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1 Zusammenfassung für Laien

Konventionelle medikamentöse Therapien basieren auf der Verabreichung ther-

apeutischer Moleküle über verschiedene Verabreichungswege (z.B. orale, par-

enterale oder topische Verabreichung). Alle diese Routen haben eine Gemein-

samkeit: Durch die Verabreichung wird der ganze Organismus dem thera-

peutischen Molekül ausgesetzt. Dies führt dazu, dass diese Moleküle auch

mit Zellen und Geweben interagieren, mit denen sie nicht interagieren soll-

ten. Dies ist einer der Hauptgründe für beobachtete Nebenwirkungen. Um

die notwendige Konzentration am Wirkort zu erreichen wird daher eine viel

höhere Dosis als nötig verabreicht, da die verabreichte Dosis sich im Körper

verteilt.

Eine Lösung dieses Problems besteht darin, die therapeutischen Moleküle di-

rekt zu ihremWirkort zu führen. Einerseits führt dieser Ansatz - in Fachkreisen

"targeted drug delivery" genannt - dazu, dass weniger Moleküle am falschen

Ort landen, was Nebenwirkungen bereits reduzieren kann. Andererseits kann

durch diesen Ansatz die Dosis, die verabreicht werden muss, bei gleichbleiben-

der Wirkung drastisch reduziert werden, weil die Moleküle direkt zum Wirkort

geführt und nicht auf den ganzen Körper verteilt werden. Verschiedene Strate-

gien ermöglichen die gezielte Verabreichung von therapeutischen Molekülen,

doch die am weitesten verbreitete Strategie basiert auf der Verwendung von

Nanopartikeln. Aufgrund ihrer extrem kleinen Grösse (≤100 nm) können diese

Nanopartikel von Zellen aufgenommen werden und ermöglichen dadurch die

intrazelluläre Freisetzung der therapeutischen Moleküle. Unter den verschiede-

nen Typen von synthetischen (nicht-viralen) Nanopartikeln sind lipidbasierte

Nanopartikel die am besten charakterisierten und am weitesten verbreiteten

Systeme. Nanopartikel werden in der Regel zusätzlich dekoriert mit Molekülen,

die eine lange Zirkulation im Blutkreislauf ermöglichen, sowie mit sogenannten

targeting Molekülen, die eine gezielte Verabreichung erst ermöglichen und die
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Nanopartikel zu spezifischen Zellpopulationen führen.

Die Verkapselung innerhalb von Nanopartikeln ist besonders wichtig für thera-

peutische Nukleinsäuren (z.B. DNA), da nackte Nukleinsäuren in der Blutbahn

umgehend von Serumnukleasen abgebaut werden. Dies kann durch Verkapselung

verhindert werden. Die Verabreichung therapeutischer Geninformation (Gen-

therapie) zeigt dabei einige Vorteile gegenüber konventionellen medikamen-

tösen Therapien. Viele genetische Erkrankungen manifestieren sich aufgrund

eines Defekts in der genetischen Information, die als Blaupause für die Her-

stellung von Enzymen dient, welche wiederum für die Aufrechterhaltung der

normalen Körperfunktionen verantwortlich sind. Aufgrund des Defekts in der

Blaupause können die entsprechenden Enzyme nicht oder nur in einer Form mit

reduzierter Enzymaktivität hergestellt werden. Wird der Zelle jedoch die kor-

rekte Geninformation (z.B. in Form von DNA) zugeführt, können die negativen

Einflüsse des defekten nativen Enzyms ausgeglichen werden. Die folgenden

Vorteile treten daher besonders zutage: Erstens ist die konventionelle medika-

mentöse Therapie oftmals nicht in der Lage, die Ursachen der Erkrankung

zu beheben, sondern behandelt nur die Symptome. Zweitens kann eine Zelle,

wenn mit der korrekten Blaupause versorgt, das Enzym selber herstellen. Drit-

tens wurde für einige genetische Erkrankungen gezeigt, dass schon Bruchteile

der natürlichen Aktivität eines Enzyms ausreichen, damit betroffene Personen

symptomfrei leben können. Viertens sorgt die lange Persistenz von DNA im

Zellkern dazu, dass die Anzahl therapeutischer Interventionen massiv reduziert

werden kann (z.B. halbjährliche Intervention gegenüber täglicher).

