Chemical modifications have been used to facilitate the functional in vivo delivery of 

single-stranded ASO molecules, even in the absence of a delivery system.  The number of 

organs or tissues that can be reached is, however, limited and insufficient delivery to more 

distal sites such as tumors and sites of inflammation is currently hindering the development 

of ASO inhibitors for such indications. The hurdles for systemic delivery of functional siRNAs 

into target cells are much higher and not outweighed by their higher potency. Therefore, 

assisted delivery of siRNA molecules is still a necessary condition for siRNA therapeutics. 

The major objective of this thesis was to provide an amphoteric liposomal 

composition well-described by biophysical and pharmacological analyses for the effective 

delivery of oligonucleotides in vitro and in vivo. 

The thesis aims first for the description and characterization of an amphoteric 

liposomal formulation (nov038) with a known ability to transfect macrophages and dendritic 

cells in vivo. The biodistribution and pharmacokinetic of nov038 encapsulating ASO 

molecules were investigated in a dose dependent manner to basically analyze the in vivo 

behavior of this formulation after systemic administration in mice. Based on these findings 

nov038 was prepared for pharmacodynamic studies demonstrating delivery of either 

therapeutic active ASO or siRNA molecules directed against parenchymal liver targets. 

Effective liposomal delivery of siRNAs requires the fusion with the endosomal membrane and 

the escape of the intact drug into the cytoplasm. In this context, the lipid composition of 

nov038 was shown to be non-fusogenic and thus inappropriate for the delivery of siRNAs. 

The second part of the thesis aims on the creation and optimization of novel 

fusogenic liposomal compositions according to a rational design with a focus on the effective 

delivery of siRNA molecules. Prior to an in vivo use, these novel formulations were tested on 

primary mouse hepatocytes and a selected liposomal mixture (nov729) optimized for 

transfection efficiency and stability was further tested in the mouse ApoB100 model. 
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2. Materials and Methods 
2.1 Materials 

 

Chemicals and reagents used, unless noted otherwise, were purchased from Sigma-

Alldrich (Schnelldorf, DE), Merck KGaA (Darmstadt, DE) and Roth (Karlsruhe, DE). 

Chemicals were of analytical grade and reagents were used according to the manufacturer’s 

instructions. Buffer components were purchased from AppliChem (Darmstadt, DE) and Fluka 

(Seelze, DE) and were of molecular biology grade. 

 

2.1.1  Lipids 
 

All lipids used in this work are synthetic, HPLC purified and solvent free substances 

and were provided as dry powder. Lipids were purchased from the following manufacturers: 

cholesterol from Merck KGaA (Darmstadt, DE); CHEMS from Sigma Aldrich (Saint Louis, 

MO, USA); DOPE and POPC from Lipoid (Ludwigshafen, DE); DMGS and MoChol from 

Merck Eprova AG (Schaffhausen, CH); DODAP from Avanti Polar lipids (Alabaster, AL, 

USA). 

 

 

Abb. MW [g/mole] Full name 
pK Chemical structure 

Tail vol. [Å3] Head vol. [Å3] 
Chems 486.7 Cholesteryl-hemisuccinic acid 

5.39 CH3

CH3

CH3

H

H

H

H
CH3

CH3

O

O
OH

O  

334.0 78.2 

Chol 387.0 Cholesterol 

14.90 
CH3

CH3

CH3

H

H

H

H
CH3

CH3

OH  

327.0 30.0 

DMGS 612.9 1,2-Dimyristoyl-sn-glycero-3-succinic acid 

5.33 
O

O

O

O

CH3

CH3

O

O

O

OH

418.3 90.2 
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DODAP 648.1 1,2-Dioleoyl-3-dimethylamino-propane (neutral form) 

7.52  

NO

O

O

O

CH3

CH3

CH3

CH3

 

511.8 45.7 

DOPE 744.0 1,2-Dioleoyl-sn-glycero-3-phosphatidyl-ethanolamin 

1.17 / 8.02 
OO

O

O

O

CH3

CH3

P

O

-O
O

NH3
+

 
511.8 98.3 

MoChol 598.9 
α-(3-O-cholesteryloxy)-δ-(N-ethylmorpholine)-

succineamide 

6.51 

NH
N

O

O

CH3

CH3

CH3

H

H

H

H
CH3

CH3

O

O

 

334.0 168.2 

POPC 760.1 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine 

1.23 / 15.00 
OO

O

O

O
CH3

P

O

-O
O

N
+

CH3

CH3

CH3CH3

 
490.4 136.3 

 
Tab. 2.1: Lipid abbreviations & full name, structures, partial molecular volumes and pK values 
 
 

2.1.2 Fluorescence Dyes 
 

Name MW 
[g/mole] Chemical structure Exmax 

[nm] 
Emmax 
[nm] Supplier 

Cy5.5 1128# 

O

NOO

N

CH3

CH3

SO3K

SO3K

N+

CH3

CH3

KO3S

O3
-
S

CH3
O

 

674 690 

GE 

Healthcare 

UK Limited, 

Buckingham-

shire, UK 

 

Tab. 2.2: Fluorescence Dyes. # MW of Cy5.5 mono NHS ester 
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2.1.3 Oligonucleotides 
 

Antisense Oligonucleotides (ASOs) targeting the surface receptor CD40 mRNA or 

LT1 and LT2 mRNA as well as a scrambled (scr, non-target control) ASO were a kind gift of 

ISIS Pharmaceuticals (Carlsbad, CA, USA). The sequence of scr ASO was taken for a 5’ end 

modification using the fluorescence dye Cy5.5. This labeled scr-Cy5.5 ASO was ordered 

from NOXXON Pharma AG (Berlin, DE). The LNA-modified ApoB-ASO was taken from 

Swayze et al., 2007 and ordered from MWG Operon (Ebersberg, DE) with HPLC purity. All 

small interfering RNAs (siRNAs) were ordered from NOXXON Pharma AG (Berlin, DE). 

SiRNAs were provided in a desalted and HPLC purified form. 
 

Name MW 
[g/mole] Sequence (5’  3’) Species Ref. 

CD40 6391 CCCAgtcagtgttcCTGC mouse ISIS 117898* 

scr 7152 CCTTCcctgaaggttCCTCC mouse ISIS 141923* 

scr-Cy5.5 7500 Cy5.5-ccttccctgaaggttcctcc mouse - 

LT1 7225 AGGTGctcaggactcCATTT mouse ISIS 101757* 

LT2 7194 TCCATttattagtctAGGAA mouse ISIS217376* 

LNA-ApoB 6619 tctggtacatggaagtctgg mouse 139 

 
Tab. 2.3: Antisense oligonucleotides (ASOs): abbreviations, molecular weight, sequence and 
origin. Modifications: backbone of all ASO molecules are fully phosphorothiolated; capital letters: 
2’MOE ribose; letters in bold: LNA ribose; Cy5.5: NIR fluorophore at 5’-end; * ISIS number 
representing a distinct ASO sequence in the respective species 
 

 

Name MW 
[g/mole] 

Sequence:    sense strand (5’  3’)
               antisense strand (5’  3’) Species Ref. 

ApoB I 14974 
guc auc aca cug aau acc aa*u 

auu ggu auu cag ugu gau gaC* A*c 

mouse / 

human 
133 

ApoB I 5’P 15009 
guc auc aca cug aau acc aa*u 

P-auu ggu auu cag ugu gau gaC* A*c 

mouse / 

human 
- 

Scr 

(ApoB) 
14973 

gug auc aga cuc aau acg aa*u 

auu cgu auu gag ucu gau caC* A*c 

mouse / 

human 
133 

scr-Cy5.5 15327 
Cy5.5-aac ugg gua agc ggg cgc a-d(TT) 

ugc gcc cgc uua ccc agu u-d(TT) 

mouse / 

human 
140 

 
Tab. 2.4: small interfering RNAs (siRNAs): abbreviations, molecular weight, sequence and 
origin. Modifications: asterisk: backbone phosphorothiolation; capital letters: 2’OMe ribose; P: 5’-
phosphate; Cy5.5: NIR fluorophore at 5’-end; d(TT): two deoxy-thymidine overhangs 
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2.1.4 Antibodies 
 

Name Type Reactivity Specificity Host Supplier 

ApoB 

(H300) 
prim.  

Human, 

mouse, rat 
polyclonal Rabbit  

Santa Cruz Biotech., Inc 

Heidelberg, DE 

GAPDH prim.  
Human, 

mouse, rat 
monoclonal Mouse  Abcam, Cambridge, UK 

p38α prim.  
Human, 

mouse, rat 
polyclonal Rabbit   Abcam, Cambridge, UK 

Alexa 680 sec.  Anti mouse polyclonal Goat  
Invitrogen, Molecular Probes

Carlsbad, CA, USA  

IRDye 

800 
sec.  Anti rabbit polyclonal Goat  

Rockland, Gilbertsville, PA, 

USA 

 
Tab. 2.5: Primary (prim.) and secondary (sec.) antibodies. 
 
 

2.1.5 Cells and Cell Culture 
 

Description Supplier 

Mouse primary hepatocytes see section 2.2.5.1 

Antibiotics, penicillin & streptomycin (P/S) Gibco, Invitrogen GmbH, Karlsruhe, DE 

Bovine serum albumin (BSA) Paesel & Lorei, Hanau, DE 

Collagen R solution Serva Electrophoresis GmbH, Heidelberg, DE 

Collagenase NB4G Serva Electrophoresis GmbH, Heidelberg, DE 

DMEM (Dulbecco’s Modified Eagle Medium) Gibco, Invitrogen GmbH, Karlsruhe, DE 

FCS (fetal calf serum) PAA Laboratories GmbH, Pasching, AT 

Mouse sera, aseptically filled Sigma, St. Louis, USA 

Optimem I (1x) Gibco, Invitrogen GmbH, Karlsruhe, DE 

TRITC-conjugated Phalloidin & DAPI Millipore Corp., Bedford, MA, USA 

RPMI 1640 Medium Gibco, Invitrogen GmbH, Karlsruhe, DE 

Serological Pipettes (5 ml, 10 ml, 25 ml)  TPP Ltd., Zurich, CH 

Tissue culture test plates, 6-well-plates TPP Ltd., Zurich, CH 

Trypan blue, for cell culture Sigma, St. Louis, MO, USA 

Water (aqua destillata) Gibco, Invitrogen GmbH, Karlsruhe, DE 

In vivo-jetPEI™-Gal 
PolyPlus-Transfection Inc., New York, NY, 

USA 

 
Tab. 2.6: Primary hepatocytes, buffer and reagents for cell culture. 
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2.2 Methods 
 
2.2.1  Preparation of Liposomes  
 

2.2.1.1 Alcohol injection 

 
Oligonucleotide-loaded Smarticles® were manufactured using the Advanced Loading 

Procedure (ALP) in which the interactions of cationic lipids (N) and the anionic phosphate 

backbone of the DNA or RNA oligonucleotides (P) are used to achieve a high payload into 

the liposomes. The loading process was performed at distinct N/P ratios (the 

Nitrogen/Phosphate molar ratio of cationic and anionic charge carrier) and under acidic 

condition (pH 4.0-5.0). The lipid mixture was dissolved to an appropriate concentration (initial 

lipid) in alcohol (ethanol, isopropanol or acidic isopropanol). Appropriate volumes of the 

oligonucleotide stock solution (according to the N/P ratio) were diluted in the respective 

acidic LOAD-buffer (Tab. 2.7). The organic and the aqueous solutions were mixed with two 

separately controllable pump systems at distinct flow rates to an alcohol content of either 

10 % or 30 % (Tab. 2.7). Immediately, in the case of a 30 % alcohol injection the resulting 

liposomal suspension was diluted to a final concentration of 10 % alcohol by shifting to 

pH 7.5 with two times the volume of SHIFT-buffer (Tab. 2.7). Using the 10 % alcohol injection 

the pH of the liposomal suspension was shifted with 1/20 of the resulting total volume to 

pH 7.5 with the respective SHIFT-buffer (Tab. 2.7). Shifting of the pH value and / or salt 

concentration to physiological conditions diminished the interactions between 

oligonucleotides and lipids. 

 

2.2.1.2 Concentration and separation 

 
Formulations were concentrated using the tangential flow method and either 

MicroKros® hollow fiber membranes (Spectrum Labs, Inc., Rancho Dominguez, CA, USA) 

with a MW cut-off at 400 kDa and a surface area of 55 cm2 or PelliconXL™ Biomax 100 PES 

cassettes (Millipore Corp., Bedford, MA, USA) with a MW cut-off at 300 kDa and a surface 

area of 50 cm2, a Model 77201-60 Masterflex® easy-load® II, Console Drive pump, and 

Masterflex® 96440-16 tubing (Cole-Parmer Instrument, Vernon Hill, Il, USA). During the 

concentration step the outside buffer, non-encapsulated oligonucleotides and organic solvent 

were exchanged by adding successively 7-times the volume of DIALYSIS-Buffer (Tab. 2.7). 

After the dialysis process and sterile filtration through 0.2 µm filter the liposomes adjusted to 

physiological pH and osmolarity were stored at a temperature of 2-8 °C. 
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Formulation 
Alcohol 

type 
alc. inj. 

[%] 
N/P

Initial 
lipid [mM]

LOAD SHIFT 
DIA-

LYSIS 
TFM 

nov038d144 

Ethanol 
10 4 

20 
#2 #2 #1 MK 

nov038d145 

nov038d197 

30 

2.9 

#1 #1 

#2 

P nov038d213 

Isoprop 

4.5 
100 #1 

nov038d222 120 #3 

nov038d231 
2 

20 
#1 MK 

nov038d232 

nov038d233 
1.5 

nov038d234 

nov038d235 3 - - 

nov729d004 

Isoprop+ 30 

3.7 

10 #3 #3 #1 

P 
nov729d005 

nov729d017 
3.9 

MK 

nov729d018 

nov729-Apo 
4 

nov729-scr 

nov729-Cy55 3.9 

 
Tab. 2.7: Critical production parameters for Smarticles formulations. Abbreviations: alc. inj.: % 
alcohol injection; TFM: tangential flow method; P: PelliconXL PES cassettes; MK: MikroKros hollow 
fiber membranes; Isoprop+: acid Isopropanol incl. 25 mM CA  
 

Formulation:   nov038: POPC : DOPE : MoChol : Chems (15 : 45 : 20 : 20 mol %) 

nov729: DODAP : DMGS : Chol (24 : 36 : 40 mol %)   

 

LOAD-Buffer:  #1 20 mM NaAc, 300 mM Sucrose, pH 4.0 (adjusted with HAc) 

   #2 20 mM HAc, 300 mM Sucrose, pH 4.5 (adjusted with Tris) 

   #3 10 mM CA, 280 mM Sucrose, pH 5.0 (adjusted with NaOH) 

 

SHIFT-Buffer:  #1 136 mM Na2HPO4, 100 mM NaCl, pH 9.0 (non-adjusted) 

   #2 1 M Tris, pH 8.0 (adjusted with HCl) 

   #3 100 mM Na2HPO4, 100 mM NaCl, pH 9.0 (non-adjusted) 

 

DIALYSIS-Buffer #1 PBS (Gibco), pH 7.4  

   #2 PBS (Na/K ratio), pH 7.4 

   #3 8.9 mM Na2HPO4, 3.0 mM KH2PO4, 280 mM Sucrose, pH 7.4 
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2.2.2 Characterization of Liposomes 
 

2.2.2.1 Particle size determination 

 
The particle size of liposomes was measured by dynamic light scattering using a 

3000 HSA Zetasizer from Malvern Instruments Ltd. (Worcestershire, UK). Liposomes were 

diluted in PBS, pH 7.4 to a final lipid concentration of 0.1-0.2 mM. Average particle size is 

recorded as Zaverage value and size distribution (polydispersity index, PI) was calculated in the 

multimodal mode. 

 

2.2.2.2 Determination of Zetapotential 

 
The zeta potentials of liposomes were measured using a 3000 HSA Zetasizer from 

Malvern Instruments Ltd. (Worcestershire, UK). Liposomes were diluted in PBS, pH 7.4 or 

10 mM HAc, 150 mM NaCl, pH 4.5 to a final lipid concentration of 0.04 mM. The zeta 

potentials were determined at both pH values. 

 

2.2.2.3 Determination of lipid concentration 
 

A) PHOSPHATE-Test: The inorganic phosphate concentration of final liposomal 

samples was determined according to van Veldhoven and Mannaerts, 1987 141 and 

used as a measure of the total lipid concentration. This procedure, based on the 

complex formation of malachite green with phosphomolybdate under acidic 

conditions, was adapted to measure nanomolar amounts of phosphate, liberated from 

phospholipids after wet digestion. 

B) CHOL-CHOD-PAP-Test: Lipid concentration of formulations without phospholipids 

was determined using the CHOL-CHOD-PAP-Test. The procedure bases on the 

enzymatic hydrolysis of cholesterol esters and the oxidation of cholesterol. The 

emerging hydrogen peroxide will be catalyzed to chinonimin in a peroxidase reaction. 

The colorimetric indicator chinonimin was measured photometrically at 546 nm. The 

CHOL-assay was conducted according to the manufacturer’s instructions (Greiner 

Biochemika GmbH, Flacht, DE).  

 

2.2.3 Determination of oligonucleotide concentrations 
 

Oligonucleotide stock preparation: Lyophilized oligonucleotide samples were 

resuspended in 50 mM NaCl solution to a final concentration of approx. 10 mg/ml. 
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Oligonucleotides were dissolved for approximately 0.5 h at room temperature by repeated 

vortex mixing and sterile-filtered through a Minisart® filter with a pore size of 0.2 µm into a 

sterile Cellstar® test tube. Solutions were diluted 1:400 and 1:800 in 50 mM NaCl and the 

absorption intensity was determined at a wavelength of 260 nm on an UV/visible 

spectrophotometer according to:            OD 1 = 40 µg/ml oligonucleotides 

Oligonucleotide stock solutions were used immediately for experiments or stored long-term 

at a temperature of -70°C.  

Determination of liposomal oligonucleotide: Oligonucleotide concentrations in the final 

liposomal suspension were photometrically determined from appropriate oligonucleotide 

standard curves. Lipids were extracted from samples in chloroform/methanol 1:1 (vol/vol) 

and the absorbance of the aqueous phase was determined at a wavelength of 260 nm on an 

UV/visible spectrophotometer.  

 

 

2.2.4 Determination of non-encapsulated oligonucleotides 

 
 To verify the quality of the concentration and separation process the amount of non-

encapsulated (outside) oligonucleotides within the final liposomal suspension was 

determined. Therefore, the formulations were diluted to a concentration of 30 ng/µl 

oligonucleotide with 20 mM Tris, 280 mM Sucrose, pH 7.4. An additional dilution (to 30 ng/µl) 

was prepared with 20 mM Tris, 280 mM Sucrose, pH 7.4, 1x  loading buffer and 1 % Triton 

X-100 and incubated for 30 min at a temperature of 40 °C. During this treatment the 

liposomes were disintegrated and the encapsulated oligonucleotides were released from the 

liposomes. This Triton-treated sample served as a control for total oligonucleotide 

concentration. 

 A volume of 20 µl of those dilutions (600 ng oligonucleotides) was loaded onto a 15 % 

tris-borate EDTA (TBE) polyacrylamid gel. Free oligonucleotides were separated from 

encapsulated oligonucleotides for approx. 1 h at a voltage of 130 V. Further, a standard 

curve was prepared from the oligonucleotide stock solution and different amounts of 

oligonucleotide, e.g. 50 – 1000 ng in a volume of 20 µl, were loaded onto the gel. 

 The gel was stained with Stains-All working solution (10 ml stock stain (1 mg/ml 

Stains-All in formamide solution), 10 ml formamide, 50 ml isopropanol, 1 ml 3 M Tris, pH 8.8, 

129 ml water) for 30 min in the dark with shaking and de-stained in distilled water under 

exposure to light for 30 min. The gel was scanned using the LI-COR Odyssey scanner (LI-

COR Biosciences GmbH, Bad Homburg, DE) and stained bands were quantified with LI-

COR application software. Band intensities were used to calculate the total and outside 

oligonucleotide concentration according to the prepared standard curve. The outside 

concentration was expressed as a percentage of total oligonucleotide concentration. 
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2.2.5 In vitro studies using primary mouse hepatocytes 

 

2.2.5.1 Isolation of primary mouse hepatocytes 

 
Hepatocytes from mouse livers were isolated according to a standard 2-step 

perfusion procedure.142,143 Mice (strain C57Bl/6) were anaesthetized by 1.5 % isofluorane 

inhalation in O2 at 2 l/min. The initial perfusion was conducted with 20 ml of Ca2+-free Krebs–

Ringer buffer made of 120 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 

24.4 mM NaHCO3 and 250 mM ethylene glycol tetraacetic acid (EGTA) (pH 7.35) at 

12 ml/min. Then perfusion buffer was changed to Krebs–Ringer buffer without EGTA but 

containing 15 mM HEPES (pH 7.5), 4 mM CaCl2 and 0.75 mg/ml collagenase and perfusion 

was continued with 30 ml of buffer at 12 ml/min. The liver was excised, transferred to 20 ml 

of washing buffer (20 mM HEPES, 120 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM 

KH2PO4, 0.4 % BSA, pH 7.4) and the dispersed cells were filtered through two layers of 

gauze to remove undigested material. The cells were then washed three times in washing 

buffer and sedimented each time at 50 g for 5 min at 4 °C. 