Trotz dieser Vorteile bleibt dieses Forschungsgebiet ein komplexes Thema und

viele der zugrunde liegenden Mechanismen entziehen sich bisher unserer Ken-

ntnis. Aus diesem Grund ist es das Ziel des ersten Teils der vorliegenden

Doktorarbeit, die Effizienz einer klinisch relevanten Nanopartikelformulierung

zu erhöhen und das Verständins molekularer Strukturen für eine erfolgreiche
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Gentherapie zu vertiefen. Weiter zeigt die Arbeit im zweiten Teil Möglichkeiten

auf, wie man die molekularen Wechselwirkungen zwischen DNA und Nanopar-

tikeln mittels einer fluoreszenzbasierten Methode bestimmen kann. Im Dritten

Teil geht die Arbeit auf die Möglichkeit ein, virale Strukturen als targeting

Moleküle auszunutzen und wie eine lange Zirkulationszeit im Blutkreislauf er-

reicht werden kann, ohne eine Immunantwort zu provozieren.

Im letzen Teil wird ein neues Tiermodell präsentiert und diskutiert. Das Tier-

modell bedient sich der Embryos des Zebrafisches, um neue antibiotische Sub-

stanzen und neue Therapieansätze zu testen. Aufgrund ihrer Transparenz

können fluoreszenzbasierte Methoden verwendet werden und die hohe Repro-

duktionsrate ermöglicht einen hohen experimentellen Durchsatz bei der Suche

nach neuen antibiotischen Substanzen.
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2 Summary

Conventional drug therapy relies on the introduction of therapeutic molecules

into the body through various routes of administration (e.g., oral, parenteral,

or topical). However, all these applications share a serious drawback: Follow-

ing administration, the whole organism is exposed to the therapeutic molecule.

Consequently, therapeutic molecules can interact with cells or tissues they were

not intended to interact with, which is a major driver of side effects. To account

for the distribution in the body, much higher doses than necessary are admin-

istered to ensure a sufficiently high concentration of the therapeutic molecule

at the target site.

A solution to this problem is to direct the therapeutic molecules to the specific

cells where they are needed. On the one hand, this approach, called targeted

drug delivery, reduces the number of molecules that end up in the wrong place

in the body, thereby reducing side effects. On the other hand, this enables a

drastic reduction of the required dose while maintaining the same effect be-

cause the therapeutic molecules are directed to the site where they are required

instead of being distributed all across the body. There are several strategies

to achieve targeted drug delivery but the use of nanoparticles is one of the

most common approaches. Due to their small size (≤100 nm), nanoparticles

are taken up by cells and therefore, enable the intracellular release of ther-

apeutic molecules. Among the different types of nanoparticles of synthetic

(non-viral) origin, lipid-based nanoparticles are the best characterized and

most used ones. Nanoparticles are usually decorated with molecules that en-

able prolonged circulation in the bloodstream and with targeting molecules

that direct the nanoparticle to a specific cell population.

The benefits offered by encapsulation into targeted nanoparticles are even

more pronounced for nucleic acids (e.g., DNA) because naked nucleic acids

are rapidly degraded in the blood circulation by serum nucleases which is pre-
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vented by encapsulation. Gene therapy offers a number of advantages. Many

genetic diseases manifest due to defects in the genetic information that is the

blueprint for enzymes responsible for maintenance of normal body functions.

Due to the defect in the blueprint, the enzyme cannot be produced or its activ-

ity is reduced. The introduction of the correct genetic information (blueprint)

in the form of DNA or other nucleic acids can counterbalance the negative

effects of the defective native enzyme. This approach is very attractive due

to several reasons: First, conventional drug therapy is usually unable to cure

genetic diseases but only treats or attenuates the symptoms. Second, with

the correct blueprint at hand, the cells own "enzyme factory" can produce the

"cure". Third, the restoration of only a small proportion of the native activity

of the enzyme is often sufficient for the patients to live without symptoms.

Fourth, the long persistence of DNA molecules in the cell nucleus ensures pro-

longed expression of the enzyme, thereby drastically reducing the number of

therapeutic interventions compared to conventional drug therapy (e.g., once

every six months compared to daily intake).

Despite these promises, the field of non-viral drug and gene delivery is a very

complex topic and the underlying mechanisms and important factors for ther-

apeutic success often remain elusive. Therefore, the first part of this PhD

thesis aimed to improve the efficiency of a clinically relevant lipid nanoparticle

formulation for gene delivery, as well as our understanding of molecular struc-

tures important for successful gene delivery (Chapter 1). Furthermore, the

interactions between lipid nanoparticles and DNA molecules are investigated

using a fluorescence-based method. The method provides a means to deter-

mine the number of DNA molecules per nanoparticle, a question that has only

been addressed theoretically so far (Chapter 2). The proposed method enables

researchers to draw more precise conclusions from their gene delivery experi-

ments. The third part of the thesis focuses on the improvement of targeting and
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blood circulation properties of lipid-based drug delivery vehicles. A novel tar-

geting molecule derived from the hepatitis B virus enables highly efficient and

selective liposome delivery to hepatocytes whereas a novel nanoparticle shield-

ing molecule demonstrated enhanced blood circulation properties comparable

to the gold standard (PEG) while avoiding immune responses associated with

PEG (Chapter 3).

Finally, a transparent animal infection model (zebrafish embryo) for the inves-

tigation of novel antibiotic compounds is discussed (Chapter 4). The trans-

parency allows the application of fluorescence-based methods to evaluate an-

tibiotic compounds, thereby improving our understanding of antibiotic therapy

according to the proverb "seeing is believing". Furthermore, the high reproduc-

tion rate and the relatively low regulatory requirements enable the screening

of a large number of compounds, thereby possibly accelerating research in the

field of antibacterial drug therapy.
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3 Introduction

3.1 The Goals of Gene Delivery

The delivery of therapeutic nucleic acids is a promising strategy to treat or

even cure inherited genetic diseases and possibly also acquired diseases. In fact,

many inherited genetic diseases such as severe-combined immunodeficiency

(SCID), haemophilia, Crigler-Najjar syndrome, Gilbert’s syndrome, Niemann-

Pick disease, or α1-antitrypsin deficiency [1–7] are associated with genetic

defects leading to loss of function of proteins or very low levels of enzyme ac-

tivity. Using gene therapy, several approaches can be envisioned to treat such

conditions. First, small interfering RNA (siRNA) can be introduced into cells

to modify or inhibit the protein expression level by means of RNA interference

(RNAi). [8] As a double-stranded oligonucleotide of around 19-25 base pairs

in length, siRNA binds to the RNA-induced silencing complex (RISC), allow-

ing the cleavage of the targeted messenger RNA (mRNA) thereby inhibiting

translation of the targeted mRNA into proteins. [9] Another approach is the

introduction of genetic material (e.g., plasmid DNA) encoding for a functional

version of the protein. With the correct blueprint for the protein provided in

the form of RNA or DNA, the cells’ own (transcription)/translation machinery

is then capable to produce the functional variant of the dysfunctional protein.

In some cases (e.g., cystic fibrosis) such interventions seem very promising due

to the fact that only a small fraction (≤10%) of the native enzyme activity

needs to be restored for the affected patients to live symptom-free. [10] More-

over, the transient nature of this gene delivery approach circumvents issues as-

sociated with gene therapies relying on insertion of the delivered DNA into the

host cell’s genome. Generally, plasmid DNA exists as an episomal entity that

is not integrated into host chromosomal DNA and replicated seperately, [11,12]

although plasmid DNA can also be designed to promote chromosomal integra-
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tion. [13, 14] The third possible intervention is relying on gene editing. Ge-

netic information e.g., plasmid DNA encoding for gene editing tools such as

CRISPR/Cas9 can be introduced using gene delivery systems to modify the

target cell’s genome. Gene editing holds the promise to cure genetic diseases

on a genomic level but is also associated with more severe ethical concerns

compared to transient gene delivery due to the long-term implications of in-

sertion of exogenous genetic material into the genome. [15]