 

2.2.5.2 In vitro transfection of primary mouse hepatocytes 
 

 For cultivation mouse hepatocytes were resuspended in 13 ml DME-Medium after the 

last washing step. Cell count and hepatocyte viability were determined with a hemocytometer 

after incubation with the non-viable-cells-indicator trypan blue. Hepatocytes were diluted to a 

final cell count of 2x105 living cells/ml with DME-Medium supplemented with 10 % FCS & 

100 µg/ml P/S. Cultivation and in vitro transfection of hepatocytes were conducted on 6-well-

tissue culture test plates. The 6-well-plates were pretreated and coated with a collagen/PBS-

solution (0.5 mg/ml) for 30 min at 37 °C, washed with PBS (1x) and aqua dest (2x) and dried 

subsequently.     

 A total cell count of 4x105 hepatocytes in a volume of 2 ml were plated per well. The 

hepatocytes were cultivated in a humidified incubator at 37 °C and 5 % CO2. Cells were 

washed with tempered PBS (2x) and supplied with fresh DME-Medium supplemented with 

10 % FCS & 100 µg/ml P/S 24 h after plating and were transfected the next day.  

 Final liposomal suspensions with encapsulated oligonucleotides were diluted in 

Optimem I or the respective storage buffer to the appropriate concentration (11 times of the 

target concentration on the cells). For transfection a volume of 200 µl of the testing samples 

were added to 2 ml cell-surrounding medium by gently mixing (dilution factor of 11). 

Oligonucleotide concentrations tested on cells ranged from 1 to 1000 nM. Details of the 

tested lipid and oligonucleotide concentrations are summarized at the beginning of each in 

vitro study within the section “Results”. 
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 Saline or buffer (e.g. PBS) treated cells as well as untreated cells served as controls. 

Free, non-encapsulated oligonucleotides were transfected using the transfection enhancer In 

vivo-jetPEI™-Gal according to the manufacturer’s instructions. For optimal complexation the 

transfectant and oligonucleotides were diluted in 0.1x PBS and oligonucleotide 

concentrations tested on cells ranged from 1 to 10 nM. 

 In the case of studies with supplemented mouse serum, a volume of 220 µl 

aseptically complete mouse serum was added to the cells (in 2 ml of DME-Medium) to a final 

concentration of 10 % (vol/vol) prior to the addition of the test samples.  

 After the treatment hepatocytes were cultivated for three days at 37 °C and 5 % CO2 

in a humidified incubator without a change of the cultivation medium. Afterwards the cells 

were prepared for mRNA analysis (see section 2.2.15.1 Quantigene).  

 

 

2.2.6 Animal Trials 

 

 All animal trials except for “Pharmacodynamic of nov038-LT1 ASO” were conducted 

at Preclinics GmbH (Potsdam, DE) in accordance with animal care ethics approval and 

guidelines and were consistent with local, state and federal regulations as applicable 

(Landesamt für Verbraucherschutz, Landwirtschaft und Flurneuordnung, Referat 

Tierarzneimittel-Überwachung, Tierschutz, Frankfurt/O, DE). Naïve C57Bl/6 and NMRI mice 

(m/f) were purchased from Charles River Laboratories (Sulzfeld, DE). Mice were kept on a 

12-h light/dark cycle with free access to food and water. 

 All test substances (e.g. saline, liposomal suspensions, buffered oligonucleotide 

solutions) were administered via tail vein injection. Details of injected volumes as well as lipid 

and oligonucleotide doses are summarized at the beginning of each animal trial within the 

section “Results”. After dosing, if necessary, animals were anesthetized by isofluorane 

inhalation (a constant flow of 1-2 vol. % Forene® in pure oxygen) and blood was collected 

into EDTA-coated tubes by retrobulbar or heart bleeding. At the end of the study animals 

were sacrificed under isofluorane anesthesia; organ and blood samples were collected and 

prepared for subsequent analysis or stored at a temperature of -70 °C.   

 

2.2.6.1 Pharmacokinetic (PK) and Biodistribution (BD) study 
 

 For the PK/BD study Smarticles formulation nov038d213 was loaded with a mixture of 

CD40- and scr-Cy5.5-ASO (4:1; w/w). The final liposomal suspension was serially diluted 

with PBS (Gibco) in order to administer different doses into mice. Studies were performed in 

9 weeks old male NMRI mice (~35 g), grouped to a number of six (ID 1-3 and ID 4-6). Mice 

were treated once with either saline, non-encapsulated ASO or liposomal ASO using an 
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injection volume of 250 µl. For pharmacokinetic purposes blood was collected by retrobulbar 

(0.5, 1, 2 and 4 h) and terminal bleeding (8 and 24 h) and analyzed according to the naïve 

pooling approach (Tab. 2.8). This modeling approach treats all data as coming from a single 

individual but without providing any estimate of interindividual variability. Organ samples of 

three mice were collected after 8 h and 24 h each and stored at a temperature of -70 °C 

immediately. 

 

Pool Mouse ID 0.5h 1h 2h 4h 8h 24h 

PK blood retrobulbar blood terminal bleeding 

A 1-3  X  X X  

B 4-6 X  X   X 

BD organs liver, spleen & kidney 

A 1-3     section  

B 4-6      section 

 
Tab. 2.8: Blood and organ sampling for PK/BD study 
 

2.2.6.2 Pharmacodynamic study in mouse liver (“nov038-LT1-ASO”) 
 

Mouse trial “nov038-LT1 ASO” was conducted at ISIS Pharmaceuticals (Carlsbad, 

CA, USA) and was in compliance with published Unites States Department of Agriculture 

regulations and approved by an Institutional Animal Care and Use Committee. Male 6-weeks 

old BALB/c mice (~25 g) from in-house breeding were grouped to a number of five and kept 

on a 12-h light/dark cycle with free access to food and water. Mice were injected iv with 

liposomal and non-liposomal samples twice a week for three weeks. The final liposomal 

suspension of nov038-LT1 was diluted 1:2 and 1:10 using PBS (Gibco) resulting in a dose of 

0.25 mg (undiluted) 0.125 mg and 0.025 mg LT1 ASO per injection of 200 µl, which is the 

equivalent to a dosage of 10, 5 and 1 mg/kg, respectively. The mice were sacrificed 24 h 

following the last administration; liver samples were collected and prepared for LT1 mRNA 

(real time PCR) and protein (Western blot) analyses. Further, blood was collected by terminal 

bleeding and plasma was separated to determine AST and ALT levels.  

 

2.2.6.3 Pharmacodynamic studies in mouse liver and plasma (ApoB100 trials) 
 

 Pharmacodynamic studies using either ApoB ASO or ApoB siRNA were performed in 

8-10 weeks old C57Bl/6 mice (m/f, ~25 g), usually grouped to a number of five. Mice were 

intravenously injected either twice (day 1 and 3) or three times (day 1, 2 and 3) with the 

respective samples. Injections of saline served as a control. Mice were sacrificed on day 4 
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and prepared for organ and blood sampling. Liver tissue samples were used for the 

quantification of apoB100 mRNA using the Quantigene assay (2.2.15.1). Furthermore, whole 

blood was collected into EDTA-coated tubes by heart bleeding at the end of the study and 

plasma was separated by centrifugation. Plasma samples were prepared for the 

determination of ApoB100 protein using Western Blot analysis (2.2.16). 

 

 

2.2.7 Total body and organ scan 
 

 In a satellite group within the PK/BD study one mouse was treated once with 4 mg/kg 

BW of liposomal Cy5.5-labeled ASO intravenously. The mouse was scanned 5, 15, 25, 45 

and 60 minutes after injection of the liposomes using the LAS4000 luminescence scanner 

from Fujifilm (Fujifilm Corp., Tokyo, JP) at an emission wavelength of 670 nm. Therefore the 

mouse was anesthetized by isofluorane inhalation and prepared for a ventral body scan. One 

untreated mouse served as a blank control. Following the last scan after 60 min the mouse 

was sacrificed and organs (liver, spleen, kidney, lungs, heart and thymus) were collected and 

placed onto a petri dish for a separate organ scan using the same scanning parameters. 

 

 

2.2.8 Determination of Cy5.5 fluorescence signals in blood samples (PK) 
 

 Blood samples from early time points were diluted 1:10 or 1:25 (0.5 h and 1 h), 

respectively, whereas samples from late time points were diluted 1:2 or 1:5 (2 h – 24 h), 

respectively. Dilutions were performed in PBS and 100 µl were transferred to a 96-well-plate. 

The plates were subjected to the LI-COR Odyssey Infrared Imaging System and 

fluorescence signals were densitometrically determined with the Odyssey Application 

Software Version 2.1. Background signal intensities of mouse blood treated with saline were 

subtracted from Cy5.5 treated samples. Average intensities were used to determine the 

Cy5.5 concentration (ng/ml) per sample according to an appropriate Cy5.5-ASO standard 

curve prepared in non-treated blood. Cy5.5 values (ng/ml) were multiplied with the respective 

assay dilution factor and the ASO-mixture factor of five (only 20 % of Cy5.5 labeled ASO per 

ASO dosage) resulting in the mean total ASO blood concentration [ng/ml; n = 3] per time 

point. The detection limit of Cy5.5 labeled ASO within the blood was at 4 ng/ml (20 ng/ml of 

total ASO), approximately. The total ASO blood concentration was plotted against the time 

and the following nonlinear regression fits (exponential decay) were calculated for mono- or 

bi-exponential distribution kinetics using the SigmaPlot 9.0 Software: 

  mono-exponential decay (one compartment): y = a*exp(-d*x)   

  bi-exponential decay (two compartments):  y = a*exp(-b*x)+c*exp(-d*x) 
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 Initial and terminal half-life (t1/2) was calculated from b (ln2/b) and d (ln2/d), 

respectively, while the sum of the coefficients a and c represent the maximum ASO blood 

concentration Cmax. Area under the ASO blood concentration-time curve (AUC) was 

performed using the log-linear integration method in that the concentration (C) 

monoexponentially declines between two measuring time points (t):               

    AUCt1-t2 = ((C1-C2)/(ln(C1/C2)))*(t2-t1) 

 The calculated Cmax served as the blood concentration at time point t0 and the AUC 

was extrapolated to infinity by dividing the last plasma concentration by the slope of the 

terminal phase (Clast/d). Total body clearance (CLtot) was calculated by dividing the ASO dose 

by the measured AUC:                CLtot = ASO dose / AUCt0-∞ 

 The remaining ASO blood concentration per time point, expressed as % of injected 

dose, was calculated using a blood volume of 2.7 ml per mouse and referred to the 

respective injected dosage.  

 

 

2.2.9 Determination of Cy5.5 fluorescence signals in tissue samples (BD) 
 

For determination of total amount of Cy5.5 labeled ASO per organ a piece (approx. 

50 mg) of either liver, spleen or kidney were homogenized in 250 µl of homogenization buffer 

(taken from Quantigene 1.0 Reagent System) using a vibratory mill. Organ homogenates 

were diluted 1:5 and 1:10 in PBS and 100 µl each were transferred to a 96-well-plate. The 

plates were subjected to the LI-COR Odyssey Infrared Imaging System and fluorescence 

signals were densitometrically determined with the Odyssey Application Software Version 

2.1. Background signal intensities of mouse tissues treated with saline were subtracted from 

Cy5.5 treated samples. Average intensities were used to determine the Cy5.5 concentration 

(ng/ml) per sample according to an appropriate standard curve made from Cy5.5-ASO stock 

solution diluted in PBS. Cy5.5 values (ng/ml) were multiplied with the respective dilution 

factor and the total amount per organ was calculated. For calculation purposes a mean liver, 

spleen and kidney weight of 2085 g, 148 g and 282 g was used, respectively. The total 

amount of labeled material per organ and per time point was determined from three animals 

in duplicate and expressed as “% of injected dose”. 

 

 

2.2.10 Cryosections 

 

 Frozen organ samples were partially embedded in Tissue-Tek® (O.C.T.) and 10 µm 

sections were cut using a Cryostat Cryo-Star HM560 (Microm-International, Walldorf, DE) at 

-20 °C. Sections were placed onto Super Frost® Plus Gold slides and stored at 4 °C.  
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2.2.11 Fluorescence microscopy 

 
 Organ sections were fixed in a methanol: acetone solution (1:1, vol/vol, 5 min) and 

washed in PBS. The sections were then counterstained with 4',6-Diamidino-2-phenylindol 

(DAPI) solution (1 µg/ml in PBS, 10 min) and washed again in PBS. Cryosections were 

mounted with Citifluor AF1 and capped with a cover slip. Cryosections were examined using 

an Axiovert100 microscope (Carl Zeiss GmbH, Jena, DE) with an HBO100 mercurial lamp 

and appropriate fluorescence filters. Images were taken using a monochrome CCD-Camera 

without IR-Filter. Exposure times for all sections at the highest magnification (200x) were: 2 s 

for Cy5.5; ~0.1 s for DAPI. The monochrome images were edited with the Zeiss AxioVision 

4.0 software. 

 
 
2.2.12 Confocal Laser Scanning Microscopy (CLSM) 
 

 For CLSM mouse primary hepatocytes were supplied with fresh DME-Medium / 10 % 

FCS and cultivated in 24-well-plates on etched (40 % HCl, 60 % EtOH) cover slips with 

~5x104 cells/well in a humidified incubator at 37 °C and 5 % CO2. The cells were transfected 

with Cy5.5 labeled ASO or Cy5.5 labeled siRNA encapsulated into liposomes. After 4 h of 

incubation cells were washed twice with PBS and supplied with fresh DME-Medium + 10 % 

FCS. 24 h following the transfection step cells were washed once with PBS. Subsequently 

the cells were fixed in 4 % paraformaldehyde (PFA) for 20 min. Then the cells were 

counterstained with Phalloidin-TRITC (1:1000) and DAPI (1:50000) diluted in PBS (both from 

Millipore Corp., Bedford, MA, USA) for at least 10 min. Afterwards the cells were washed 

twice with distilled water and twice with ethanol (96 %). The cells were dried, mounted with 

Citifluor AF1 and capped with a cover slip.  

 Untreated liver sections were fixed in 4 % PFA for 30 min. DAPI counterstaining, 

washing, dehydration, drying and mounting of the samples was proceeded as described 

above.  

 Confocal images were taken using a LSM SP5 from Leica Microsystems (Wetzlar, 

DE) with standard parameters for sequential image acquisition. The excitation was set 

according to the used fluorescence dyes (DAPI 405 nm; TRITC 561 nm and Cy5.5 633 nm).   

 

 

2.2.13 Determination of plasma values (liver enzymes and plasma cholesterol) 
 
 Whole blood was collected into EDTA-coated tubes, and plasma was separated by 

centrifugation. For analysis of total cholesterol, HDL-Chol, LDL-Chol, AST and ALT a plasma 
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volume of 300 µl was sent to the Institut für Veterinärmedizinische Diagnostik GmbH (Berlin, 

DE). Plasma parameters were determined using a clinical analyzer of Roche / Hitachi. All 

analysis reagents (Cobas® series) were purchased from Roche Diagnostics GmbH 

(Mannheim, DE). Activities of plasma enzymes AST and ALT were photometrically 

determined after enzymatic conversion reactions. Cholesterol levels were assayed by using 

an enzymatic colorimetric method according to the CHOL-CHOD-PAP-Test (2.2.2.3 B). 

 

 

2.2.14 Cytokine ELISA 

 

 For the quantitative measurement of four cytokines (IL-1ß, IL-6, IFNγ and TNFα) in 

plasma samples the Searchlight® IR Mouse Cytokine Array from Pierce Biotechnology, Inc. 

(Rockford, Il, USA) was used. This multiplex sandwich ELISA was provided with specific 

antibodies spotted on each well and capturing specific cytokines in the standards and 

samples added to the plate. The biotinylated detecting antibodies were added, a 

Streptavidin-DyLight800-conjugate mediated the specific binding to Biotin and infrared 

fluorescence signals were measured with the LI-COR Odyssey reader. The amount of signal 

produced in each spot is proportional to the amount of cytokine in the original standard or 

sample. Plasma samples were diluted 1:5 using the provided Serum/Plasma Sample Diluent 

and the assay was performed according to the manufacturer’s instructions. Total amounts of 

cytokines [pg/ml] were calculated from an appropriate standard curve provided by the 

manufacturer. 

 

 

2.2.15 Quantification of mRNA  
 

2.2.15.1 QuantiGene (QG) 

 

 QuantiGene Reagent System (Affymetrix, Fremont, CA, USA) is a sandwich nucleic 

acid hybridization assay performed on 96-well plates that provides an approach for RNA 

detection and quantification by amplifying the reporter signal using branched DNA (bDNA) 

technology. 

 The ability to quantify specific RNA molecules within a sample lies in the design of a 

QuantiGene Probe Set. Each oligonucleotide probe set contains three types of synthetic 

probes, Capture Extenders (CEs), Label Extenders (LEs), and Blockers (BLs) that hybridize 

to contiguous sequences of the target RNA. The CEs bind to the capture oligonucleotides 

conjugated to the well surface and capture the associated target RNA via cooperative 

hybridization (Fig. 2.1: Step 1). Signal amplification is mediated by DNA amplification 
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molecules that hybridize to the tails of the LEs (Fig. 2.1: Step 2). Each amplification unit 

contains hybridization sites for multiple alkaline phosphatase (AP) conjugated Label Probes, 

which can then be detected by the AP mediated degradation of a chemiluminescent 

substrate (Fig. 2.1: Step 3). Luminescence is reported as relative light units (RLUs) on a 

microplate luminometer. The amount of luminescent signal is linearly proportional to the 

number of RNA molecules present in the sample. 

 
Step1: Target RNA capture Step 2: Signal amplification Step 3: Detection 

 
Fig. 2.1: Principles of QuantiGene Assay. Figures are taken and modified from the QuantiGene 
Reagent System User Manual. 

 

 

ApoB100 mRNA levels were quantified using the QuantiGene 1.0 Reagent System. 

For normalization of apoB100 expression across all samples the housekeeping gene 

peptidylprolyl isomerase B (PPIB, cyclophilin B) was used. For detection of mouse mRNA, 

the ApoB100 probe set was specific to mouse ApoB (positions 5183-5811, XM_137955) and 

the PPIB probe set was specific for mouse PPIB (positions 24-522, NM_011149).  

 

A) ApoB100 mRNA analysis in tissue samples: After collection of the liver tissue small 

uniform pieces (approx. 20 mg) were excised from one liver lobe and transferred to 

1 ml of RNAlater (Ambion, Inc., Austin, TX, USA). The liver samples were incubated 

at RT for 4-6 h and afterwards for 24 h at 4°C. Thereafter liver samples were stored 

at a temperature of -70°C. Frozen liver samples from mice were thawed and 

approximately 10 mg were transferred to 250 µl homogenization buffer containing 

proteinase K at a concentration of 0.2 mg/ml. For homogenization purposes one steel 

bead was added to the liver sample and the tissue was homogenized using a 

vibratory mill at a beat frequency of 25/s for 2 min. The homogenization step was 

repeated until no tissue pieces were visible. After homogenization the steel beads 

were removed from the reaction tube and liver lysates were incubated at 65°C for 

0.5 h. Cell debris were separated by centrifugation at 13.000 rpm for 10 min. The 

supernatant was diluted (factor 30) in diluted lysis mixture (DLM) and processed in a 

96-well plate according to the manufacturer’s instructions. The luminescence was 

determined on a FLUOstar OPTIMA reader (BMG Labtech GmbH, Offenburg, DE) at 

a gain level of 3000 and a measurement interval time of 0.5 sec. 
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B)   ApoB100 mRNA analysis in cell lysates: The medium was discarded and hepatocytes 

were washed with PBS twice. The cells were lysed in diluted lysis mixture (DLM, 1 ml 

per well) containing proteinase K at a concentration of 50 µg/ml. The tissue plates 

were incubated and gently shook for 30 min at a temperature of 37 °C. After cell lysis 

the samples were transferred to reaction tubes. The cell lysates were diluted (factor 

3) in DLM and processed in a 96-well plate according to the manufacturer’s 

instructions. The luminescence was determined on a FLUOstar OPTIMA 

luminescence reader at a gain level of 3000 and a measurement interval time of 

0.5 sec. 