3.2 Strategies to Delivery Genetic Material

Nucleic acids (such as DNA, or especially RNA) are unstable in the blood

circulation when injected intravenously [16,17] and need to be protected from

noxious agents such as serum nucleases. An attractive approach to protect

nucleic acids relies on encapsulation of the nucleic acids into nanocarriers that

mimic viral structures. In the field of gene delivery, we can identify several

nanocarrier-based delivery strategies (in contrast to physical methods such as

microinjection or electroporation, which offer no protection because these are

not carrier-based approaches):

As a result of millions of years of evolution, viruses represent a naturally

evolved vector that is able to transfer exogenous nucleic acids (DNA, RNA)

to human (or other) cells in a very efficient manner. [18] It is therefore not

surprising that gene therapy was pioneered by viral carriers due to these prop-

erties since the advent of this therapeutic option. Despite their efficiency, viral

vectors carry several drawbacks such as immunogenicity, high costs, oncogenic-

ity and the risk for insertional mutagenesis, as well as the limited size of DNA

that can be encapsulated by viruses. [19,20]

As an alternative to viral vectors, synthetic non-viral nanoparticulate drug

delivery systems can be used to encapsulate therapeutic agents. Non-viral
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delivery vehicles can be divided into inorganic materials, polymeric materi-

als, and lipid or lipid-like materials. While inorganic materials were the first

non-viral gene delivery vehicles to be discovered, [21] they are often only suit-

able for in vitro experiments. Polymeric materials are very versatile, allow

for targeting approaches and efficiently condense DNA into nanoparticles but

have their drawbacks in their high batch-to-batch variability and cytotoxic-

ity. For polymeric compounds, it is key to find the balance between efficiency

and cytotoxicity. For example, it was reported that both delivery efficiency

and cytotoxicity increase with polymer length. [19] Finally, lipid-based non-

viral gene delivery systems are the most thoroughly investigated non-viral gene

delivery systems, [22] show low immunogenicity and toxicity, [23] allow for tar-

geting approaches, and can incorporate large nucleic acid molecules. While

lipid based systems are probably the best of the “artificial” transfection sys-

tems, they also suffer from some drawbacks such as higher cytotoxicity than

viral vectors, [24] a possible colloidal instability in biologically relevant me-

dia, [25–27] rapid clearance from the blood compartment due to unspecific

interactions with membranes or serum proteins when unshielded, [28] and a

general lack of efficiency and specificity compared to viral vectors. [29, 30]

However, there are several approaches to tackle the drawbacks of lipid-based

gene delivery vehicles as discussed later on. For example, surface modifica-

tion of the nanoparticles with sterically hindering and hydrophilic polymeric

compounds such as polyethylene glycol (PEG) increases colloidal stability and

reduces clearance of lipid-based nanoparticulate gene delivery systems when

they are administered intraveniously, while the use of targeting moieties in-

creases efficiency and specificity. Due to the aforementioned advantages and

the presented strategies to circumvent drawbacks of lipid-based gene delivery

systems, this thesis focuses on liposomes and lipid nanoparticles. Different

lipid-based non-viral gene delivery vehicles and the most important influence
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factors for gene delivery are discussed in detail in Chapter 1.1, [31] while a

straightforward one-pot synthetis to obtain aminolipids for lipid-based gene

delivery is described in Chapter 1.2. [32] The proposed synthesis described

in this thesis is in stark contrast to many other described synthesises in that

it comprises a one-pot reaction as opposed to complicated multi-step reac-

tions often seen in literature. [33,34] Moreover, avoidance of a cationic charge

can circumvent cytotoxicity issues because interactions between the cationic

lipid and cellular proteins, membranes and serum proteins can account for

cytotoxicity, inflammatory toxicity, reduced cellular uptake, accelerated blood

clearance, or even hemolysis [24,35]