 

2.2.15.2 Real-time PCR 

 

 The quantification of LT1 mRNA levels in whole liver lysates was performed by ISIS 

Pharmaceuticals (Carlsbad, CA, USA). Liver tissues were homogenized in guanidinium 

isothiocyanate followed by cesium chloride gradients and total RNA was extracted with 

Qiagen RNeasy isolation kits. An RNA amount of 50 ng of each sample was subjected to RT-

PCR analysis; all reagents were from Invitrogen (Carlsbad, CA, USA). Mouse-specific primer 

pairs and probes (Tab. 2.9) were used for the quantification of LT1 mRNA and values were 

normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In both cases, the 

probes were labeled with 5’-FAM (6-carboxyfluorescein reporter) and 3’-TAMRA (5(6)-

carboxytetramethyl-rhodamine quencher). 

 

 

Primer LT1 GAPDH 

Forward AAGGGAACGAGAAAACTGCTGTT GGCAAATTCAACGGCACAGT 

Reverse TATTTTAACCAGTGGTATTATCTGACATCCT CGCTCCTGGAAGATGGTGAT 

Probe 
FAM-TTGTATTTGTGAACTTGG-

CTGTAATCTGGTATGCC-TAMRA 

FAM-AAGGCCGAGAATG-

GGAAGCTTGTCATC-TAMRA 

 
Tab. 2.9: Primer sequences for real-time PCR of LT1 and GAPDH mRNA. All primer sequences 
are given in 5’  3’ orientation. 
 

 

2.2.16 Western Blot Analysis  
 

2.2.16.1 Sample Preparation for protein analysis 
 

A) LT1 protein: Frozen liver samples from mice treated with free antisense or antisense 

encapsulated into Smarticles formulation nov038 were sent by Isis Pharmaceuticals 
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(Carlsbad, CA, USA). Aliquots of 100 mg were cut frozen and homogenized on ice in 

1 ml of lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1 mM 

phenylmethylsulfonylfluorid (PMSF)) using a Dounce homogenizer. After 

homogenization the samples were transferred to 2 ml reaction tubes. Triton X-100 

was added to the homogenates at a final concentration of 10% and the lysates were 

incubated on ice for 15 to 30 min. Cell debris were separated from homogenates by 

centrifugation at 13000 rpm for 10 min at a temperature of 4°C. Total protein 

concentrations were determined in supernatants using the bicinchoninic acid assay 

(BCA) according to the manufacturer’s instructions and adjusted to a concentration of 

1 µg/µl protein in sample buffer. Aliquots of liver homogenates from all mice in each 

treatment group were pooled. The remaining volumes of homogenates were stored at 

a temperature of -70°C. 

 

B) ApoB100 protein: For Western Blot analysis volumes of 50 µl plasma were mixed with 

50 µl 4x NuPage® LDS sample buffer containing 1x protease inhibitor cocktail. 

Samples were heated to a temperature of 65 °C, stored for 4 h at a temperature of 

4 °C, and subsequently frozen at -70 °C. Denatured plasma samples were further 

diluted 1:2.5 in 4x LDS sample buffer containing 1x sample reducing agent and 

heated again to a temperature of 65 °C for 10 min to resolve small precipitates and to 

maintain the denatured protein form. 

 

 

2.2.16.2 Western Blot analysis 
 

Protein LT1 ApoB100 

I. Samples 
 Liver lysates, see 2.2.8.1 A) Plasma, see 2.2.8.1 B) 

II. Gel loading 
 ~10 µg total protein 2-3 µl of total plasma 

III. Electrophoresis 
Gel type SDS-PAA 10 %, Bis-Tris, Novex SDS-PAA 3-8 %, Tris-Acetate, 

Novex 
Running buffer 1x MOPS, SDS, NuPage 1x Tris-Acetate SDS, NuPage 
Voltage [V] // Current [mA] 200 // 150 100 // 30-40 
Running time [h] 1 1.5 

IV. Blotting 
Type of Blotting Semi Dry onto PVDF membrane Semi Dry onto PVDF 

membrane 
Transfer buffer 10 mM CAPS, pH 11 (NaOH), +10 % 

MeOH 
2x NuPage, +10 % MeOH, + 
AntiOxidant 

Voltage [V] // Current [mA] 5 // 400 2-4 // 300 
Running time [h] 1.5 3 
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V. Blocking 
Blocking reagent 2 % Block reagent (Amersham) in TN 

+ Tween (0.1 %) buffer 
Odyssey Blocking Reagent  

Running time [h] 16 (o/n) 2 
Temperature [°C] 4 RT 

VI. Primary Antibody 
Name Anti mouse p38α-Ab; rabbit IgG // 

Anti mouse GAPDH-Ab; mouse IgG 
Anti mouse ApoB100-Ab; 
rabbit IgG  

Dilution 1:1000 // 1:3000 1:200 
Buffer 2 % Block reagent in TN buffer Odyssey Blocking Reagent 
Running time [h] 2 2 
Temperature [°C] RT RT 
Washing buffer // Time TN + Tween (0.1 %) // 3x 10 min 1x PBST // 3x 10 min 

VII. Secondary Antibody 
Name Alexa680-anti-mouse-IgG; goat-IgG // 

IRDye800-anti-Rabbit-IgG; goat-IgG 
IRDye800-anti-Rabbit-IgG; 
goat-IgG 

Dilution Each 1:5000 1:15000 
Buffer 2 % Block reagent in TN buffer Odyssey Blocking Reagent 
Running time [h] 2 1 
Temperature [°C] RT RT 
Washing buffer // Time TN + Tween (0.1 %) // 3x 10 min 1x PBST // 3x 10 min 

VIII. Detection 

 
LI-COR Odyssey NIR scanner, 700 
and 800 nm channels 

LI-COR Odyssey NIR 
scanner, 800 nm channel 

 
Tab. 2.10: Detailed descriptions for the conduction of LT1 and ApoB100 Western blot analysis. 
TN: Tris/NaCl buffer; taken from: Abcam (www.abcam.com/technical); PBST: Phosphate buffered 
saline + 0.2 % Tween 20; taken from: Abnova (www.abnova.com.tv) 
 

 

 Staining intensities of protein bands were densitometrically determined using the LI-

COR near infrared scanner and the Odyssey 2.1 software. The amount of LT1 protein was 

determined from the ratio of the integrated intensity of the stained band to that of the internal 

standard GAPDH.  Sample preparation for LT1 protein analysis and LT1 Western Blot 

analysis were performed by Drs. Ludger Ickenstein and Evgenios Siepi. 

 

 

2.2.17 Statistical analyses 

 

 Data are expressed as means ± SD. Statistical significance of differences was 

determined using a 2-tailed Student’s t-test assuming equal variance. P values <0.05 were 

considered statistically significant. 
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3. Results 
 

 This work aimed at the development of novel liposomal formulations encapsulating 

different types of oligonucleotides (ASO and siRNA) and to basically describe their functional 

behavior in vivo. For that, biodistribution and pharmacokinetic as well as pharmacodynamic 

studies were performed in mice to understand the blood circulation, distribution and 

accumulation of specific Smarticles formulations in distinct tissues. Further, the sequence-

specific knockdown of a target mRNA and protein indicates the potency of these liposomes 

delivering oligonucleotides into tissue cells.  

 

 

3.1 Pharmacokinetics and Biodistribution of nov038 
 

 In a series of studies, the circulation and deposition of an antisense molecule 

encapsulated into Smarticles formulation nov038 was followed. It is known that the 

distribution of liposomes is dose dependent and, typically, two kinetic compartments are 

described in the literature, wherein at least one can be saturated.88 It was thus a main 

objective of this study to analyze the distribution and pharmacokinetic of nov038 loaded with 

Cy5.5-labeled ASO in a dose-dependent manner. 

Batch production and study parameters for nov038 are presented in Tab. 3.1. Nov038 

was loaded with a mixture of CD40- and scr-Cy5.5-ASO (4:1; w/w) resulting in an average 

particle size of 174 nm. The liposomal suspension was prepared to a final concentration of 

1054 µg/ml ASO and 124 mM lipid leading to a drug-to-lipid ratio of 8.5 µg ASO/µmol lipid. 

 

 Saline Free Cy5.5-ASO Nov038-Cy5.5-ASO 

Lot# - - d213 

Ave. particle size [nm] / PI - - 174 / 0.18 

Total ASO conc. [µg/ml] - 280 1054 527 264 132 

Non-encaps. ASO [%] - - 13 

Lipid conc. [mM] - - 124 62 31 16 

Drug-to-lipid ratio [µg/µmol]   8.5 
    

Injection volume [µl] 250 250 250 

ASO dose [mg/kg] - 2 6.5 3.3 1.6 0.8 
Lipid dose [µmol/kg] - - 886 443 222 111 

 
Tab. 3.1: Nov038d213 sample and study parameters. The dose-dependent PK and BD of nov038 
were followed by using an encapsulated Cy5.5-labeled ASO. Nov038d213 was serially diluted to 
achieve four different dosages in vivo which were calculated from encapsulated ASO.  
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3.1.1 Whole body imaging indicates a fast distribution into liver and spleen 
 

First, the overall biodistribution of nov038-Cy5.5-ASO was monitored in mice by 

whole body imaging. The final liposomal suspension of nov038d213 was diluted by a factor 

of 2 leading to a concentration of 527 µg/ml ASO and 62 mM lipid. A single dose of 4 mg/kg 

encapsulated ASO and 532 µmol lipid/kg BW was intravenously administered. The 

biodistribution of the labeled material was followed over 1 h using a Fujifilm LAS4000 

luminescence scanner (Fig. 3.1). Previous internal BD-studies showed that 10-50 µg (0.4-2 

mg/kg) of a Cy5.5-labeled ASO are sufficient to follow the NIR-dye within the body. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1: Whole body imaging after a single treatment with nov038 
encapsulating Cy5.5-labeled ASO using a Fuji Film LAS4000 scanner at a 
wavelength of 670 nm. The figure shows ventral scans of the treated mouse 
after 5, 15, 25, 45 and 60 minutes and one untreated mouse which served as a 
blank control. Blue signals indicate a weak fluorescence whereas yellow-to-red 
colored tissues demonstrate a high uptake of the Cy5.5-labeled ASO. A fast 
invasion of nov038-Cy5.5-ASO into liver and spleen is observable whereas no 
material is detectable in lungs and heart. 
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 A non-treated mouse served as a blank control and no specific Cy5.5 fluorescence 

signals were visible after whole body imaging (Fig. 3.1).  As expected the mouse treated with 

nov038-Cy5.5-ASO showed a high uptake of the fluorescent material into liver and spleen 

over the time. The spleen is dorsally displaced and hence not very obvious after a ventral 

body scan. Also, the uptake of the material into the thymus was visible and tissues, e.g. 

paws and snout, which are well supplied with blood, accumulated the liposomal Cy5.5-

labeled ASO to some extent. Due to a close proximity of the kidneys to the liver 

overwhelming any other tissue signals no distinct kidney signals were visible in the whole 

body scan. No signal was detectable in the heart and only weak fluorescence signals could 

be found in the lungs. Potential Cy5.5 signals were not covered by the thoracic bones 

because a separate scan from dissected organs revealed an almost unstained lung and 

heart tissue. Further, a weak uptake of the Cy5.5 label into the kidneys was confirmed by this 

separate organ scan (Fig. 3.2).   

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.2: Organ scan of an untreated mouse (Blank, left petri dish) and a 
nov038-Cy5.5-ASO treated mouse 70 minutes after injection (right petri dish). 
Liver, spleen, thymus, kidney, heart and lungs were excised and placed onto a petri 
dish. No Cy5.5 fluorescence signals were visible in the organs of the control mouse 
whereas high uptake of the fluorescent material was confirmed in liver and spleen of 
the liposomal treated mouse. Further, weak signals could be detected in the kidney 
and thymus whereas no or low signals were detectable in the heart and lungs.  

 

 

Macroscopically, nov038 with encapsulated Cy5.5-labeled ASO predominantly 

distributed into liver and spleen which was confirmed by organ scans. The accumulation of 

the labeled material in liver and spleen took place to equal local concentrations indicated by 

pink-colored areas. The liposomes distributed further to the thymus whereas no or less 

signals were visible in the heart and lungs. A turquoise colored kidney indicates a weak 

uptake of the, most likely non-encapsulated, labeled material.  

In addition, the NIR properties of Cy5.5 (λex /λem = 674/690 nm) make it suitable for in 

vivo applications, which has already been shown in previous reports.144,145 
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3.1.2 Pharmacokinetic of free and encapsulated Cy5.5-labeled ASO 
 

Serial dilutions of the nov038d213 “stock” solution were prepared resulting in four 

liposomal test samples with decreasing ASO and lipid concentration. As mentioned in Tab. 

3.1 mice received a single in vivo dose of either 6.5 mg, 3.3 mg, 1.6 mg or 0.8 ASO/kg BW 

with 886 µmol, 443 µmol, 222 µmol or 111 µmol lipid/kg BW, respectively. A saline treated 

group and free, non-encapsulated ASO at a dose of 2 mg/kg served as controls. 

 To investigate the pharmacokinetic behavior of free, non-encapsulated ASO and 

liposomal ASO blood was collected after distinct time-points and the NIR-signal was 

quantified. The pharmacokinetic profile of free ASO and nov038-Cy5.5-ASO injected at 

different doses in mice is shown in Fig. 3.3.   
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Fig. 3.3: Pharmacokinetic profile of free ASO and nov038-Cy5.5-ASO in mice. The blood 
concentration of Cy5.5-labeled ASO was determined using a fluorescence reader and the 
decrease of the total ASO blood concentration (ng/ml) over the observation period [24 h] is 
shown. Data points represent the mean [n = 3] ± SEM and were fitted using an exponential 
decay regression. The coefficient of determination, r2, indicated a good approximation of the 
regression fit to the experimental data in all groups (r2 ≥ 0.985). Circulation times of nov038 
depended on the injected dose. By increasing the lipid (and ASO) dose the blood half-life of the 
liposomes was prolonged. Free ASO is cleared from the blood stream very rapidly. d.l. = 
detection limit 
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 High lipid doses of nov038 with encapsulated Cy5.5-labeled ASO showed a bi-

exponential pharmacokinetic profile (Fig. 3.3) which is characterized by a first very fast 

decrease of the ASO blood concentration (distribution phase) and a second much slower 

elimination phase. Within the first 30 minutes most of the material (>60 %) has been 

extravasated from the blood stream (Tab. 3.2), presumably into the primary organs liver and 

spleen, as shown in Fig. 3.1. The following PK is characterized by dose-dependent 

elimination of the drug carrier from the blood stream. A blood concentration of 4860 ng ASO / 

ml (5 % of injected dose) was still detectable after 24 h in mice treated with the highest dose 

of nov038-Cy5.5-ASO. This referred to an elimination (terminal) t1/2 of ~10 h (Tab. 3.3). 

 

 

 
Tab. 3.2: Relative blood levels (expressed as % of injected dose) of free, non-encapsulated 
ASO and different doses of nov038-Cy5.5-ASO. Amounts of Cy5.5-labeled ASO within the blood 
(ng ASO / ml blood, Fig. 3.3) were calculated as percentage of injected dose. The amount of labeled 
ASO clearly decreased over the observation period in a dose-dependent manner. In the groups of free 
ASO (2 mg/kg) and nov038-Cy5.5-ASO injected at dose of 0.8 mg ASO/kg no Cy5.5-labeled ASO was 
detectable after 24h.  
 

 
 Relative blood levels (% of injected dose) at distinct time points and terminal t1/2 

decreased with lowering the dose. At a dose of 0.8 mg/kg of nov038-Cy5.5-ASO only 6 % of 

the injected dose was recovered in the blood stream after 0.5 h. Almost 100 % of 

encapsulated ASO distributed to the primary organs within the first minutes (see section 

3.1.3) and no material was detected within the blood stream after 24 h (Tab. 3.2). Because 

most of the injected material was cleared from the blood stream during the distribution phase 

a single exponential regression fit was used leading to only one calculated blood half-life of 

1.6 h (Tab. 3.3). Generally, all groups show a massive initial decay of the ASO blood 

concentration (Tab. 3.2) which indicates a very voluminous first compartment and/or a much 

faster distribution phase within the first 30 minutes. The Cmax values, calculated by 

exponential regression fits, indicate the maximum concentration after injection based on the 

(% of 
injected 

dose) 

Free ASO Nov038-Cy5.5-ASO  (ASO / lipid dose) 

2 mg/kg 
6.5 mg/kg 

886 µmol/kg 
3.3 mg/kg 

443 µmol/kg
1.6 mg/kg  

222 µmol/kg 
0.8 mg/kg 

111 µmol/kg

0.5 h 7.2 36.7 25.9 13.3 5.9 

1 h 2.5 35.3 20.8 11.6 6.1 

2 h 1.2 27.6 16.1 9.7 3.0 

4 h 0.6 22.9 14.5 4.3 1.4 

8 h 0.2 15.5 7.1 1.3 0.2 

24 h - 5.0 0.9 0.1 - 



                                                                                                                                                       Results 

 
41 

 

experimental data. While the bisection of high lipid doses of nov038 (886  443 µmol 

lipid/kg) led to a decay of Cmax by a factor of two (~40500  ~21000 ng ASO/ml), further 2-

fold lipid reduction (443  222  111 µmol lipid/kg) resulted in a Cmax decay of a factor 4-5 

(Tab. 3.3). Further, as the dose increased, the area under the ASO blood concentration-

curve (AUC) increased in a dose-related, but not dose-linear fashion (Tab. 3.3). The same 

applies for the total body clearance (CLtot) which decreases by a constant factor of approx. 

three (15  4.9  1.6  0.7) with doubling the doses. The rate constants in both, the 

distribution and elimination phase strongly depends on the lipid dose. Interestingly, by 

doubling the lipid (and ASO) dose the terminal t1/2 doubled also (1.6 - 2.4 - 5.4 - 9.8 h; Tab. 

3.3). In summary, the collected data and calculated parameters indicate a non-linear PK for 

nov038 which can be described by a two-compartment model. 

 
 

 
dose          

[mg ASO/kg] / 
[µmol lipid/kg] 

Cmax 

[ng ASO/ml] 

initial  
t1/2 [h] 

terminal  
t1/2 [h] 

AUCt0-∞         
[µg ASO/ml * h] 

CLtot     
[ml/h] 

Free 
ASO 

2 / - 9090 0.2 2.0 4.2 16.59 

N
ov

03
8-

C
y5

.5
-A

SO
 6.5 / 886 40462 1.4 9.8 403.8 0.65 

3.3 / 443 21025 0.3 5.4 85.2 1.55 

1.6 / 222 3848 - 2.4 13.6 4.85 

0.8 / 111 974 - 1.6 2.2 15.01 

 
Tab. 3.3: Pharmacokinetic parameters of free ASO and different doses of nov038-Cy5.5-ASO. 
The maximal ASO concentrations in the blood, Cmax, as well as the initial and terminal half-life (t1/2) 
were calculated from exponential regression fits of experimental collected data. Data points of free 
ASO and the two highest doses of nov038-Cy5.5-ASO were fitted according to a bi-exponential decay 
regression. The lower doses of nov038-Cy5.5-ASO were fitted using a mono-exponential decay 
regression. All PK parameters including the Area under the ASO blood concentration-time curve 
(AUC) and the total body clearance (CLtot) reveal a missing dose proportionality indicating a non-linear 
PK behavior for nov038.     
 

 

 Fig. 3.3 and Tab. 3.2 clearly show a high elimination and rapid blood clearance of 

free, non-encapsulated ASO characterized by an initial t1/2 of 0.2 h and a terminal t1/2 of 2 h in 

the blood circulation (Tab. 3.3). Supportingly, a low AUC (4.2 µg ASO/ml * h) and a 

comparatively high clearance rate (16.6 ml/h) were calculated for a dose of 2 mg/kg of free 

ASO. Most of the material (>90 %) extravasated from the blood within the first 30 minutes 

followed by a short elimination phase (Tab. 3.2). Cmax values of the free ASO (9090 ng 

ASO/ml) are much higher compared to the equally dosed liposomal group (3848 ng ASO/ml) 

indicating a much higher distribution of the liposomal ASO into the first compartment.  
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3.1.3 Quantitative organ distribution 
 

Beside the pharmacokinetic of free and encapsulated Cy5.5-labeled ASO the 

biodistribution of this material into liver, spleen and kidney was followed. The quantitative 

organ distribution at different doses of nov038-Cy5.5-ASO 8 h and 24 h after injection is 

shown in Fig. 3.4. 
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Fig. 3.4: Organ distribution of free ASO and various doses of nov038-Cy5.5-ASO. The 
uptake of labeled ASO into liver, spleen and kidney expressed as % of injected dose was 
determined after 8 h and 24 h. Data are represented as bars showing the mean [n = 3] ± 
SEM. The ASO deposition per gram tissue (after 8 h) is shown in table form in the lower part. 
Both, table and graph clearly show a dose-dependent uptake of nov038-Cy5.5-ASO into the 
primary organs liver and spleen. With increasing doses nov038 delivers increasing amounts 
of ASO into liver and spleen in a dose-dependent but not dose-linear fashion. Only the ASO 
uptake by the kidney seems to be dose-linear.    
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As expected, nov038 predominantly distributed into liver and spleen. A dose-

dependent increase in liver and spleen uptake is visible in which the Cy5.5 signal increases 

in these primary organs with decreasing dose. Low lipid doses of nov038-Cy5.5-ASO (e.g. 