3.3 Nucleic Acids for Gene Delivery

In addition to the composition of the nanoparticle, the type of nucleic acids

used to carry the genetic information of interest can influence the interaction

with the gene delivery system [36, 37] and thereby the outcome of the experi-

ment or therapy. For example, RNA moieties do not need to be delivered to

the nucleus and offer pharmacological effects without nuclear entry, which is an

important hurdle in DNA delivery. Thus, it is sufficient to deliver RNA moi-

eties to the cytosol where they can either be translated into proteins (mRNA)

or inhibit or modify protein expression by a process called RNAinterference

(siRNA). Plasmid DNA, however, needs to be translocated to the nucleus to

be transcribed and translated into proteins. Despite the additional hurdle of

having to enter the cell nucleus, plasmid DNA is able to introduce the genetic

blueprint for the prolonged expression of therapeutic proteins (up to several

months). In stark contrast, these effects are short-lived in the case of RNA-

based strategies. [37, 38] In view of this, plasmid DNA-based strategies seem

to be beneficial when the long-term expression of a protein is desired because
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the number of administrations can be reduced, resulting in increased com-

pliance. However, due to their bacterial origin, plasmids contain sequences

not necessary for, or even detrimental to, successful gene delivery. In addi-

tion to the expression cassette, which contains the gene of interest (GOI) as

well as an eukaryotic promoter and a polyadenylation (polyA) sequence, plas-

mid DNA also comprises a bacterial backbone including a bacterial origin of

replication (ORI), and antibiotic resistance genes. [11,39] This bacterial back-

bone can be recognized by the immune system and is subjected to epigenetic

silencing, leading to a complete loss of expression of the desired protein in

the long-term. [39–41] To reduce or even eliminate this time-dependent epige-

netic silencing, a miniaturized plasmid moiety was proposed: minicircle DNA.

Minicircle DNA is devoid of bacterial backbone sequences and is therefore

both, smaller in size and less prone to epigenetic silencing. [42] This results

in increased delivery efficiency and transgene expression levels, as well as in a

prolonged transgene expression. For example, long-term treatment of murine

phenylketonuria with minicircle DNA encoding for murine phenylalanine hy-

droxylase led to a normalized blood phenylalanine level and reversed hypopig-

mentation for more than 1 year, whereas phenylalanine clearance rapidly de-

clined after treatment with the corresponding parental plasmid. [43] There

is a consensus in the literature that minicircle DNA is superior to its cor-

responding larger parental plasmid DNA. However, the implications for the

formation of nanoparticle/minicircle DNA complexes are still a matter of de-

bate. To improve the understanding of the interactions between nanoparticles

and different DNA molecules, a straightforward, fluorescence-based method

(fluorescence cross-correlation spectroscopy, FCCS) is discussed in Chapter

2.1. [44] Because confocal imaging is a standard method for the assessment of

gene delivery efficiency, many laboratories in principle possess the capability

to perform FCCS experiments. Therefore, this method can be used to gather
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additional information on the formation of nanoparticle/DNA complexes and

to improve the quality of conclusions drawn from transfection experiments.

3.4 Targeting of Gene Delivery Vehicles

The delivery of therapeutic agents to specific cell populations or tissues has

been the goal of targeted drug delivery approaches for a long time. [45, 46]

Therapeutic agents other than nucleic acids that also profit from a targeted

drug delivery approach include, but are not limited to, small molecules, [47]

and large biomolecules such as enzymes. [48,49] Targeting of therapeutic agents

can be achieved by several ways, for example by direct coupling of a target-

ing moiety to the therapeutic agent or by encapsulation of the therapeutic

agent into a nanocarrier vehicle and subsequent modification of the vehi-

cle with targeting moieties. [48] While direct coupling of targeting moieties

to the therapeutic agent can be an attractive approach for large but sta-

ble biomolecules, encapsulation into nanocarriers is the preferred option for

small molecules or nucleic acids. Moieties suitable for targeting include for

example small molecules, [50,51] sugars, [52,53] peptides, [54,55] non-immune

proteins, [56–59] or antibodies or fragments thereof. [60–62] An interesting

approach is to exploit naturally occuring mechanisms for selective targeting

strategies such as mechanisms used by pathogens. An example of such a

mechanism is provided by the hepatitis B virus (HBV). It was shown that

less than 10 virus particles are sufficient to induce a pathogenic HBV infection

in chimpanzees. [63] The large HBV envelope protein (HBVpreS) was shown to

contain a highly specific amino acid sequence responsible for the efficient and

specific targeting of hepatocytes. [64,65] The applicability of this approach to

specifically target hepatocytes using HBVpreS peptide variants as a targeting

moiety is discussed in Chapter 3.1. [66]
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3.5 Avoiding Recognition by the Immune System

For successful targeting strategies, it is important to optimize the circulation

behavior of nanoparticles. Unshielded nanoparticles are prone to unspecific

interactions with e.g., cell membranes or serum proteins [28, 67, 68] due to

charge interactions. Such interactions lead to opsonization of the nanoparticle

surface and aggregation of nanoparticles due to impaired colloidal stability.

Large aggregates or opsonized nanoparticles are then rapidly cleared e.g., by

macrophages of the mononuclear phagocytic system (MPS), also called the

reticuloendothelial system (RES). [69–71] To avoid opsonization and clearance

from the blood circulation, decoration of nanoparticles with PEG (e.g., using

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000], DSPE-mPEG2k) turned out to be the gold standard since 1990. [72–76]

However, despite improved circulation properties offered by PEGylation, the

emergence of Anti-PEG antibodies has raised concerns towards this strategy.

It is believed that increased exposure to PEG, which is contained in many

products (such as cosmetics) that are used in everyday life, is at least in part

responsible for the emergence of Anti-PEG antibodies even in healthy indi-

viduals. [77] The emergence of Anti-PEG antibodies is especially detrimental

to therapeutic interventions that require repeated dose administration of PE-

Gylated moieties due to the drop in efficiency observed for the second and

following interventions. [78–81] Because both, the phospholipid that anchors

PEG in the nanoparticle and PEG itself are considered to cause immune re-

actions, [82] it is not sufficient to replace only the hydrophilic part of DSPE-

mPEG2k but a replacement of the anchor is also needed. As a superior alter-

native to DSPE-mPEG2k, the use of bisalkyl polysarcosines (BA-pSar), where

the DSPE anchor is replaced by bisalkyl chains and the mPEG2k moiety is
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replaced by polysarcosines is discussed in Chapter 3.2. [83]

3.6 In Vivo Assessment of Nanoparticulate Drug

Delivery Vehicles and Small Molecule Drugs

The assessment of the circulation behavior of BA-pSar-modified liposomes and

of HBVpreS-modified liposomes was carried out in the zebrafish (Danio re-

rio) embryo animal model in these studies The zebrafish embryo is a fast-

reproducing organism that allows for high-throughput screenings in a verte-

brate animal model. Its transparency makes it especially suitable for fluorescen-

ce-based methods thereby providing qualitative data with respect to circula-

tion behavior or macrophage clearance. There is a large variety of genetic

variants of zebrafish that express different fluorescent proteins in different tis-

sues, for example the kdrl:eGFP (fluorescent vasculature) or the mpeg:kaede

(fluorescent macrophages) fish lines. Another important consideration in ani-

mal trials is the administrative effort required to rectify animal experiments.

The zebrafish embryo is classified as cell culture trial up to 5 days (120 h) post-

fertilization, [84] avoiding the need for approval of animal trials and thereby

increasing the possible experimental throughput as well. Moreover, assess-

ments in the zebrafish embryo model, implemented in our lab by excellent

work of Dr. Sandro Sieber, were shown to be highly predictive of the situ-

ation in rodents (mice, rats). [85] Consequently, the zebrafish embryo offers

the unique possibility to pre-select interesting candidates for animal trials and

discard candidates with poor circulation behavior, thereby reducing the num-

ber of animals needed for animal trials. However, the zebrafish embryo can

not only be used to determine the circulation behavior of nanoparticulate drug

delivery systems but also to assess the efficiency of treatment of small molecule

drugs. In the field of bacterial infections, emergence of antibiotic resistance
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(ABR) is a serious problem. [86] Increasing spread of resistance genes renders

conventional antibiotic therapies inefficient. There are several mechanisms by

which pathogenic bacteria can counter or evade antibiotic treatment. The most

prominent of these mechanisms is the inheritance of antibiotic resistance by ei-

ther mutagenesis or lateral gene transfer between microorganisms by means of

plasmid DNA. [87,88] Another mechanism involves the emergence of dormant

forms of bacteria, called persister cells. These non-dividing cells are not per-se

resistant to the antibiotic intervention but are almost insusceptible to such

therapies due to their dormancy. [89–92] Furthermore, a number of pathogenic

microorganisms including Salmonella species are able to survive and replicate

within so-called Salmonella containing vacuoles (SCV) in macrophages. [93–96]