111 µmol lipid/kg BW; ~4 µmol lipid/mouse) accumulated almost completely in the liver and 

spleen. However, high lipid doses (886 µmol/kg BW; ~32 µmol lipid/mouse) are taken up by 

the primary organs to an amount of only 50-60 % (16-19 µmol lipid). Liver and spleen uptake 

and binding sites were saturated with increasing lipid dose resulting in prolonged blood 

circulation times (see section 3.1.2) and accumulation of the material, for instance, in the 

kidney. The renal uptake of the Cy5.5-labeled ASO slightly increases with increasing dose of 

nov038-Cy5.5-ASO. The PK and BD of lower doses of nov038-Cy5.5-ASO was finished very 

early since no tremendous increase in liver, spleen and kidney uptake was seen after 24 h 

compared to 8 h. In contrast, nov038-Cy5.5-ASO injected at the highest dose (6.5 mg 

ASO/kg BW) showed an increase in liver uptake from 50 % to 70 % over the time because 

liposomes are still persistent in the blood circulation after 24 h and the distribution into the 

tissues was not totally completed at this measuring point.  

Free, non-encapsulated ASO injected at a dose of 2 mg/kg accumulated in the liver, 

spleen and kidney with ~40 %, 1.6 % and 7.5 % of the injected dose, respectively (Fig. 3.4). 

Hence the uptake of the free ASO by the kidneys is 3 times higher compared to the 

liposomal groups (2-2.5 %). Most of the injected free ASO was renally cleared from the blood 

stream within the first 8 h and subsequently excreted by the urine. Free ASO disappeared 

from the blood circulation very rapidly (see section 3.1.2). Thus, no major difference in the 

BD was determined after 8 h and 24 h.  

 

 

3.1.4 Microscopic distribution 
 

 The cellular distribution of Cy5.5-labeled ASO within different tissues was determined 

using epifluorescence (EFM) and confocal laser scanning microscopy (CLSM). At first, near 

infrared (NIR) fluorescence scans of tissue cryosections (liver, spleen and kidney) were 

recorded to achieve a more detailed tissue distribution (Fig. 3.5 A). Liver sections indicate a 

high uptake and a complete penetration of the massive organ by liposomal Cy5.5-labeled 

ASO whereas less intense Cy5.5 signals were determined in the liver section of free ASO, 

both injected at comparable doses. The distribution of liposomal ASO into spleen and kidney 

is less homogenous and depends on the tissue cells. In spleen sections only the red pulp (r) 

showed a Cy5.5 staining whereas the oval white pulp (w) region are non-stained. In kidney 

sections, extensive Cy5.5 staining was observed in the renal capsule and cortex (c) and was 

mainly located in the proximal tubules, but less Cy5.5 staining was observed in the renal 

pelvis (p). Mice treated with saline gave no NIR fluorescence signal in organ sections. 
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Fig. 3.5: Microscopic tissue and cellular distribution of either free or formulated Cy5.5-ASO. All 
images were taken 24 h after treatment. Organ cross sections from A) and B) were taken from mice 
treated with comparable doses of either free or formulated Cy5.5-labeled ASO [~2 mg/kg].  A) NIR 
fluorescence scans of tissue cryosections (liver, spleen and kidney). Red signals indicate Cy5.5 
fluorescence in cross sections. c = cortex; p = renal pelvis; w = white pulp; r = red pulp. B) For 
comparative analysis fluorescence images were taken from sections of liver, spleen and kidney. Upper 
panel (blue): cells following DAPI staining.  Mid-panel (red): near infrared fluorescence of Cy5.5.  
Lower panel (merge): overlay of DAPI and Cy5.5 images. White bar: 10 µm C) Confocal laser 
scanning microscopy (CLSM) of liver cross section treated with 6.5 mg/kg of nov038-Cy5.5-ASO 
indicating the uptake of labeled ASO into the cytoplasm. White bar: 7.5 µm 
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 The EFM images following DAPI staining (nuclei), the near infrared images (Cy5.5) 

and the resulting overlay (merge) are presented in Fig. 3.5 B. For nov038, EFM confirms the 

highest Cy5.5 signal density in liver and spleen. The cellular distribution of nov038 within the 

liver and spleen sections appears in a more local and heterogeneous manner. In both cases 

red hot-spots are visible and, as well, a weak but broad staining of the respective 

parenchyma. Most likely, these Cy5.5-hot-spots represent tissue macrophages within the 

liver and splenic red pulp clearing the liposomes from circulation. Due to the less uptake of 

nov038-Cy5.5-ASO by the kidneys no signal could be determined in the renal pelvis by EFM. 

Fluorescence images of the free ASO group show a reduced uptake by the liver but the 

tissue staining is more homogenous compared to the formulated ASO at equal doses.  

 CLSM was conducted at liver sections of nov038-Cy5.5-ASO injected at a dose of 6.5 

mg/kg. Using this high dose sample a clear uptake of the Cy5.5-labeled ASO into the 

cytoplasm and cell nucleus 24 h after injection could be shown (Fig. 3.5 C). The entire 

intracellular lumen as well as the nucleus of the hepatocytes is stained red. Again, no Cy5.5 

signal could be determined in saline treated liver samples.  

 

 

3.1.5 Determination of plasma AST/ALT levels and proinflammatory cytokines 
 

At the end of the study [24 h after injection] plasma levels of liver enzymes AST and 

ALT were determined. Mean AST plasma levels (Tab 3.4) of mice treated with nov038-

Cy5.5-ASO or free ASO were on average lower [66-98 U/l] in comparison to plasma levels in 

mice treated with saline [mean value of 100.5 U/l]. Mean ALT in the plasma of mice treated 

with saline or with nov038-Cy5.5-ASO or free ASO ranged between 95-149 U/l. AST and 

ALT levels in plasma of individual mice exhibited a high variability, especially saline treated 

mice. However, plasma AST and ALT levels were not elevated with respect to the control 

group.  

 

To exclude a potential immunogenicity triggered by the lipid drug carrier and/or 

oligonucleotides a profile of proinflammatory cytokines (Il-1ß, Il-6, TNF) and interferon 

gamma (IFNγ) of different doses of nov038-Cy5.5-ASO was determined in plasma samples. 

No relevant elevation of cytokines or IFNγ was seen except for Il-6 (Fig. 3.6). Within the first 

hours [2-4 h post-injection] the elevation of the Il-6 plasma level by approx. 100 fold was 

seen at all tested doses of nov038-Cy5.5-ASO. After peaking at 4 h the Il-6 plasma level 

decreases and 24 h post-injection Il-6 reaches nearly baseline concentration. Saline data 

were obtained only after 24 h post-injection and a cytokine profile over time is missing.  
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AST ALT 

U/l SD % U/l SD % 

Saline 100.5 43.5 100.0 148.5 32.5 100.0 

free ASO 2 mg/kg 66.0 8.0 65.7 95.0 36.2 64.0 

no
v0

38
-

C
y5

.5
-A

S
O

 6.5 mg/kg 98.3 10.8 97.8 145.3 20.9 97.9 

3.3 mg/kg 81.3 16.4 80.9 95.0 28.6 64.0 

1.6 mg/kg 80.7 6.9 80.3 116.0 25.9 78.1 

0.8 mg/kg 68.0 10.7 67.7 105.7 33.5 71.2 
 
Tab 3.4: Mean values [n = 3] of AST and ALT plasma levels [U/l], standard deviation [SD] and 
normalized expression [%] of values referred to saline treated group. Parameters were 
determined in blood plasma 24 h after single injection.  A student’s t-test for parametric data was used 
but no significant alterations were determined in groups of active treatment. 

 

 
 
Fig. 3.6: Cytokine profile (Il-1ß, Il-6, TNFα and IFNγ) of nov038d213 collected within the first 24 
h following a single injection. Cytokine concentrations [pg/ml] in plasma from one mouse per group 
were determined by ELISA in duplicates. Data are represented as bars showing the mean [n = 2] 
without error bars. Cytokines of a saline treated mouse determined 24 h after injection served as a 
control (Sal t24). No decisive alterations of cytokines were visible in the liposomal treated groups over 
the time except for Il-6 plasma levels which increased within the first 4 h after injection and 
subsequently decreased close to baseline after 24 h. 
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3.2 Pharmacodynamic of nov038-LT1-ASO 
 

Following the PK/BD study the quantitative and qualitative influence of nov038 

encapsulating a therapeutic active ASO on an in vivo mouse model was investigated. The 

pharmacodynamic study was performed in naïve BALB/c mice using an active ASO targeting 

a mouse liver mRNA (liver target 1, LT1). Within this study, the focus was set on the specific 

down-regulation (knockdown) of the hepatic LT1 mRNA and protein compared to a LT2 ASO 

encapsulated into nov038 which served as a non-LT1 control.  Saline treated mice as well as 

free, non-encapsulated ASO (LT1 and scrambled) served as further controls.  

Sample and study parameters for nov038-LT1 (nov038d145) and nov038-LT2 

(nov038d144) are presented in Tab. 3.5. The particle size did not change considerably 

during the manufacturing, concentration, buffer exchange, and sterile filtration and was in the 

final product at 86 nm for nov038-LT1 and at 89 nm for nov038-LT2. The encapsulation 

efficiencies were ~55 % for both formulations. ASO concentrations based on the OD260 value 

were set to a final value of 1.25 mg/ml. The final lipid concentrations were 98 mM for both 

formulations resulting in a drug-to-lipid ratio of 12.8 µg ASO/µmol lipid.  

 

 

 

 Saline
free ASO          nov038-ASO 

LT1 / LT2 / scr LT1 LT2 

Lot# - - d145 d144 

Ave. size [nm] / PI - - 86 / 0.17 89 / 0.22 

ASO conc. [µg/ml] - 1250 1250 625 125 1250 

Lipid conc. [mM] - - 98 49 10 98 

Drug-to-lipid ratio [µg/µmol] - - 12.8 12.8 
     

Injection volume [µl] 200 each 200 200 200 

ASO dose [mg/kg] - each 10 10 5 1 10 

Lipid dose [µmol/kg] - - 784 392 78 784 

 
Tab. 3.5: Nov038d145 and nov038d144 sample and study parameters. Both formulations were 
produced to equal average particle sizes, ASO and lipid concentrations. For injection purposes free 
ASO was diluted from stock solutions to a final concentration of 1.25 mg/ml. Male six weeks old 
BALB/c mice grouped to a number of five were treated twice a week for three weeks. For all samples 
the injection volume was 200 µl.  
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The treatment protocol was scheduled into five mice per group with two iv injections 

per week for three weeks at dosages as listed in Tab. 3.5. The quantification of LT1 mRNA 

(real-time PCR) and protein levels (Western blot) is shown in Fig. 3.7.  

 

 

 

 
Fig 3.7: LT1 mRNA and protein analyses of mouse liver samples treated with free or 
encapsulated LT1 and control (LT2, scr) ASO. The upper graph shows the quantification of LT1 
mRNA normalized to GAPDH mRNA levels and referred to the saline treated group. Data are 
represented as bars showing the mean [n = 5] ± SD. The lower graph illustrate the LT1 protein 
quantification from pooled liver samples [n = 5] plotted as duplicates. Average densitrometrical 
values relative to the control values (saline) are plotted on bars. *** = p < 0.001 
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The present study demonstrates a dose-dependent down-regulation of the target 

mRNA level in the liver as determined by real time PCR. At a dosage of 10, 5 or 1 mg/kg of 

LT1-ASO encapsulated into nov038, the remaining mean LT1 mRNA expression was 30 %, 

55 % or 90 %, respectively, relative to the saline control (Fig. 3.7; upper graph). Free LT1 

ASO at a dosage of 10 mg/kg, showed a LT1 mRNA down-regulation of only 25 %. Control 

groups treated with scrambled or LT2-ASO at a dosage of 10 mg/kg injected either free or 

encapsulated into nov038 showed no significant down-regulation of the LT1 mRNA. A 

student’s t-test analysis confirmed a strong significance for the down-regulation of the LT1 

mRNA level by nov038-LT1 (p < 0.001) compared to free ASOs and nov038-LT2 at equal 

dosages of 10 mg/kg. Western Blot analysis and quantification of the LT1 protein from 

pooled liver samples [n = 5; plotted as duplicates] are illustrated in the lower graph of Fig. 

3.7. The major result from western blot analysis was that treatment with LT1 ASO loaded into 

nov038 Smarticles led to a dose-dependent down regulation of the LT1 protein in the liver. At 

a dosage of 10 or 5 mg/kg liposomal LT1-ASO, the remaining mean LT1 protein expression 

was 43 % or 80 %, respectively, relative to the saline control. The expression of LT1 protein 

in the liver of mice treated with free LT1-ASO at a dosage of 10 mg/kg was reduced by 15 %. 

Free scrambled and LT2 ASO and liposomal LT2-ASO were used as controls for non-

specific target down regulation. Mice treated with either oligonucleotide at a dosage of 

10 mg/kg did not inhibit LT1 protein expression. 

On both, the protein and the mRNA levels, only mice treated with the LT1 ASO 

loaded into nov038 exhibited a dose-dependent target down regulation. In contrast, analyses 

of liver samples of mice treated with free LT1 antisense at a concentration of 10 mg/kg 

demonstrate only slight LT1 reduction on protein and mRNA levels. The encapsulation of 

LT1-ASO into nov038 potentiated the target down-regulation by 3-fold on mRNA and 2-fold 

on protein level compared to the free LT1-ASO, both at a dosage of 10 mg/kg.  

 

At the end of the study plasma AST and ALT levels were determined to investigate 

potential side-effects of the treatment after multiple dosing (Tab. 3.6). Mean ALT plasma 

levels of mice treated with nov038 with encapsulated ASO or free ASO were 31.0-53.4 U/l or 

47.6-54.4 U/l, respectively, in comparison to plasma levels in mice treated with saline [mean 

value of 36.0 U/l].  

All active groups showed no significant alterations of ALT plasma levels compared to 

the saline group except for nov038-LT1 injected at a dosage of 10 mg/kg. A student’s t-test 

revealed a slight but significant increase of the ALT plasma level within this group. Mean 

AST levels in the plasma of mice treated with saline or with nov038-ASO or free ASO ranged 

from 82.0-96.2 U/l. Only mice of the group treated with nov038-LT1 at the lowest dosage 

showed an increased mean AST level of 154.2 U/l. However, a student’s t-test did not 

confirm a significant increase within this group compared to the saline control. 
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AST ALT 

U/l SD % U/l SD % 

Saline 94.4 38.3 100.0 36,0 3,7 100,0 
fre

e 
A

S
O

 LT1 10 mg/kg 82.0 19.0 86.9 47,6 16,8 132,2 

LT2 10 mg/kg 88,2 60,5 93,4 30,2 5,2 83,9 

scr 10 mg/kg 96.2 22.9 101.9 54,4 19,1 151,1 

no
v0

38
-A

S
O

 LT1 10 mg/kg 96.2 41.7 101.9 53,4* 15,8 148,3 

LT1 5 mg/kg 85.2 33.6 90.3 31,0 7,1 86,1 

LT1 1 mg/kg 154.2 98.9 163.3 44,8 24,6 124,4 

LT2 10 mg/kg 96.0 70.5 101.7 38,8 7,9 107,6 
 
Tab. 3.6: Mean values [n = 5] of AST and ALT plasma levels [U/l], standard deviation [SD] and 
normalized expression [%] of values referred to saline treated group. Student’s t-test for 
parametric data was used whereas the active treatment was compared with saline treatment. Only 
mice of the group treated with the highest dose of nov038-LT1 showed a slight but significant increase 
in plasma ALT levels (* = p < 0.05).  
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3.3 Proof-of-concept study using nov038-ApoB-siRNA 
 

The previous study showed a significant knockdown of a liver target mRNA and 

protein (LT1) using nov038 with encapsulated LT1 antisense oligonucleotides. A second 

pharmacodynamic study aimed at the sequence specific down-regulation of a liver target 

using RNA interference (RNAi). An ApoB100 siRNA (ApoB I) was loaded into nov038 and 

tested in the liver “ApoB100 model” after systemic administration. At this point the control 

formulation nov038 with encapsulated scrambled (scr) siRNA was excluded from the study.  

Batch production and study parameters for nov038-ApoB I (nov038d197) are 

presented in Tab. 3.7. Nov038 liposomes exhibited a mean particle sizes of 119 nm after 

concentration, buffer exchange, and sterile filtration. The encapsulation efficiency was ~50 % 

and less than 10 % of the total material was determined as non-encapsulated (outside) 

siRNA. Based on the OD260 value of the final product the liposomal suspension was diluted 

with PBS to a final siRNA concentration of 0.8 mg/ml. The final lipid concentration was 68 

mM for nov038d197 resulting in a drug-to-lipid ratio of 11.8 µg siRNA/µmol lipid and thus 

comparable to the formulations nov038d144 and –d145 used in the previous study. 

 

 

 Saline 
nov038-ApoB I 

siRNA 

 Lot# - d197 

Ave. size [nm] / PI - 119 / 0.22 

siRNA conc. [µg/ml] - 800 

Lipid conc. [mM] - 68 

Drug-to-lipid ratio [µg/µmol] - 11.8 
   

Injection volume [µl] 250 250 

siRNA dose [mg/kg] - 8 

Lipid dose [µmol/kg] - 680 

 

 

The treatment protocol scheduled three iv injections on three consecutive days into 

five mice per treatment group at a dosage of 8 mg/kg of siRNA encapsulated into nov038. 

The mice were sacrificed 24 h following the last administration; liver samples were collected 

and prepared for quantification of apoB100 mRNA (Quantigene). Further, plasma was 

prepared from whole blood samples and was used for the quantification of ApoB100 protein 

(Western blot) and the determination of total cholesterol (Chol), HDL and LDL levels. The 

results are summarized in Fig. 3.8.  

Tab. 3.7: Nov038d197 
sample and study 
parameters. Nov038 with 
encapsulated ApoB I siRNA 
was produced with an 
average particle size of 
119 nm and was 
concentrated to a final siRNA 
and lipid concentration of 
800 µg/ml and 68 mM, 
respectively. C57Bl/6 mice 
grouped to a number of five 
were treated every day for 
three days. For all samples 
the injection volume was 
250 µl. Mice were sacrificed 
24 h following the last 
injection. 
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In contrast to the previous study using encapsulated ASO a triple dose of 8 mg ApoB 

I siRNA/kg BW encapsulated into nov038 did not lead to any decisive knockdown on 

ApoB100 mRNA or protein level (Fig. 3.8 A & B) and, further, no lowered total cholesterol or 

LDL levels were visible (Fig. 3.8 C). Mean plasma values from mice treated with nov038-

ApoB I-siRNA seemed to be slightly increased and showed a high variance within the group, 

especially LDL values. 

 

 

 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3.8: ApoB100 mRNA and protein as well as plasma cholesterol analyses. A) Western Blot 
analysis of the ApoB100 protein in pooled plasma samples [n = 5]. B) Quantification of apoB100 
mRNA within the liver using the Quantigene assay. ApoB100 mRNA levels were normalized to 
PPIB mRNA and referred to the saline control group. C) Total cholesterol (Chol), HDL and LDL 
levels were determined in plasma samples. Plasma levels of mice treated with nov038-siRNA were 
referred to the saline treated group. In summary, no significant down-regulation of the ApoB100 
mRNA or protein and LDL-cholesterol plasma levels could be determined after treatment with 
nov038 encapsulating ApoB I siRNA. Data from B) and C) are represented as bars showing the 
mean [n = 5] ± SD. 
 

 

 

 

 

 

 Saline            nov038-ApoB I 
                                 8 mg/kg      

B C ApoB100 mRNA (QG) Plasma Chol, HDL & LDL levels 

 Saline             nov038-ApoB I 
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3.4 In vitro transfection of primary mouse hepatocytes (PMHs) 
using nov038 loaded with either ASO or siRNA 

 

PK/BD analyses of nov038 loaded with ASO molecules reveal a lipid dose-dependent 

blood circulation and distribution into the primary organs liver and spleen. Assuming that the 

PK/BD of liposomes only depends on carrier parameters (size, charge, dose etc.) the 

encapsulated type of oligonucleotide has no influence on the extracellular distribution. 

However, regarding the down-regulation of a target mRNA in vivo, totally different results 

were obtained when using nov038 loaded with either ASO or siRNA molecules. Whereas 

nov038-LT1-ASO reduced the liver mRNA and protein levels in a dose-dependent manner 

no decisive down-regulation was visible using RNAi. In a one-step-back approach the 

transfection efficiency of nov038 loaded with either ASO or siRNA molecules was 

investigated in vitro on primary mouse hepatocytes (PMHs). Particular attention was paid to 

the endosomal escape of labeled oligonucleotides after intracellular delivery by nov038. It is 

known that ASO and siRNA molecules show different escape pathways, which might be 

responsible for the different knockdown effects.  

 

 

3.4.1 Transfection of PMHs with ASO and siRNA molecules targeting apoB100 
mRNA using the cationic transfectant jetPEI-Gal 

 

At first, different oligonucleotides targeting the apoB100 mRNA were tested on freshly 

isolated and cultivated hepatocytes to compare the silencing potency of each 

oligonucleotide. For comparative analyses an ApoB100 ASO containing locked-nucleic acid 

(LNA) modifications was taken from Swayze and co-workers, 2007.139 The ApoB I siRNA 

from previous studies was further modified by a 5’-phosphorylation at the antisense strand 

and was tested head-to-head in vitro on PMHs. Scrambled Control (scr) ASO and scr siRNA 

served as controls and all oligonucleotides were testes at concentrations ranging from 

1…10 nM/well. A buffer (0.1x PBS) treated group served as a control. Mean normalized 

apoB100 mRNA values refer to the buffer treated control group and are shown in Fig. 3.9.  

Fig. 3.9 clearly shows the down-regulation of apoB100 mRNA using target specific 

siRNA or ASO molecules. Both oligonucleotides, ApoB I 5’P siRNA and LNA-ApoB ASO 

reduced the apoB100 mRNA level by ~80 % compared to the buffer treated group at a 

concentration of 1 nM. An improvement regarding the knockdown of apoB100 mRNA by 

using the ApoB I 5’P siRNA is clearly visible (KD ~95 %) as the ApoB I siRNA showed a KD 

of ~72 % at equal concentrations. The corresponding scrambled control oligonucleotides 

showed no significant reduction of the target mRNA level. For further comparative analyses 

both, the LNA-modified ApoB-ASO as well as the ApoB I 5’P siRNA were used. 
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Fig. 3.9: Comparative analysis of different types of ASO and siRNA molecules 
targeting the apoB100 mRNA. Target mRNA levels were normalized to PPIB mRNA 
and referred to the buffer control group. Data are represented as bars showing the 
mean [n = 3] ± SD. Groups treated with complexed siRNA molecules are shown on the 
left side in filled bars and ASO treated groups are shown on the right side in shaded 
bars. ApoB100 oligonucleotides treated groups are shown in red whereas the 
respective scrambled control groups are highlighted in blue color.  

 

 

3.4.2 Transfection of PMHs with ASO and siRNA molecules targeting apoB100 
mRNA encapsulated into nov038 

 

Both oligonucleotides, the LNA-modified ApoB-ASO as well as the ApoB I 5’P siRNA, 

were encapsulated into nov038. Also, the corresponding scrambled control oligonucleotides 

were loaded into nov038 and served as controls. Batch production parameters are presented 

in Tab. 3.8. Nov038 liposomes loaded with siRNA molecules exhibited mean particle sizes of 

~150 nm. During the encapsulation of ASO molecules liposomes were formed with mean 

particle sizes of 164 nm and 203 nm for nov038-LNA-ApoB ASO and nov038-scr-ASO, 

respectively. For comparative analysis nov038 liposomes were tested at different doses with 

oligonucleotide concentrations of up to 1000 nM on PMHs.  
Results from the apoB100 mRNA Quantigene assay are depicted in Fig. 3.10. Up to a 

concentration of 1000 nM ApoB I 5’P or scrambled siRNA loaded into nov038 no significant 

alteration of the apoB100 mRNA level was visible. In contrast, a decisive down-regulation of 

~60 % compared to buffer treated group was determined at a concentration of 100 nM LNA-

ApoB ASO loaded into nov038. Further increasing of the LNA-ApoB ASO dose (up to 1000 

nM) did not result in higher down-regulation of the apoB100 mRNA level. Even low 

concentration of LNA-ApoB ASO (10 nM) showed a significant KD of ~25 % and an IC50 
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value of ~80 nM was calculated for nov038-LNA-ApoB ASO. As expected, a dose of up to 

1000 nM of scrambled ASO encapsulated into nov038 did not lead to an alteration of the 

target mRNA level.  

 

 

 
nov038-siRNA nov038-ASO 

ApoB I 5’P scrambled LNA-ApoB scrambled 

Lot# d231 d232 d233 d234 

Ave. size [nm] / PI 154 / 0.20 152 / 0.21 164 / 0.17 203 / 0.21 

Oligo conc. [µg/ml] 165 165 73 79 

Oligo conc. [µM] 11 11 11 11 

Lipid conc. [mM] 9.7 9.7 3.2 3.3 
     

Oligo concentration  
tested on cells [nM] 10…1000 1000 10…1000 1000 

 
Tab. 3.8: Sample and study parameters for nov038 loaded with different types of 
oligonucleotides. Both formulations encapsulating either ASO or siRNA were produced to nearly 
equal average particle sizes. Final liposomal suspensions were pre-diluted to a concentration of 
11 µM oligonucleotide using PBS (Gibco). Liposomes were tested at the highest concentrations 
of 1000 nM of encapsulated siRNA and ASO. For further doses tested on hepatocytes, the 
liposomes were diluted appropriately.  

 

 

 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.10: Comparative analysis of nov038 loaded with either siRNA (left side) or ASO (right 
side, shaded bars) molecules targeting the apoB100 mRNA. Only nov038 loaded with an LNA-
modified ApoB-ASO significantly reduced the apoB100 mRNA. Nov038 with encapsulated siRNA 
had no effect on target down-regulation. Data are represented as bars showing the mean [n = 3] ± 
SD. * = p < 0.05; *** = p < 0.001 
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Tab. 3.9: Sample and 
study parameters for 
nov038 loaded with ASO 
or siRNA molecules 
both labeled with Cy5.5. 
Nov038d235 was loaded 
with a pure scr-Cy5.5 
siRNA whereas for the 
production of nov038d222 
a mixture (4:1; w/w) of 
unlabeled scr-ASO and 
scr-Cy5.5 ASO was used. 
Both formulations were 
pre-diluted to a final 
oligonucleotide 
concentration of 1.1 µM 
using PBS (Gibco). 

The current in vitro study confirmed the findings discovered in vivo in that a clear 

down-regulation of a specific liver mRNA and protein was shown using an antisense 

oligonucleotide encapsulated into nov038 whereas no decisive comparable effect was visible 

using RNAi. As aforementioned ASO molecules are able to cross the cell and endosomal 

membrane, presumably via receptor-mediated endocytosis or channels 2, whereas naked or 

unformulated siRNA molecules are not transported across the membranes. The (intact) 

delivery of siRNA molecules into the target cells using nov038 cannot be seen from the 

previous studies. Studies with formulated labeled oligonucleotides should reveal their uptake 

and subcellular distribution. This may give evidence for the oligonucleotide translocation 

pathway and/or possible barriers on the way to the cytoplasm 

 

 

3.4.3 Uptake of nov038 loaded with Cy5.5-labeled ASO or siRNA by PMHs 
 

Due to different delivery efficiencies of nov038 loaded with either ASO or siRNA 

molecules the uptake and disposition of nov038 loaded with fluorescently labeled 

oligonucleotides on hepatocytes was followed. Therefore, suspensions of nov038 loaded 

with either Cy5.5-labeled siRNA or Cy5.5-labeled ASO were used for transfection. Sample 

parameters for nov038d235 and nov038d222 are presented in Tab. 3.9.  

 

 

 

 

 

Liposomes of nov038 loaded with a pure scr-Cy5.5-labeled siRNA had a mean 

particle size of 133 nm whereas a mixture of CD40-ASO and scr-Cy5.5-labeled ASO (4:1; 

w/w) was used for loading into nov038 forming liposomes with a mean particle size of 162 

nm. Both formulations were tested at Cy5.5-labeled oligonucleotide concentration of 100 nM. 

 
Nov038 

Scr-Cy5.5 
siRNA 

Scr-Cy5.5 
ASO 

Lot# d235 d222 

Ave. size [nm] / PI 133 / 0.20 162 / 0.12 

Oligo conc. [µg/ml] 15.8 35.3 

Oligo-Cy5.5 conc. [µg/ml] 15.8 (100%) 7.1 (20%) 

Oligo-Cy5.5 conc. [µM] 1.1 1.1 

Lipid conc. [mM] 2.0 6.5 
   

Oligo-Cy5.5 concentration  
tested on cells [nM] 100 100 
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The hepatocytes were washed with PBS 4 h following the transfection step to remove non-

transfected or membrane-bound liposomes from the media and were prepared for confocal 

laser scanning microscopy (CLSM) 20 h following the intermediate washing step. 

 

 

 
Fig. 3.11: CLSM images of hepatocytes treated with either nov038-Cy5.5-siRNA (left side) or 
nov038-Cy5.5-ASO (right side). Cy5.5 fluorescence signals are shown in red. Hepatocytes were 
further counter-stained with DAPI (nuclei in blue) and TRITC-conjugated phalloidin staining F-actin 
molecules (green). A merged image for both treatments is shown in the right lower corner, 
respectively.  Both formulations were taken up by the cells and both show a dominant endosomal 
localization of the label, especially perinuclear. 
 

 

The hepatocytes were counterstained with DAPI (nuclei in blue) and TRITC-

conjugated phalloidin staining F-actin molecules (green). Cy5.5 fluorescence signals from 

labeled oligonucleotides are shown in red (Fig. 3.11). Both formulations were taken up by the 

cells as both showed a dominant endosomal localization of the label. This spotty disposition 

appeared predominantly perinuclear. Nov038 showed a roughly equal uptake for both, siRNA 

and ASO, whereas a clear disposition of siRNA and ASO molecules within the cytoplasm or 

nucleus, respectively, could not be visualized.  

Along the cellular delivery mediated by nov038 the distribution patterns of labeled 

oligonucleotides give hints for a breaking-off within the endosome. While the single-stranded 

ASO may be able to translocate into the cytoplasm / nucleus after degradation of nov038 

during endosomal / lysosomal maturation the double-stranded siRNA will be probably 

degraded within the destructive lysosomal environment. 

 

 

nov038-Cy5.5-siRNA         nov038-Cy5.5-ASO 
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3.5 Rational design of Smarticles and application for PMHs 
 

The previous studies revealed the delivery of antisense oligonucleotides to the target 

cells using the liposomal formulation nov038. The ability of nov038 to deliver ASO molecules 

to hepatocytes in vitro and in vivo was shown by quantitative mRNA and protein analyses. 

However, using siRNA molecules loaded into nov038 no decisive down-regulation of the 

target mRNA or protein levels was detectable.   

In contrast to single-stranded antisense oligonucleotides, the double-stranded siRNA 

molecules are not able to cross the membrane because of their high hydrophilicity and the 

absence of specific transferring receptors. Hence, the active and intact delivery of siRNA 

across the plasma membrane is an absolute condition to achieve biological effects. 

Therefore novel liposomal formulations were designed to be both, stable and highly 

fusogenic. The rational design of highly fusogenic liposomes, as described in the chapter 

“Introduction – 1.6 Lipid Shape Theory”, included a highly fusogenic state at the isoelectric 

point of the lipid mixtures at a pH of 5 - 6. This would lead to a fusion of the liposomes with 

the endosomal membrane and the liberation of the cargo into the cytoplasm. Further these 

novel Smarticles formulations exhibit stable states at low pH for loading of oligonucleotides 

and at physiological pH for storage and application purposes. 

As outlined before the key parameter of the new model, κMIN, describes the geometry 

of the ion-free lipid membrane around the isoelectric point and is thought to be predictive for 

the fusogenicity of the lipid assembly. To test whether κMIN predicts the ability of amphoteric 

liposomes to transfect siRNA molecules into cells, esp. hepatocytes, several formulations 

were designed and prepared for transfection of primary mouse cells. Therefore, chemically 

distinct amphoteric liposomes were loaded with ApoB I 5’P siRNA. Lipid compositions as well 

as κMIN values of the respective formulations used in this study are summarized in the 

Appendix (section 8.2 & 8.3). Usually, the liposomes were used for transfection of 

hepatocytes at a siRNA dose range of 10…1000 nM. The reduction of apoB100 mRNA 

levels were determined three days after transfection and IC50 values, the concentration of 

siRNA needed to reduce the target mRNA by 50 %, were deduced for all formulations and 

plotted against the respective κMIN value (Fig. 3.12). IC50 values of samples showing no 

reduction up to a siRNA concentration of 1000 nM were set to 1000 nM. A tight correlation 

between efficacy and κMIN was observed upon apoB100 mRNA targeting in primary mouse 

hepatocytes. The transfection of hepatocytes was limited by κMIN and low values of about 

0.13…0.16 were required for optimized cellular transfection. No appreciable cellular 

transfection was observed for κMIN values >0.22. Plots for nov038 and nov729 are highlighted 

in red (Fig. 3.12). The κMIN value for nov038 was calculated to 0.35. As shown before, no 

mRNA reduction was detected up to a concentration of 1000 nM. In contrast, nov729 (κMIN = 

0.145) efficiently transfected hepatocytes with an IC50 value of ~22 nM.  
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Fig. 3.12: IC50 vs. κMIN plot. Chemical distinct amphoteric liposomes were loaded with ApoB I 5’P 
siRNA and IC50 values were calculated from quantified apoB100 mRNA levels of a distinct dose 
range (10…1000 nM) tested on hepatocytes.  A clear dependency between low IC50 and κMIN 
values is visible. A small κMIN value is necessary for a high efficacy of formulations to deliver 
siRNA. Plots for nov038 and nov729 are shown in red, exemplarily.  

 

 

A closer examination of the lipid composition, calculations thereof and the fusion behavior of 

both formulations, nov038 and nov729, is given in Tab. 3.10 and Fig. 3.13. Whereas 

Amphoter II systems (comprising charge-reversible cationic lipids) allow for cation:anion 

ratios (ratio C:A)  of ≥1 (nov038 = 1) Amphoter I class liposomes (with permanent cationic 

lipids) have to have a ratio C:A of <1 (nov729 = 0.67) to maintain an overall anionic surface 

charge at physiological pH. Thus, nov038 comprises a portion of 50 % anionic CHEMS of 

total charged lipids and nov729 contains 60 % of anionic DMGS of total charged lipids. 

 

  

nov038 [II] [Amphoter 
system] nov729 [I] 

MoChol Chems POPC DOPE composition DODAP DMGS Chol 

20 20 15 45 mol % 24 36 40 

  60 % neutral lipids   40 

40   % charged lipids 60  

1   Ratio C:A 0,67  

50   
% anionic of 

charged lipids 
60  

0,350 @ 6.0 κmin @ IP 0,145 @ 5.6 

 
Tab. 3.10: Differentiated examination of the lipid composition of nov038 and nov729. Ratio C:A 
defines the molar quotient of cationic to anionic lipids. Κmin and the isoelectric point (IP) of the distinct 
lipid mixture were calculated from the algorithm of the dynamic shape theory. 

nov729 

nov038 
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The κmin value for each distinct formulation is calculated at the isoelectric point (IP) 

and represents a key fusion parameter. Variations of the anionic lipid portion and the 

influence on the fusion properties are shown in Fig. 3.13. The lipid composition of nov038 

shows high κ values (up to 0.42) over the entire pH range (in silico data Fig. 3.13 A, 

calculated and drawn up from the algorithm of the dynamic shape theory 129). A valley is 

calculated at pH 6.0 with a κ value of 0.35 (refers to κmin). Increasing the amount of anionic 

lipid slightly decreases the κ values and shifts the IP into the acidic pH range. The decrease 

of κ values with 100 % of anionic CHEMS of total charged lipids (= 40 % CHEMS and 60 % 

of neutral lipids with a ratio C:A=0) and the increase in fusion propensity could be proven 

with experimental fusion data (Fig. 3.13 B). Homofusion of these liposomes, which is defined 

as the fusion between particles of the same lipid composition, was shown in the pH range of 

2.5 - 4.5 (dusky pink) whereas the lipid mixture of nov038 showed no fusion propensity over 

the entire pH range. However, lipid mixtures with only anionic lipids cannot be used for 

efficient encapsulation of nucleic acids. Further decreasing the amount of CHEMS leads to 

higher κ values with no improved fusogenicity. 

 
A) in silico data 

0,0
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B) experimental fusion data  
 

2,5 3,5 4,5 5,5 6,5 7,5 2,5 3,5 4,5 5,5 6,5 7,5
0,0 1,22 1,27 1,24 0,89 0,00 0,00 100 100 0,00 1,15 1,28 0,74 0,73 0,38 0,33
0,3 0,00 0,13 0,69 0,75 0,00 0,00 0,17 0,78 1,04 1,85 0,17 0,05 0,04
0,5 0,00 0,00 0,27 0,73 0,00 0,00 66 75 0,33 0,54 0,69 1,37 0,27 0,00 0,00
0,7 0,00 0,00 0,09 0,49 0,00 0,00 0,40 0,51 0,71 1,39 0,36 0,00 0,00

1,0 0,00 0,00 0,01 0,26 0,01 0,00 50 nov038 0,50 0,41 0,58 1,15 0,77 0,00 0,00

1,5 0,00 0,00 0,00 0,00 0,04 0,00 nov729 60 0,67 0,40 0,57 1,09 0,87 0,00 0,00

2,0 0,00 0,00 0,00 0,00 0,04 0,00 33 0,75 0,40 0,57 1,22 1,10 0,00 0,00
3,0 0,00 0,00 0,00 0,00 0,02 0,00 50 1,00 0,31 0,42 0,93 1,62 0,00 0,00

pHRatio 
C:A

Ratio 
C:A

pH

 
 
Fig. 3.13: In silico calculation of κ values over a pH range of 2.5 – 7.5 (A) for nov038 (left panel) 
and nov729 (right panel) and the conformation of κ-dependent fusion obtained by experimental 
fusion data (B). Both, in silico and experimental fusion data show a landscape of the respective 
formulation with various amounts of anionic lipid.  The cation:anion molar ratio (ratio C:A) was 
changed from 0 to 3 for MoChol:CHEMS (B, left panel, Amphoter II system) and from 0 to 1 for 
DODAP:DMGS (B, right panel, Amphoter I system). Experimental fusion data were kindly provided by 
Evgenios Siepi and details for experimental setup can be found in 127. Intensity of fusion expressed as 
FRET-signals E590/530: 0…0.5 = no color; 0.5…1 = pink; 1…2 = dusky pink. 

 
nov038 

 
nov729% anionic of charged lipids
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In contrast, the lipid mixtures of nov729 and variations thereof exhibit substantially 

lowered κ value compared to nov038. Nov729 with 60 % of anionic DMGS of total charged 

lipids shows a bi-phasic curve with higher κ values in the pH range of 2.5 – 4.5 and at 

physiological pH indicating non-fusogenic, stable phases. A valley is calculated at pH 5.6 

with a κ value of 0.145 (κmin) where the highest fusion tendency is predicted. Experimental 

fusion data (Fig. 3.13 B) reveal the highest homofusion for nov729 between pH 4.5 – 5.5 

(colored dusky pink) and no fusion at strong acidic and physiological pH. Again, increasing 

the amount of anionic lipid promotes fusion in the strong acidic pH range whereas less 

amounts of DMGS shifts the κmin values of the formulation to an IP of ~6. This was further 

confirmed by experimental fusion data. Here, the height of the respective κmin values were not 

affected by varying the amount of anionic lipids, only the IP and thus the pH range with the 

highest tendency of fusion.  

  

 

3.6 Delivery of oligonucleotides using the fusogenic nov729 
 

Within the previous trials 25 chemical distinct amphoteric liposomes were screened 

with respect to their efficacy to deliver siRNA molecules to hepatocytes in vitro. In summary, 

efficient down-regulation of apoB100 mRNA was achieved only with small κMIN value. One of 

these fusogenic candidates, called nov729, was selected for further analyses in vitro and in 

vivo. Based on previous considerations nov729 should also be able to deliver ASO 

molecules. In the following study both, ASO molecules and siRNAs loaded into nov729 were 

tested head-to-head on primary mouse hepatocytes. 

 

 

3.6.1 Transfection of PMHs with nov729 encapsulating ASOs or siRNAs 
 

Comparable to previous studies ApoB I 5’P siRNA was encapsulated into nov729 as 

well as the LNA-modified ApoB-ASO and their corresponding scrambled control 

oligonucleotides. Sample and study parameters are presented in Tab. 3.11. The production 

of nov729d017 and –d018 led to the formation of liposomes with equal mean particle sizes of 

99 nm for both formulations. In contrast, ASO-loaded liposomes exhibited a somewhat larger 

mean particle size. For all batches of nov729 the encapsulation efficiency was ~65 %. 

Samples were tested at concentrations ranging from 10…100 nM.  
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Tab. 3.11: Sample and study parameters for nov729 loaded with apoB100 mRNA targeting 
siRNA and ASO molecules and scrambled controls. Both siRNA formulations were produced to 
equal average particle sizes (99 nm), siRNA and lipid concentrations. Liposomes loaded with ASO 
molecules were somewhat larger in particle size compared to the nov729-siRNA formulations. All 
samples were pre-diluted to an oligonucleotide concentration of 1.1 µM to achieve a final 
concentration of 100 nM on cells. The apoB mRNA targeting batches were further diluted to gain final 
oligonucleotide concentrations of 10 nM and 30 nM. 
 

 

 

 
 
Fig. 3.14: Transfection of PMHs using nov729 loaded with apoB100 mRNA targeting 
oligonucleotides. This fusogenic formulation mediated an apoB100 mRNA reduction using RNAi 
and antisense technology in a dose-dependent manner. The target mRNA downregulation is 
sequence-specific as the encapsulated scrambled oligonucleotides showed no effect. Data are 
represented as bars showing the mean [n = 3] ± SD 

 

 

  
nov729-siRNA nov729-ASO 

ApoB I 5’P scr scr-Cy5.5 LNA-ApoB scr 

Lot# d017 d018 --- --- --- 

Ave. size [nm] / PI 99 / 0.12 99 / 0.10 114 / 0.20 127 / 0.08 115 / 0.05 

Oligo conc. [µg/ml] 16.5 16.5 17.0 7.3 7.9 

Oligo conc. [µM] 1.1 1.1 1.1 1.1 1.1 

Lipid conc. [mM] 1.0 1.0 1.0 0.6 0.6 
      

Oligo concentration  
tested [nM] 10…100 100 100 10…100 100 
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Mean normalized apoB100 mRNA values referred to the buffer treated control group 

are shown in Fig. 3.14. In stark contrast to nov038 (Fig. 3.10) the fusogenic formulation 

nov729 mediated a dose-dependent down-regulation of the apoB100 mRNA with 

encapsulated ApoB I 5’P siRNA. A dose of 100 nM, 30 nM and 10 nM of the target siRNA led 

to a mean mRNA reduction of >80 %, 68 % and 29 %, respectively, compared to the buffer 

treated group. Further, the observed reduction of the apoB100 mRNA was sequence-specific 

as the treatment with scrambled siRNA encapsulated into nov729 had no effect upon the 

apoB100 mRNA.  Moreover, nov729 mediated a dose-dependent knockdown of the apoB 

mRNA with ASO molecules. The ASO-triggered KD seems to be somewhat weaker than the 

RNAi-mediated downregulation.  A dose of 100 nM, 30 nM and 10 nM of the LNA-ApoB ASO 

led to a mean mRNA reduction of ~60 %, 40 % and 32 %, respectively. 

 

 

3.6.2 Pharmacodynamic of nov729 loaded with ApoB I 5’P siRNA in vivo 
 

With respect to the latter in vitro study indicating a sequence-specific RNAi effect 

nov729 was subsequently tested within the “ApoB100 model” in vivo. Therefore the 

ApoB I 5’P and a scrambled control siRNA were encapsulated into nov729, called 

nov729d004 and nov729d005, respectively. Sample and study parameters for both 

formulations are presented in Tab. 3.12. Particles were produced with equal mean particle 

sizes of ~106 nm. Encapsulation efficiency was ~70 % for both formulations and non-

encapsulated (outside) siRNA was not detectable. The final lipid and siRNA concentration 

were ~22 mM and 0.5 mg/ml, respectively, for both formulations resulting in a drug-to-lipid 

ratio of ~23 µg siRNA/µmol lipid. Mice grouped to a number of four to five were injected twice 

(day 1 and day 3). The quantification of liver apoB100 mRNA and plasma cholesterol, HDL 

and LDL levels are shown in Fig. 3.15.  

In contrast to the in vitro studies no conclusive down-regulation of the apoB100 

mRNA in the liver and plasma protein (data not shown) could be determined  in vivo using 

nov729-ApoB I 5’P (Fig. 3.15; A). A dosage of 8 mg ApoB I 5’P siRNA/kg BW slightly 

decreased the apoB100 mRNA level but was not significant to the saline treated group. 

However, a significant down-regulation (* = p < 0.05) by nov729-ApoB I 5’P siRNA was 

determined compared to the nov729-scr-siRNA treated group, both at a dosage of 8 mg/kg. 

At dosages of 4 mg siRNA/kg BW for both, active and control formulation, a slight increase of 

the apo100 mRNA level was visible.   
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 Saline 
Nov729-siRNA 

ApoB I 5’P scrambled 

Lot# - d004 d005 

Ave. size [nm] / PI - 106 / 0.12 107 / 0.14 

siRNA conc. [µg/ml] - 500 500 

Lipid conc. [mM] - 22.0 21.5 

Drug-to-lipid ratio [µg/µmol] - 22.7 23.2 
      

Injection volume [µl] 200 400 200 400 200 

siRNA dose [mg/kg] - 8 4 8 4 

Lipid dose [µmol/kg] - 352 176 344 172 

 
Tab. 3.12: Production and study parameters for nov729d004 and nov729d005. Both 
formulations were produced to equal average particle sizes, siRNA and lipid concentrations. 
For injection purposes the liposomal batches were diluted to a final siRNA concentration of 
500 µg/ml. Mice grouped to a number of four to five were injected twice (day 1 and day 3). 
Liver and plasma were sampled 24 h following the last injection.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 3.15: ApoB100 mRNA and 
plasma cholesterol analyses 
after treatment with nov729 
encapsulating ApoB I 5’P or 
scrambled control siRNA.  
A) Quantification of apoB100 
mRNA within the liver using the 
Quantigene assay. The apoB100 
mRNA levels were normalized to 
PPIB mRNA and referred to the 
saline control group.  
B) Total cholesterol (Chol), HDL 
and LDL levels were determined 
in plasma samples. Plasma 
levels of mice treated with 
different doses of nov729-siRNA 
were referred to the saline 
treated group. Data from A) and 
B) are represented as bars 
showing the mean [n = 4-5] ± 
SD. In summary, no substantial 
down-regulation of the apoB100 
mRNA or protein (data not 
shown) and LDL-cholesterol 
plasma levels could be 
determined after treatment with 
nov729 encapsulating ApoB I 5’P 
siRNA compared to the saline 
treated group. * = p < 0.05 
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SiRNA dosages of 8 mg/kg slightly increased the plasma cholesterol levels 

(Fig. 3.15 B). Mean values of plasma cholesterol levels are slightly reduced in the ApoB I 5’P 

siRNA treated group (8 mg/kg) compared to the respective scrambled control group, 

especially the mean plasma LDL values (but with high variance within this group). Total 

cholesterol, HDL and LDL plasma levels of groups treated with either 4 mg/kg of nov729-

ApoB I 5’P siRNA or nov729-scr-siRNA showed no significant alterations compared to the 

saline treated group. Also, the ApoB I 5’P siRNA treated groups (at 4 mg/kg) exhibited a high 

biological variance. In summary, only slight reductions of apoB100 mRNA and plasma LDL 

levels were visible after treatment with nov729-ApoB I 5’P siRNA compared to the scrambled 

control group, both at dosages of 8 mg/kg. 

 

To give evidence about potential toxicities using nov729 in vivo plasma AST and ALT 

levels were determined at the end of the study (Tab. 3.13). Generally, no significant 

alterations could be detected within the liposomal treated groups compared to the saline 

group. Mean AST levels were slightly reduced, except for the group nov729 treated with a 

dosage of 4 mg ApoB I 5’P siRNA/kg BW whereas all liposomal treated groups showed 

slightly elevated mean ALT levels compared to the saline group. Usually, increased mean 

ALT values involved high variances within the groups. 

 

 

 
AST ALT 

U/l SD % U/l SD % 

Saline 83.8 15.7 100.0 37.3 5.8 100.0 

N
ov

72
9 

ApoB I 5’P; 8 mg/kg 73.0 15.0 87.2 40.3 13.9 108.1 

ApoB I 5’P; 4 mg/kg 86.4 31.8 103.2 42.0 13.9 112.8 

scrambled; 8 mg/kg 73.3 17.0 87.5 49.3 17.4 132.2 

scrambled; 4 mg/kg 83.0 18.1 99.1 41.0 6.0 110.1 

 
Tab. 3.13: Mean values [n = 4-5] of AST and ALT plasma levels [U/l], standard deviation [SD] 
and normalized expression [%] of values referred to saline treated group. Student’s t-test for 
parametric data was used but no significant alterations were calculated. No significant elevations of 
AST and ALT plasma levels were determined indicating nov729 as a safe formulation. 
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3.6.3 Transfection of PMHs with nov729 in the presence of mouse serum 
 

Using nov729 with encapsulated ApoB I 5’P siRNA in vivo no efficacy regarding 

target mRNA and protein down-regulation or physiological effect (lowering of cholesterol and 

LDL plasma levels) could be shown. In vitro, a clear sequence-specific knockdown of the 

apoB100 mRNA was shown using nov729 with encapsulated siRNA for transfection of 

hepatocytes. In vitro studies on HeLa cells indicated an inhibition of the transfection 

efficiency of nov729 by lipoproteins (see Appendix; Fig. 8.2). In this context, nov729 loaded 

with ApoB I 5’P siRNA (nov729d017; Tab. 3.11) was tested on hepatocytes in the presence 

of complete mouse serum at concentrations of 100…1000 nM. Cells were supplemented with 

complete mouse serum to a final concentration of 10 % immediately before adding the 

liposomes. Transfection efficiencies in terms of apoB100 mRNA downregulation in the 

presence of mouse serum are shown in Fig. 3.16 A. 

In the absence of mouse serum nov729 loaded with ApoB I 5’P siRNA mediated a 

dose-dependent knockdown of the apoB100 mRNA level. A dose of 100 nM and 300 nM led 

to an mRNA reduction by 75 % and 95 %, respectively, compared to the buffer treated group. 

The latter dose highlights the maximum knockdown of the apoB100 mRNA level since a 

dose of 1000 nM ApoB I 5’P siRNA did not lead to a further mRNA reduction. In contrast in 

the presence of 10 % complete mouse serum the effect is completely diminished while using 

a dose of 100 nM of nov729-ApoB I 5’P siRNA. By increasing the dose up to 300 nM and 

1000 nM the mRNA reduction effect is nearly restored. The inhibition by mouse serum is thus 

dose-dependent and is diminished by high concentrations of liposomes which in turn titrate 

the inhibiting serum components. The presence of mouse serum had no effect on the 

apoB100 mRNA level as shown in both buffer treated groups, with and without mouse 

serum. Further, the inhibition of cell transfection by mouse serum was demonstrated by 

CLSM (Fig. 3.16 B). Nov729 was loaded with a Cy5.5-labeled siRNA resulting in the 

formation of liposomes with a mean particle size of 114 nm (Tab. 3.11). A siRNA 

concentration of 100 nM was tested on hepatocytes and cells were prepared for CLSM 20 h 

following the intermediate washing step. First of all, CLSM images clearly demonstrate the 

intracellular delivery of siRNA molecules mediated by nov729 (Fig. 3.16 B; left and central 

image). The Cy5.5-labeled siRNA is located within the cytoplasm and only little vesicular 

distribution of the label is visible within the cell. By adding mouse serum the quantitative 

amount of cytoplasmic Cy5.5-labeled siRNA decreased indicating a strong inhibition of the 

transfection efficiency of nov729 (right image).   

 

Finally, nov729 failed to enable an RNAi-mediated target down-regulation in vivo, 

presumably due to an inhibition by lipoproteins. Further development, e.g. the design of 

novel lipid head groups and liposomal compositions is necessary to overcome these barriers. 
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Nov729-scr-Cy5.5 siRNA @ 100 nM on mouse hepatocytes 
w/o mouse serum                                         w/ mouse serum 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.16: Transfection of hepatocytes using nov729 with encapsulated siRNA and inhibition by 
mouse serum. A) Reduction of apoB100 mRNA level after treatment with nov729-ApoB I 5’P siRNA 
in the presence or absence of mouse serum. At an ApoB I 5’P siRNA dose of 100 nM the target KD is 
totally abrogated when co-administered with complete mouse serum. The inhibition is dose-
dependent; a siRNA dose of 300 nM led to an apoB100 mRNA reduction of 80 % compared to the 
buffer treated group in the presence of mouse serum. Doses as high as 1000 nM led to the complete 
titration of mouse serum and no differences were visible regarding the reduction of apoB100 mRNA. 
Data are represented as bars showing the mean [n = 3] ± SD. B) CLSM images of nov729-transfected 
hepatocytes. Cells were washed with PBS 4 h following the transfection step to remove liposomes 
from the media. The hepatocytes were prepared for CLSM 20 h following the washing step. The 
uptake of encapsulated Cy5.5-labeled siRNA was followed and fluorescence signals thereof are 
shown in red. Hepatocytes were further counter-stained with DAPI (nuclei in blue). Merged images for 
the treatment w/o serum (two magnifications) and with serum are shown. Nov729 clearly shows the 
delivery of siRNA into the cytoplasm (left and central image) but in the presence of mouse serum the 
transfection efficiency is strongly diminished (right image). White bar: 10 µm 
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4. Discussion 
 

This work sets out to develop and describe amphoteric liposomes for the delivery of 

oligonucleotides in vitro and in vivo. Besides functionality and mode of action, these drug 

carriers have to be characterized in terms of pharmacokinetic (PK) and biodistribution (BD). 

The present work initially emphasizes with a dose-dependent PK and BD of nov038, a 

Smarticles formulation with a known ability to transfect macrophages and dendritic cells in 

vivo 86, and basically describes its pharmacological behavior. The PK/BD of liposomes is 

lipid-dose dependent and thus nov038 was formulated to a rather low final drug-to-lipid ratio 

to achieve high lipid doses (~1000 µmol/kg) at therapeutic interesting ASO doses of ~10 

mg/kg. Besides the lipid dose, the particle size decisively influences the clearance and tissue 

distribution of liposomes.88,111,146 With an average particle size of 174 nm and a narrow size 

distribution pattern nov038 liposomes are able to penetrate into the liver parenchyma (<150 

nm) but will be further detected by cells of the MPS. Additionally, conclusions should be 

drawn for application of nov038 in hepatocytes-targeting strategies. 

 

4.1 PK of nov038 is non-linear and depends on lipid dose 
 

The administered lipid dose has a crucial impact on circulation times and tissue 

distribution of the liposomes after intravenous application. Increasing doses 

(<1…>1500 µmol lipid/kg BW) substantially prolong the blood half-life of liposomes and 

compartments such as resident macrophages in liver and spleen can be saturated.88,119 This 

leads to elevated blood levels and distribution of liposomes into different tissue and organ 

compartments.119 

A follow-up dose-dependent study describes the PK of Smarticles formulation nov038 

in whole blood and its quantitative organ distribution over time. The PK profile of nov038 

depicted in Fig. 3.3 and Tab. 3.2 as well as the PK parameter (Tab. 3.3) show a dose-

dependent elimination of the liposomal formulation from the blood stream. Liposomes of 

nov038 can be described by a non-linear pharmacokinetic in which a dose proportionality of 

the initial and terminal half-life (t1/2 [h]), Cmax, AUC and CLtot is not observable. With respect to 

their properties and conditions these PK parameters altered in a dose-related, but not dose-

linear fashion. With increasing lipid doses of nov038 in a stepwise manner the initial and 

terminal t1/2 rose also. Linear PK models, however, are characterized by constant t1/2 

independent of the injected dose. Also, in a linear PK the total body clearance (CLtot) is 

constant and independent of the dose or blood level. The non-linear decrease of CLtot as well 

as the non-linear increase of Cmax and AUC by doubling the lipid doses (Tab. 3.3) argues for 

a non-linear PK of nov038 in a two-compartment model with two parallel elimination 

pathways. The two-compartment model is further supported by the fast uptake of nov038 into 
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liver and spleen (first compartment) shown in Fig. 3.1 and Tab. 3.2. The most common 

reason for non-linear PK is the existence of saturable elimination, distribution or binding 

mechanisms. Typically, for liposomes, two kinetic compartments are described in the 

literature, wherein one is saturable and the other is non-saturable.90,94,102 During the fast 

distribution phase nov038 liposomes will be taken up from the blood circulation by phagocytic 

cells in liver and the splenic red pulp. After saturation of this first distribution site the 

liposomes extravasate into the liver parenchyma. The more lipid dose was injected the more 

particles spilled over the primary distribution sites which further leads to longer circulation 

time in the blood. Low doses of nov038 were rapidly cleared from the blood stream and only 

one half-life could be calculated from mono-exponential regression fits. Data points from 

early distribution phases are missing and the description of the early PK behavior of low dose 

nov038 is thus rather incomplete. However, high doses of nov038 clearly show a two-phased 

clearance of the liposomes with a relatively short and fast primary distribution and a dose-

dependent prolonged elimination phase. 

 

4.2 Nov038 distributes into saturable compartments  
 

Nov038 liposomes rapidly (Fig. 3.1) and predominantly distribute into liver and spleen 

and a dose-dependent increase in hepatic and splenic uptake is shown (Fig. 3.4 table in the 

lower part). However, the relative Cy5.5 signals (expressed as % of injected dose) increase 

in the primary organs with decreasing dose (Fig. 3.4 graph). The BD is finished very early 

since no significant increase in liver and spleen uptake was seen at the later time point 

except for the highest dose of nov038. Here, the uptake into liver, spleen and kidney after 

24 h is somewhat higher maybe due to the substantial prolonged circulation time at this 

dose. Scans of the dissected organs further reveal less or no signal in the lungs, kidneys and 

heart (Fig. 3.2). The majority of NIR-signals detected in the kidney, however, are caused by 

non-encapsulated Cy5.5-labeled ASO. A constant amount of 13 % of non-encapsulated, 

outside ASO was administered per injection at each dose (Tab. 3.1) resulting in a 2 % ASO 

recovery in the kidneys. Also, with prolonged blood circulation small amounts of ASOs may 

liberate from the liposomes leading to an elevated renal ASO uptake and clearance. 

 Close to these findings previous internal studies (report nov-025-2005) suggest rapid 

initial kinetics together with high overall adsorption at liver and spleen for the amphoter II 

liposomes. Studies were conducted in rats but are comparable to those in mice in terms of 

lipid doses. Single iv doses of approx. 100 µmol lipid/kg BW of a radiolabeled nov038 

suspension resulted in an initial and terminal t1/2 of 2 min and 60 min, respectively. In 

addition, further decreasing doses (e.g. 20 µmol lipid/kg BW) did not substantially alter the 

PK/BD of nov038 in rats indicating the requirement of a minimum lipid dose to overcome the 

first compartment. As shown in this study lipid doses higher than 111 µmol/kg BW led to 
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prolonged circulation times. Conclusively, the lower the lipid dose the more lipid material is 

relatively distributed to the first compartment. A fixed portion of the injected lipid is bound by 

the first compartment until a saturation of the binding sites is reached.   

For liposomes containing DOPE:CHEMS a similar fast blood clearance was 

described for comparatively low lipid doses (<100 µmol/kg BW) in that the pH-sensitive 

liposomes were almost completely eliminated from the bloodstream within 0.5 h.147 In 

contrast, the terminal t1/2 was dramatically enhanced by introducing PEGylated lipids (t1/2 = 

11.1 h) and a substantial percentage of liposomes (8.5 %) remained in the blood after 24 h. 

Also, the main distribution site for pH-sensitive liposomes, either PEGylated or not, was the 

liver and spleen. 

As a major advantage, the present study indicates a long and stable circulation for the 

amphoteric formulation nov038 without the incorporation of PEGylated lipids. Increasing lipid 

doses of nov038 saturate the first distribution sites (liver and spleen) and gradually increase 

the blood residence time and bioavailability. Thus, residual particles of nov038 may distribute 

from the blood into peripheral compartments (e.g. sites of inflammation or cancer tissue).  

 

4.3 Free, non-encapsulated (naked) ASO shows a rapid kinetic  
 

For comparative analysis a group of mice was treated with free, non-encapsulated 

ASO at a dose of 2 mg/kg. Fig. 3.3 and Tab. 3.2 clearly show a rapid clearance of the free 

ASO from the blood stream. At nearly equal doses the terminal t1/2 of free ASO is comparable 

to that of the encapsulated ASO. However, Cmax values as well as AUC and CLtot indicate a 

PK of the free ASO which is different from the liposomal PK. A lower AUC and higher CLtot 

argue for a fast and massive elimination of the free ASO, presumably by the kidneys.  

These findings are in total agreement with PK/BD data published by ISIS 

Pharmaceuticals in a rat study.148 All tested phosphorothiolated (PS) ASO molecules, either 

2’-MOE modified or not, showed comparable PK profiles characterized by a rapid initial 

distribution phase (initial t1/2 of 0.2 - 0.3 h) followed by a much slower elimination phase 

(terminal t1/2 of 1 - 3 h). Geary and co-workers reported the recovery of an equivalent ASO in 

liver>kidney>spleen with high uptake of the ASO molecules in the kidney cortex and efficient 

elimination in the urine. The recovery of the Cy5.5-labeled ASO in the urine is missing in this 

work but NIR-scans of a cryosected kidney reveal the highest concentration of the Cy5.5-

labeled ASO within the kidney cortex, too (see Appendix, Fig. 8.1).  

 At therapeutic doses PS-modified ASO molecules also show a dose-dependent 

pharmacokinetic and tissue distribution.149 Phillips and co-workers reported a biphasic blood 

kinetic of a 20mer PS-modified ASO characterized by a rapid initial clearance followed by a 

prolonged circulation with highest accumulation in kidney, liver and spleen. The distribution 

to high accumulating tissues was saturable and resulted in non-linear pharmacokinetics. For 
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the kinetics of ASO molecules at least two compartments have to be assumed which are, 

however, different from the liposomal compartments. 

 The fact, that the liposomal entrapment of ASO molecules improves their PK profile 

(e.g. increased blood t1/2, reduced CLtot) and BD into liver and spleen, is widely accepted.150 

Thus, liposomes broaden the range of therapeutic application for ASOs and/or reduce 

therapeutic relevant doses in organs far from the kidneys, mainly liver and spleen.  

 

4.4 Microscopy reveals uptake of nov038 by the liver parenchyma 
 

 A more detailed look towards the microscopic distribution reveals a broad and intense 

staining in NIR scans of liver sections (Fig. 3.5 A). In contrast, spleen sections showed a 

more localized staining in which the Cy5.5-label was found only in the red pulp. This region 

of the spleen parenchyma is well supplied with blood vessels and numerous macrophages 

are located in this area. Former internal FACS and in vivo knockdown studies revealed the 

uptake of nov038 by splenic macrophages and dendritic cells (preferentially by CD11b low or 

negative expressing subpopulations thereof; report nov-006-2009).86 Oval, non-stained 

regions show the splenic white pulp, secondary lymphoid nodules (Malpighian bodies) which 

are characterized by a dense population of T- and B-lymphocytes. Thus, the uptake of 

nov038 by splenic lymphocytes is negligible.  

 In kidney sections (Fig. 3.5 A), Cy5.5 staining was observed in the renal capsule and 

cortex and was mainly located in the proximal tubules, but less Cy5.5 staining was observed 

in the renal pelvis (see also Appendix Fig. 8.1). The renal clearance of blood components by 

glomerular filtration strongly depends on their molecular size and charge (reviewed in 151). 

Molecules with a MW of >50 kDa (~6 nm in diameter) will be retained by the glomerular 

basement membrane and cationic substances will be preferably cleared than anionic or 

neutral ones. Since liposomes of an average particle size of ~174 nm pass by the kidney 

staining results from free, non-encapsulated ASO (MW: 6.5-7.5 kDa; Tab. 3.1).9  

 Fluorescence images clearly show the distribution of nov038 into liver and spleen 

(Fig. 3.5 B). Intense Cy5.5 signals (red hot-spots) are most likely caused by delivery into 

tissue macrophages. However, this result needs to be confirmed with immunohistochemistry 

using macrophage specific antibodies (e.g. against CD68). Beyond the selective staining of 

cells of the MPS a broad staining of the liver and spleen parenchyma is visible. Confocal 

microscopy of selected liver parenchyma regions shows a distinct uptake of the material into 

hepatocytes after 24 h (Fig. 3.5 C). For CLSM liver sections of mice treated with the highest 

dose of nov038-Cy5.5-ASO were used to clearly illustrate the delivery of the formulated ASO 

molecules into the liver parenchyma. The entire intracellular lumen of the hepatocytes is 

stained red and an effective distribution of ASO molecules into the cytoplasm or nucleus is a 

prerequisite for the subsequent antisense-dependent mRNA degradation.  
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 Images of free Cy5.5-ASO show a reduced uptake by the liver compared to the 

formulated ASO at equal doses. Further, the distribution of the free ASO in the liver is more 

homogenously and the uptake into cells of the MPS is negligible (Fig. 3.5 B). 

 

4.5 High lipid doses of nov038 are non-toxic 
 

 Aspartate aminotransferase (AST, ASAT) and alanine aminotransferase (ALT, ALAT) 

are mainly present in the liver, but also in smaller amounts in the kidneys, heart, muscles, 

and pancreas. AST and ALT blood levels are rapidly raised in conditions that affect the heart 

and liver, amongst others extensive damages from toxins and drugs. Normal levels of AST 

and ALT in mice range from 80-400 U/l and 35-200 U/l, respectively, and depend on the 

mouse strain and environment (personnel communication Jonas Füner, Preclinics,  

Potsdam). Mean values of AST and ALT plasma levels [U/l] of mice treated with different 

doses of nov038 varied in the normal range and were not elevated with respect to the control 

group (Tab. 3.4). Plasma AST and ALT levels do thus not suggest liver damage caused by 

any single doses of the lipid drug carrier or ASO molecules. High lipid doses of nov038 were 

tolerated very well even after frequent dosing, as shown in Tab. 3.6.  

 

In addition, a cytokine profile of nov038d213 was generated to clarify the potential 

immunogenic reactions upon the treatment with formulated oligonucleotides (Fig. 3.6). 

Proinflammatory cytokines (e.g. interleukin (Il)-1ß, Il-6, Il12 and TNFα) are released from 

macrophages upon contact to antigens to trigger a subsequent immune response. 

Concomitantly, IFNγ is secreted by T-cells to stimulate the maturation of B-lymphocytes. 

Compared to the control group no substantial and immunological relevant alterations 

in the cytokine levels at any of the time points or in dependency of the injected dose were 

determined except for Il-6. Plasma levels elevated within the first hours by approx. 100-fold 

at all tested doses and afterwards decreased to nearly baseline concentration. This curve 

progression is independent from the injected lipid dose meaning either that a small amount of 

lipid is necessary to induce the short elevation of Il-6. A lipid amount higher than the 

“activation” dose leads to no further cytokine induction. The Il-6 increase (up to a conc.Il6 of 

10 ng/ml) is not expected to cause significant immune stimulation and is nearly two orders of 

magnitude lower than those observed upon stimulation with lipopolysaccharides (LPS; 25 µg 

intraperitoneally injected) in mice (conc.Il6 >500 ng/ml).152 Mice from the treatment group with 

the highest dosing of nov038d213 received a single endotoxin/LPS injection of 1.25 EU 

(0.125 – 0.25 ng, determined by a commercial limulus amebocyte lysate (LAL)-test) which is 

not sufficient to induce a significant immunological response. A cytokine profile of saline-

treated mice over time is missing but would be a benefit to interpret daytime variations in 

cytokine levels or elevations due to injection injuries caused by needles. 
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4.6 Nov038 delivers ASO but not siRNA molecules 
 

The PK/BD study revealed a massive distribution of high doses of nov038 into the 

liver and microscopy of liver sections showed the uptake of the formulated Cy5.5-labeled 

ASO into liver parenchyma cells (hepatocytes). In a following pharmacodynamic (PD) study a 

therapeutic active ASO molecule targeting the liver LT1 mRNA was formulated and, 

comparable to the former PK/BD study, nov038 liposomes were prepared with a low drug-

lipid-ratio to achieve ASO doses of 10 mg/kg at high lipid doses in vivo (Tab. 3.5). Further, 

nov038d144 and nov038d145 exhibited a much smaller average particle size (< 90 nm) to 

decrease the recognition by cells of the MPS. Both, high lipid dose and small particle size, 

improve the delivery of liposomes to the liver parenchyma.88 

The formulation of LT1-ASO potentiated the antisense-dependent degradation of the 

LT1 mRNA by a factor 2-3 (Fig. 3.7). Six doses of 10 mg/kg of formulated LT1-ASO 

significantly reduced the LT1 mRNA by 70 % compared to the saline treated group whereas 

equal doses of free LT1-ASO led to an mRNA reduction of only 30 %. Control groups 

including free or liposomal LT2 or scrambled ASO showed no effect on the LT1 mRNA and 

protein expression levels. The gene silencing potency of the 2’MOE-modified LT1-ASO was 

shown by ISIS Pharmaceuticals (Carlsbad, CA, USA).153 Similar results using free, non-

encapsulated ASO were found by Swayze and co-workers.139 Six doses á 18 mg/kg of a 2nd 

generation 2’MOE-modified ASO targeting the apoB100 mRNA led to a reduction of 50 % 

which is comparable to the findings in this work. 

In this work, LT1 was used as an exemplary model target to evaluate the potency of 

nov038 delivering antisense agents to hepatocytes. LT1 is expressed in liver parenchyma 

cells as well as in liver macrophages (Kupffer cells) 154 and one might speculate that the 

elevated LT1 knockdown is due to an increased uptake by the phagocytic cells. However, 

nov038 liposomes exhibited a small particle size with a narrow size distribution and studies 

using nov038 with encapsulated ASO molecules against the hepatic diacylglycerol O-

acyltransferase 2 (DGAT 2) revealed the nov038-mediated and antisense-dependent mRNA 

degradation in liver tissues (report nov-012-2006). 

 

It is thought that, regarding sequence-dependent mRNA degradation, RNA 

interference is much more potent than the antisense approach but definitely needs the 

assistance by delivery agents to overcome the hurdles of blood circulation and cellular 

uptake. With respect to the successful ASO-mediated hepatic target mRNA knockdown in 

mice nov038 was used to deliver siRNA molecules to the liver parenchyma. Regarding a 

stringent vector development, PK/BD, efficacy and safety data for nov038 with encapsulated 

ASO molecules give a sufficient rationale for the subsequent testing of formulated siRNAs in 

vivo. However, the treatment with nov038-ApoB siRNA did not yield in any significant 
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knockdown of the target mRNA or protein in vivo (Fig. 3.8 A and B). Further, no reduction of 

the total cholesterol (Chol) or LDL plasma level could be observed (Fig. 3.8 C) which would 

be a consequence of a knockdown of the scaffolding protein ApoB100 in the liver (see Tab. 

1.2). In this study, nov038 exhibited a somewhat larger average particle size (119 nm) 

compared to the previous studies but is still preferred for an uptake by the liver parenchyma. 

A low drug-to-lipid-ratio with resulting high lipid doses should be sufficient to guarantee a 

considerable distribution into the liver parenchyma, as shown in the PK/BD and former PD 

study of nov038 and treatment and dosing schedule are comparable to other ApoB-siRNA 

approaches listed in Tab. 1.2. Soutschek and co-workers originally designed and validated 

the apoB100 targeting siRNA 133 and the sequence-specific silencing potency of ApoB I 

siRNA was also shown in vitro, on primary mouse hepatocytes (PMHs), in this work (Fig. 

3.9). A 5’-phosphorylation at the anti-sense strand of ApoB I siRNA further improved the 

silencing potency. The 5’-phosphate is considered to be a prerequisite for the stability and 

slicing fidelity within the active RISC complex and acts as a key determinant for the strand 

selection.155 

In vitro transfection studies on PMHs with nov038 confirmed the in vivo findings. 

Here, the knockdown of apoB100 mRNA triggered either by ASO or siRNA molecules loaded 

into nov038 was investigated. A highly potent LNA-modified ApoB100 antisense (taken from 
139) exhibited a sequence-specific knockdown efficiency comparable to the ApoB I 5’P siRNA 

when transfected with in vivo-jetPEI™-Gal (Fig. 3.9). However, only the ApoB-ASO mediated 

a reduction of the apoB100 mRNA when loaded into and transfected with nov038 whereas 

formulated siRNA doses of up to 1000 nM had no effect on the apoB100 mRNA level (Fig. 

3.10). Both formulations were comparable in particle size and oligonucleotide concentration. 

The lipid concentration for nov038 with encapsulated siRNA is three times higher on PMHs 

than for the antisense formulations. The lower drug-to-lipid-ratio for nov038-siRNA results 

from the chosen process parameters and the particles of nov038d231 and d232 seem to be 

more multilamellar vesicles (MLV) or with a lower siRNA payload per particle resulting in a 

higher particle number. However, the difference in lipid amounts does not explain the vast 

difference between both oligonucleotide approaches. Further, subcellular localisation studies 

reveal an endosomal uptake and trapping of Cy5.5-labeled ASO and siRNA molecules 

encapsulated into nov038 (Fig. 3.11). CLSM images of in vitro transfected PMHs indicate a 

roughly equal uptake for both, formulated ASO and siRNA, and, seemingly, the spotty 

endosomal vesicles are located in the perinuclear region. Still, a more intense cytosolic 

staining is visible for nov038-ASO than for the corresponding siRNA formulation assuming 

the release of the single-stranded antisense from the endosome.  

 

After endocytotic uptake across the cell membrane liposomes disintegrate due to a 

decreasing pH (e.g. acid-induced hydrolysis of phospholipids) 156 and influx of lipases (e.g. 
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degradation of liposomal lipids through (lyso-)phosphollipases A and C) 157 during endosome 

maturation.158 At this stage single-stranded ASO molecules will be released from the 

liposomes and will escape from the endolysosomal compartment by using transporting 

proteins (“oligoportin”) as reviewed by Bennett and Swayze, 2010.2 Further, it could be 

shown that the cellular uptake of ASOs is an active and/or energy-dependent mechanism 

including endocytotic or pinocytotic pathways 55 or the transport through anion channels.159 

The cell entry of naked ASOs is time and temperature dependent and, in vitro, only 1-2 % of 

ASOs are taken up.160 The delivery of free, non-encapsulated ASO molecules, their 

appearance in the cytoplasm/nucleoplasm and effectiveness in vivo is documented by 

numerous publications and the correlation of in vitro and in vivo delivered naked ASO was 

recently shown by Stein and coworkers (called “gymnosis”).57 However, in vitro doses of 

gymnotically delivered LNA-modified ApoB-ASOs are comparably high (IC50 >2.5 µM) 

whereas nov038 mediated an uptake of an equal antisense with 25-fold higher efficiency 

(IC50 <100 nM; Fig. 3.10). It can be assumed that nov038 liposomes are actively taken up by 

the cells leading to a concentration within endosomal vesicles and a higher cytoplasmic 

release of the loaded ASO molecules across the endosomal membrane. Moreover, the 

endosomal uptake of liposomes, their disintegration during endosomal/lysosomal maturation 

and translocation of ASO molecules seems to be a saturable process because increasing 

doses of nov038-ApoB ASO did not lead to a substantially elevated gene silencing.  

In contrast, double-stranded siRNAs are not able to cross the membrane due to their 

high hydrophilicity and the absence of specific transferring receptors. Under acidic pH 

conditions, e.g. in maturating endosomes or lysosomes (pH <5), siRNAs are thought to 

dissociate or disintegrate.161 The loss of siRNA integrity accompanies with a profound 

reduction in RNAi efficiency and intact siRNA duplexes are superior to single strands of 

siRNA by several orders of magnitude.162 Hence, the active and intact delivery of siRNA 

across the plasma and endosomal membrane is an absolute condition to achieve biological 

effects. Therefore liposomal delivery systems were designed to guarantee I) a stable loading, 

storage and transport of siRNAs in biological fluids and II) safe and efficient membrane 

crossing of siRNAs into the cytoplasm by avoiding endolysosomal compartmentalization.  

 

4.7 A rational design of fusogenic liposomes enables the effective 
delivery of siRNAs on PMHs 
 

In this work a rational approach for the design of novel, fusogenic amphoteric 

liposomes was utilized. The algorithm which was used for a prediction of fusogenic liposomal 

mixtures bases on the dynamic lipid shape theory allowing for the molecular shape of neutral 

and ionizable cationic and anionic lipids, their binding of counterions in dependency of the 

environmental pH, the formation of an ion-free interlipid salt bridges and the resulting lipid 
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membrane phase transition. Siepi and co-workers give a detailed mechanistic insight into the 

process of lipid fusion and its relationship to counterion binding.127,129 Here, the correlation 

between fusogenicity of liposomal mixtures (expressed by the fusion determinant κmin) loaded 

with siRNAs and their potential to transfect HeLa cells or the macrophage cell line RAW264.7 

was observed.  

In this work the evaluation of potent transfectants on PMHs based on the molecular 

analysis of RNAi-mediated reduction of the apoB100 mRNA expression level (Appendix, 

Tab. 8.2). Plotted data of the respective κmin and IC50 values provide a link between the 

fusion determinant κmin and effective siRNA delivery on PMHs (Fig. 3.12). Low values of κmin 

were required for a potent siRNA delivery indicated by IC50 values of <30 nM. With gradually 

increasing κmin values the transfection efficiency of these liposomal mixtures was 

substantially lowered and no remarkable reduction of the apoB mRNA was observed for κmin 

values >0.22. The correlation between κmin and IC50 values on PMHs seems to be more 

pronounced then on HeLa and RAW264.7 cells.127 This may contribute to the testing of truly 

processed and purified liposomes which were dialyzed to remove the organic solvent and 

non-encapsulated siRNAs, concentrated and analyzed for drug concentration. Liposomes 

were made by reproducible machine-controlled productions with comparable particle sizes of 

less than 200 nm.  Within this size class, presumably only one liposomal uptake pathway 

(clathrin-mediated endocytosis) is favored by the cells 163,164 leading to a more definite data 

plot. κmin is a more necessary determinant for potent transfection events then lipid chemistry 

(Appendix, Tab. 8.1 & 8.2). Various chemistries of neutral, anionic and cationic lipids were 

tested differing in tail and head group moieties and molar fractions but their individual κmin 

value was important and guides the activity of the respective formulations. However, 

regarding transfection efficiency Amphoter I class liposomes are superior over Amphoter II 

class liposomes which are composed of charge-reversible cationic lipids characterized by 

large head group volumes (e.g. imidazole- or morpholine-succineamid moieties) increasing 

the κ values. Permanently charged cationic lipids of Amphoter I class liposomes contain 

small head group volumes (e.g. tertiary or quaternary amino moieties) which decrease the 

κ value and thus benefit the membrane fusion.  

The rational design of fusogenic lipid mixtures confirms previous findings of nov038 

and gives a potential explanation for the non-fusogenicity of this vector. A FRET-based 

fusion-assay of nov038 revealed no remarkable pH-induced membrane fusion between 

these particles (Fig. 3.13 B) and no effective siRNA transfection could be observed on HeLa 

and RAW264.7 cells.127 In contrast, formulations with a bi-phasic stability (at pH 4 and 

pH 7.5) and a substantial fusion propensity (low κmin values) in a weakly acid environment 

(tested by fusion-assay) indicate an effective cellular transfection, e.g. nov729 (Fig. 3.13). 

Comparable results were obtained on HeLa and RAW264.7 cells.  
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Besides siRNAs nov729 also delivers single-stranded ASO molecules (Fig. 3.14). By 

using ASO molecules transfection efficiency is comparable for both nov729 and nov038. This 

indicates a vector-assisted ASO delivery by nov038 into the cell which is much more 

effective than un-assisted delivery of ASO. However, the ASO escape from the endosome is 

presumably driven by a pH-dependent disintegration of nov038 and subsequent active, 

protein-guided crossing of the endosomal membrane. Nov729 delivers equally amounts of 

ASO molecules into the endosome but actively promotes the membrane fusion and cytosolic 

delivery which is further an imperative for siRNA delivery. This indicates also that the 

endosome escape which can be directed by selection of fusogenic lipid mixtures (with low 

κmin values) is more important than the carrier uptake by the cells. 

 In silico and fusion data support the in vitro findings of nov729 and nov038 in that the 

latter is not able to fuse with membranes over the entire pH range whereas nov729 is 

capable to maintain membrane fusion at pH ~5 (Fig. 3.13). Based on fusion data nov038 is 

not qualified for an effective siRNA delivery and nov729 was chosen for further testing. 

Selection criteria for nov729 included also the (re-)producibility, stability and reliability during 

manufacturing and up-scaling process as well as storage stability at a temperature of 4 °C. In 

contrast to other novel fusogenic candidates (e.g. with somewhat lower IC50 values) nov729 

formed liposomes with little to no tendency to liposomal aggregation during the production 

process and storage at physiological pH. Further, nov729 is stable in mouse and human 

serum (in vitro tests (report nov-001-2009)) and was thus selected for further in vivo testing.  

 

4.8 Delivery of siRNA in vivo by using nov729 is inefficient and 
inhibitable by mouse serum 

 

Consequently, nov729 was used to encapsulate ApoB I 5’P siRNA and prepared with 

small average particle size to maintain a sufficient hepatic penetration in the mouse ApoB100 

model. Application of nov729 in mice was safe and non-toxic (Tab. 3.13) but also did not 

cause any substantial reduction of apoB100 mRNA levels in the liver (Fig. 3.15). A significant 

effect could be shown at a dose of 8 mg/kg compared to the scrambled control group. But, 

total cholesterol and LDL plasma levels were not lowered by the treatment. High lipid and 

siRNA dosages, however, led to slight, but not significant increase in plasma cholesterol 

levels compared to the saline group whereas lower doses did not. An additional entry of 

cholesterol by the liposomal vector (nov729 comprises 40 mol % of cholesterol) may have 

caused an elevated plasma cholesterol level. An exchange of liposomal cholesterol with 

plasma lipoproteins is conceivable as well as the uptake of cholesterol-rich liposomes by 

cells of the MPS 165 or other tissue and endothelia cells. The excess of cellular cholesterol 

developed from liposomal uptake will be removed by loading of the cholesterol to 

apolipoproteins, namely ApoA-I on HDL particles.166 
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 Because nov729 showed an effective cellular siRNA transfection on PMHs but no 

decisive mRNA knockdown in hepatocytes in vivo one could speculate that serum or plasma 

components affect the integrity of nov729 particles during circulation. Assuming that, once in 

the tissue, the formulation nov729 is potent enough to transfect cells of the liver parenchyma, 

the particles were affected on the route from the injection site to the liver. Interactions of 

liposomes and serum components include the recognition and marking of liposomal particles 

by serum opsonins for MPS clearance and/or lipid exchange with lipoproteins.92,111,167,168 In 

vitro studies on HeLa cells indicated an inhibition of the transfection efficiency of nov729 by 

serum components, most likely lipoproteins, whereas no limiting interactions were visible with 

proteins of the complement system like C3 or C9 (Appendix, Fig. 8.2). 

Therefore, nov729 was tested in vitro on PMHs in the presence or absence of 10 % 

complete mouse serum. The addition of 10 % complete mouse serum had no effect on the 

apoB100 mRNA expression levels in buffer treated cells. In the absence of mouse serum, as 

previously shown (Fig. 3.14), nov729d017 mediates a dose-dependent down-regulation of 

the apoB100 mRNA (Fig. 3.16 A). However, liposomes of nov729 at a siRNA concentration 

of 100 nM were completely inhibited by the mouse serum and no down-regulation could be 

determined. Increasing doses of nov729d017 titrated the mouse serum components and led 

to an mRNA down-regulation (Fig. 3.16 A). Thus, the inhibition depends on the serum 

component concentration and a high number of nov729 particles are competitive enough to 

restore the knockdown effect in vitro. Conclusively, in mice, in the presence of 100 % serum, 

a markedly higher amount of nov729 is necessary for an effective liver delivery.  

Confocal images support the assumption of an inhibition of nov729 by mouse serum 

in vitro. In the presence of mouse serum the binding and uptake of nov729 was dramatically 

decreased (Fig. 3.16 B; right image) compared to the non-serum treatment showing a clear 

staining of the cytoplasm (Fig. 3.16 B; left/central image). Serum components, e.g. 

lipoproteins, may interfere with nov729 particles hindering them from cellular uptake and thus 

were washed away from the medium during the washing step. Interference might include a 

lipid exchange between lipoproteins and liposomes as well as a competition for lipoprotein 

receptors, e.g. LDL and/or VLDL receptor (LDLR, VLDLR).  

Lipid nanoparticles (LNPs) are known to interact with serum proteins, exchanging 

components and acquiring proteins in circulation that can potentially direct them to specific 

cell types.100 Recently, Semple and co-workers mentioned that their lipid nanoparticles 

(LNPs) bearing an ionizable cationic lipid may associate with proteins in the plasma which 

promote an enhanced hepatocytes endocytosis after systemic administration.73 Ionizable 

lipid nanoparticles (iLNPs) are positively charged at acidic pH but close to charge-neutral at 

physiological pH. It was found that apolipoproteins adsorb to neutral liposomes but only 

apolipoprotein E (ApoE) mediates an enhanced uptake into primary hepatocytes 169 whereas 

ApoE is also involved in the clearance of neutral liposomes by hepatocytes in vivo.170 The 
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acquisition of ApoE by iLNPs during the circulation and delivering of siRNAs to hepatocytes 

in a targeted manner in vitro and in vivo was called “endogenous targeting”.171 Akinc and co-

workers found that the in vivo activity of iLNPs is ApoE dependent whereas ApoE has no 

effect on the uptake or gene-silencing activity of strictly cationic LNPs (cLNPs).76 ApoE-

targeted iLNPs were internalized by multiple hepatic ApoE receptors and LDLR was found to 

be an important receptor for the hepatic uptake. ApoE is found on chylomicrons, VLDL and 

HDL and plays a crucial role in the clearance of VLDL and chylomicron remnants by 

hepatocytes.172 Besides LDL receptor mediated endocytosis of particles numerous other 

receptors including scavenger receptor BI (SR-BI) and LDL related protein (LRP) have been 

associated with ApoE-mediated uptake by hepatocytes.173-175 Conclusively, the cellular 

uptake of iLNPs was considerably diminished in apoE-/- and LDLR-/- knock-out mice and 

primary hepatocytes compared to the wild-type.171  

Thus, particles of nov729 are unable to take the cellular uptake pathway of LDLR 

probably due to a missing interaction with ApoE in the presence of mouse serum. In contrast 

to iLNPs Smarticles formulation nov729 bears an excess of anionic surface charge which, 

according to Akinc and co-workers, diminishes the interaction with ApoE.76 In the presence of 

10 % fetal calve serum (FCS) nov729 effectively transfected PMHs which may result from a 

less competitive environment. Extremely low levels of HDL and LDL and no apparent levels 

of VLDL in the FCS 176 give an advantage for the liposomal binding to the LDLR (or other 

receptors) and the subsequent internalization. Mouse serum contains high levels of 

lipoproteins (HDL>LDL>VLDL) 177,178 and is thus more competitive for binding to lipoprotein 

receptors on the surface of PMHs or hepatocytes in vivo. Seemingly, nov729 particles rely on 

the cellular uptake caused by lipoprotein receptor mediated endocytosis. A lipid exchange 

between liposomes and lipoproteins is also imaginable as a modified lipid composition of 

nov729 may not have the same transfection and fusion properties as the predesigned 

mixture. 

 

4.9 Conclusions and future perspectives 
 

The effective delivery of oligonucleotides is one of the main challenges in the field of 

RNA/DNA-based research and therapeutics. Especially in the case of siRNAs the safe and 

non-toxic transport and delivery to and across the cell membrane is an indispensable 

requirement for harnessing RNA interference.  

Whereas nov038 can be used for an ASO delivery into cells of the MPS 86 and 

hepatocytes (this work) the formulation was not able to mediate the transport of siRNAs into 

hepatocytes in vitro and in vivo. While ASO molecules are thought to be transported across 

the membrane via receptors or channels, double-stranded and highly polar siRNAs are not 
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and delivery systems have to ensure the secure passage of the intact double helix across the 

plasma and endosomal membrane.  

Novel amphoteric liposomal vectors designed by a rational approach with a 

pronounced fusion propensity at pH 5-6 mediated the effective crossing and cytosolic 

delivery of siRNAs in primary mouse hepatocytes. However, the capability of nov729 to 

deliver siRNAs was totally diminished after systemic administration presumably through an 

inhibition by mouse lipoproteins and their receptor mediated uptake pathways. Thus, nov729 

can be used for efficient siRNA delivery in vitro, e.g. primary hepatocytes but has to be 

improved for in vivo delivery in terms of membrane surface properties and cellular uptake. 

Tissue-specific surface ligands, for instance, enhance the binding to membrane-

bound receptors and uptake by target cells, as recently shown after incorporation of N-

acetylgalactosamine (NAG) into LNPs for targeting of the asialoglycoprotein receptor 

(ASGPR) on hepatocytes.171 The receptor-mediated endocytosis of NAG-coupled LNPs 

improved the RNAi-mediated knockdown of a hepatic mRNA and protein by more than 10 

times. However, the ligandation of nanoparticles complicates the delivery system, increases 

manufacturing costs and may have a negative lasting impact on the immune system. 

Here, the targeted design of lipid head groups with selective binding properties 

displays a chemical and biological alternative. Lipid head groups and lipid compositions can 

be designed for an improved interaction with plasma lipoproteins (e.g. ApoE) or the direct 

and competitive association with membrane-bound lipoprotein receptors (e.g. LDLR, SR-BI). 

In the case of receptor interactions cationic surface charges which are in connection to the 

chemical structure of the cationic amino acids arginine or lysine would benefit, for instance, 

the affinity to the LDLR. A distinct sequence of arginine and lysine within the ApoE 

lipoprotein is responsible for the selective binding to the LDLR and the subsequent receptor-

mediated endocytosis of the complex. 

Finally, the development of lipid nanoparticles which avoid uptake by the “classical” 

endocytotic pathway including clathrin or caveolin-mediated endocytosis is of special interest 

for the drug delivery field. Love and co-workers recently proposed a non-LDLR-mediated 

uptake of their LNPs containing an epoxide-derived lipid-like (lipidoid) compound (C12-200) 

by macropinocytosis.78 Macropinosomes are thought not to merge with the degradative 

pathway and LNPs thus avoid the lysosomal degradation often encountered with 

endocytosis.164 LNPs comprising C12-200 showed a several hundredfold improvement in 

potency in mice compared to LNPs of the previous generation. For therapeutic perspectives 

in humans, lowering the injected siRNA dose also comes along with a concomitant reduction 

in dosed formulation excipients.78 
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5. Summary 
 
Amphoteric liposomes contain lipids bearing pH-sensitive elements which sense the 

environmental pH. Under acidic conditions they become cationic and thus stably sequester 

nucleic acids. At physiological pH amphoteric liposomes are negatively charged and thus 

prevent the aggregation with anionic serum components during circulation. Optimized 

amphoteric liposomes provide a rational mechanism for the pH dependent fusion of the 

liposomal and endosomal membrane. They can therefore be used for the cytosolic delivery 

of oligonucleotides. Liposomes specifically address challenges involved with the transit of 

oligonucleotides into cells, namely biodistribution, cellular uptake and endosomal release, 

and are expected to unleash the full potential of oligonucleotide-based therapeutics. 

 Firstly, this thesis placed emphasis on the pharmacokinetic (PK) and biodistribution 

(BD) of the amphoteric formulation nov038 employing a Cy5.5-labeled antisense molecule 

(ASO) for tracking purposes. Nov038 liposomes show a non-linear, dose-dependent PK in 

which t1/2, Cmax and Cltot alter in a dose-related, but not dose-linear fashion. Increasing lipid 

doses of nov038 lead to a saturation of the first compartment (mainly cells of the MPS) and 

second compartment (e.g. liver parenchyma) facilitating a prolonged blood circulation. Low 

doses of nov038 distribute almost completely into liver and spleen whereas higher lipid 

doses presumably enable the distribution to peripheral body sites. Uptake of the formulated 

Cy5.5-labeled ASO by hepatocytes was confirmed by CLSM and in a following 

pharmacodynamic study nov038 mediated the knockdown of a hepatic mRNA (LT1) using 

formulated LT1-ASO in a dose-dependent manner. Moreover, nov038 potentiated the 

antisense effect compared to free, non-encapsulated, ASO. However, nov038 was not able 

to deliver double-stranded siRNA molecules since a reduction of the apoB100 mRNA or 

protein by using ApoB I siRNA could not be detected, neither in vivo nor in vitro.  

 The hypothesis was thus that a fusion of liposomes with the endosomal membrane is 

a prerequisite for the intracellular release of siRNAs, whereas ASO molecules have been 

shown to cross membranes independent of supporting agents. The second part of this thesis 

aimed at the development of novel fusogenic liposomal formulations created by a rational 

design approach. The parameter describing the lipid shape in particular consideration of the 

environmental pH and counterion binding, κmin, was introduced as a valuable prediction factor 

for fusogenicity. In fact, formulations with a small κmin value (e.g. nov729) were able to 

mediate a siRNA transfection with low IC50 values on primary mouse hepatocytes. 

Unfortunately, the siRNA-mediated reduction of a hepatic mRNA in vivo could not be shown. 

Most likely, particles of nov729 share the LDL receptor uptake pathway and thus compete 

with lipoproteins. Further development is necessary to overcome this inhibition by 

lipoproteins and to mediate the delivery of siRNA molecules in vivo. 
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7. Abbreviations 
 

Ab   antibody 

Abb.   abbreviation 

alc.   alcohol 

ALT   alanine aminotransferase (ALAT) 

apoB100   apolipoprotein B100 

aqua dest   distilled water 

ASO   antisense oligonucleotides 

AST   aspartate aminotransferase (ASAT) 

ATP   adenosine triphosphate 

AUC   area under the concentration curve 

Ave.   average 

BD   biodistribution 

BW   body weight 

CA   citric acid 

chol   cholesterol 

CLSM   confocal laser scanning microscopy 

CLtot   total body clearance 

Cmax   maximal concentration 

CMV   cytomegalovirus 

conc.   concentration 

d   days 

DMGS   Dimyristoyl-glycero-succinic acid 

dsRNA   double-stranded RNA 

EDTA   ethylenediaminetetraacetic acid 

EFM   epifluorescence microscopy 

ELISA   enzyme-linked immunosorbent assay 

EtOH   ethanol 

EU   endotoxin units 

FDA   US Food and Drug Administration 

FRET   fluorescence resonance energy transfer 

HDL   high density lipoproteins 

IFNγ   interferon gamma 

IL-1ß   interleukin-1 beta 

IL-6   interleukin-6 

inj.   injection 

iv   intravenous 
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KD   knockdown 

kDa   kilo-Dalton 

LDH   lactate dehydrogenase 

LDL   low density lipoproteins 

LNA locked nucleic acid 

LNP lipid nanoparticle  

mer from meros [greek] = part; meaning the length of an oligonucleotide  

miRNA microRNAs 

m/f male & female 

mg/kg milligram substance per kilogram (mg/kg) 

MPS mononuclear phagocyte system 

MOE   methoxy-ethyl modification at 2’ position of the ribose (2’MOE) 

MW   molecular weight 

NIR   near-infrared red 

OD   optical density 

oligo   oligonucleotide 

o/n   over night 

PAA   polyacrylamide 

PAGE   polyacrylamide gel electrophorese 

PEG   polyethyleneglycol 

PES   polyethersulfone 

PK   pharmacokinetic 

PPIB   peptidylprolyl isomerase B (cyclophilin B) 

PMH   primary mouse hepatocytes 

PS   phosphorothiolated DNA backbone  

P/S   penicillin & streptomycin 

QG   Quantigene mRNA analysis 

qPCR   quantitative (real time) PCR 

RT-PCR   reverse transcription polymerase chain reaction 

scr   scrambled (mismatch) control siRNA 

SDS   sodium dodecylsulfate 

SEM   standard error mean 

siRNA   small interfering RNAs 

t1/2   half-life 

TNFα   tumor necrosis factor 

w/   with 

WB   Western Blot analysis 

w/o   without
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8. Appendix 
 

8.1 Renal uptake of free, non-encapsulated Cy5.5-labeled ASO 
 

 
Fig. 8.1: Schematic presentation (left) of a frontal kidney section and NIR-scan of a croysected 
kidney treated with free Cy5.5-labeled ASO (right). Cy5.5-labeled ASO predominantly distributes 
into the kidney cortex whereas no signal is visible in the renal pelvis. Schematic kidney section taken 
from: www.wikidoc.org/index.php/Image:Illu_kidney2.jpg 
 

 

8.2 Lipids for rational design 

 
All lipids used in this work are synthetic, HPLC purified and solvent free substances 

and were provided as dry powder except for DOGS which has an oily appearance. Lipids 

were purchased from the following manufacturers: DC-Chol from Sigma Aldrich (Saint Louis, 

MO, USA); from Lipoid (Ludwigshafen, Germany); DOTAP from Merck Eprova AG 

(Schaffhausen, Switzerland); DOGS from Avanti Polar lipids (Alabaster, AL, USA); CHIM, 

Chol-C4N-Mo2 and HisChol from Chiroblock GmbH (Wolfen, Germany).  

 

 

Abb. MW Full name 
pK 

Chemical structure Tail vol. 
[Å3] 

Head vol. 
[Å3] 

CHIM 537.8 Cholesterol-(3-imidazol-1-yl propyl)-carbamate 

6.50 CH3

CH3

CH3

H

H

H

H
CH3

CH3

ONH

O

N
N334.0 119.2 

Kidney section – 
free Cy5.5-ASO  
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Chol-
C4N-Mo2 

613.9 
[(2-Morpholin-4-yl-ethylcarbamoyl)-ethyl]-carbamic acid 

cholesterylester 

6.53 
CH3

CH3

CH3

H

H

H

H
CH3

CH3

ONH

O

NH

O

NO
334.0 195.3 

DC-Chol 537.3 Cholesteryl 3β-( N-[dimethylaminoethyl] carbamate) (chloride) 

7.56 
CH3

CH3

CH3

H

H

H

H
CH3

CH3

ONH

O

N
+

CH3

CH3

H

Cl-334.0 87.2 

DOGS 721.1 1,2-Dioleoyl-sn-glycero-3-succinate 

5.33 
OO

O

O

O

CH3

CH3

OH
O

O

 
511.8 90.2 

DOTAP 698.5 1,2-Dioleoyl-3-trimethyl-ammonium-propane (chloride salt) 

15.00 
N

+
O

O

O

O

CH3

CH3
CH3

CH3

CH3

Cl-

 
511.8 57.2 

HisChol 579.9 
(α-(3’O-cholesteryloxycarbonyl)-δ-(4- ethylimidazole)-

succineamide) 

6.67 CH3

CH3

CH3

H

H

H

H
CH3

CH3

O

O

O

NH
N

NH

334.0 150.5 

 
Tab. 8.1: Lipid abbreviations & full name, structures, partial molecular volumes and pK values. 
Lipid synthesis details are available upon request. 
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8.3 Lipid composition and parameters of cellular transfectants for 
primary mouse hepatocytes 

 

nov# Amphoter
Class 

Lipid composition mol% κmin IC50 

- I DODAP:DOGS:Chol 24:36:40 0,132 25 
- I DODAP:DMGS:Chol 20:30:50 0,137 80 
- I DODAP:Chems:Chol 20:30:50 0,141 350 
- I DOTAP:DOGS:Chol 15:45:40 0,141 11 

nov729 I DODAP:DMGS:Chol 24:36:40 0,145 22 
- I DOTAP:Chems:Chol 31:39:30 0,151 30 
- I DODAP:DMGS:Chol 15:45:40 0,152 300 
- I DODAP:Chems:Chol 25:45:30 0,153 300 
- I DOTAP:DMGS:Chol 15:45:40 0,156 600 
- I DODAP:DMGS:Chol 36:54:10 0,164 40 
- I DOTAP:DMGS:Chol 18:52:30 0,165 60 
- II CHIM:DMGS:Chol 20:20:60 0,165 800 
- I DOPE:DODAP:DMGS:Chol 13:24:36:27 0,169 100 
- II MoChol:DMGS:Chol 20:20:60 0,184 ≥1000 
- II HisChol:DOGS:Chol 20:20:60 0,185 400 
- I DC-Chol:DMGS:Chol 26:39:35 0,188 ≥1000 
- II HisChol:DMGS:Chol 20:20:60 0,195 400 
- II HisChol:DMGS:Chol 15:45:40 0,205 ≥1000 
- I DC-Chol:DMGS:Chol 36:44:20 0,211 ≥1000 
- II HisChol:DMGS:Chol 30:20:50 0,228 600 
- II CholC4N-Mo2:DMGS:Chol 23:47:30 0,239 ≥1000 
- II POPC:DOPE:HisChol:DMGS:Chol 7:28:25:30:10 0,300 ≥1000 

nov038 II POPC:DOPE:MoChol:Chems 15:45:20:20 0,350 ≥1000 
- II POPC:DOPE:MoChol:Chems 6:24:47:23 0,369 ≥1000 

 
Tab. 8.2: Lipid composition and parameters of cellular transfectants for PMHs. For gene 
silencing studies ApoB I 5’P siRNA was encapsulated into liposomes. After production, liposomes 
were dialyzed and concentrated using MicroKros hollow fiber membranes. IC50 values were calculated 
from quantified apoB100 mRNA levels of a distinct dose range (10…1000 nM). 
 
 

8.4 Transfection inhibition by lipoproteins 

 

Fig. 8.2: Transfection efficiency of 
nov729 is totally diminished in the 
presence of lipoproteins. Full 
activity is restored upon depletion of 
lipoproteins from serum. Nov729 was 
pre-incubated with human serum 
devoid of complement factors or 
lipoproteins for 30 min.  HeLa cells 
were treated with nov729 
encapsulating PLK1 siRNA at a 
concentration of 50 nM. Cell viability 
was determined 72 h post-treatment. 
In the absence of serum (PBS) or 
lipoprotein-depleted serum nov729-
Plk1 led to an inhibition of cell 
proliferation. (unpublished data, 
prepared by E. Siepi) 
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