The microorganisms not only evade the innate immune system by this mecha-

nism but also antibiotic treatment, especially in the case of antibiotics that do

not cross cell membranes such as tobramycin. A similar strategy is also found

in Mycobacterium species. [97–99] Consequently, the search for novel antibi-

otic compounds and antibiotic adjuvants, or novel treatment approaches is a

major focus of current research efforts. The applicability of the zebrafish em-

bryo animal model to tackle these problems is discussed in Chapter 4.1 [100].

Maximizing the effect of already marketed antibiotics using alkylresorcinols as

an antibiotic adjuvant (Chapter 4.2), [101] and nanoparticle-based delivery

of antibiotics directly to macrophages are two possible ways by which the ABR

problem can be reduced. The zebrafish embryo animal model could be an in-

teresting model organism to test the two approaches in vivo due to the high

throughput (alkylresorcinols), and the transparency (macrophage targeting)

offered by this animal model.
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4 Aim of the Thesis

Lipid-based delivery systems are very promising candidates for the delivery

of both, nucleic acids, and conventional small drug molecules. However, the

mechanisms involved in successful delivery often remain elusive. It was there-

fore the aim of this PhD thesis to develop optimized gene delivery systems,

to investigate mechanisms important for lipid-based drug and gene delivery,

and to apply the zebrafish as a proof-of-concept animal model. The following

questions were addressed:

• Evaluation of lipid-based gene delivery vehicles

What is the influence of the molecular structure of lipids on gene delivery?

What factors are important for successful in vitro and in vivo gene delivery?

How to simplify lipid synthesis?

• Evaluation of lipid nanoparticle (LNP)-DNA interactions

What is the influence of nucleic acid size on LNP-DNA interaction?

Is minicircle DNA superior to parental plasmid DNA?

Does the superiority of minicircle DNA derive from larger numbers of plasmids

per nanoparticle?

• Improvement of lipid nanoparticle-based delivery

Are viral proteins suitable for targeting purposes?

Is there an alternative to PEG to improve circulation behavior?

• Novel applications for the zebrafish embryo model

Can we use the zebrafish as a predictive vertebrate model for antibiotic treat-

ment?

Can macrophage-targeted liposomes improve antibiotic treatment?
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5 Results

The present PhD thesis has led to seven publications and is separated into

four major working packages (Chapter 1-4):

Chapter 1

1.1 Lipid-Based DNA Therapeutics: Hallmarks of Non-Viral Gene Delivery

1.2 Improvement of DNA Vector Delivery of DOTAP Lipoplexes by Short

Chain Aminolipids

Chapter 2

2.1 Characterization and Optimization of Lipoplexes: How to standardize

Assays and avoid Pitfalls

Chapter 3

3.1 Optimization-by-design of hepatotropic lipid nanoparticles targeting the

sodium-taurocholate cotransporting polypeptide

3.2 Poly(Sarcosine) Surface Modification Imparts Stealth-Like Properties to

Liposomes

Chapter 4

4.1 Bacteria vs. Antibiotics – Bridging Infection Modeling in Danio rerio

4.2 The Use of 4-Hexylresorcinol as Antibiotic Adjuvant
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5.1 Chapter 1

5.1.1 Chapter 1.1

Lipid-Based DNA Therapeutics: Hallmarks of Non-Viral Gene De-

livery

Jonas Buck, Philip Grossen, Pieter R. Cullis, Jörg Huwyler, Dominik Witzig-

mann

ACS Nano. 2019 Apr 23;13(4):3754–82.

doi: 10.1021/acsnano.8b07858

Highlights: Lipid-based gene delivery systems are among the most promising

non-viral gene delivery systems. This review gives a thorough overview over

the historic milestones in lipid-based non-viral gene delivery. We summarize

factors important for nanoparticle formulation, as well as for in vitro and in

vivo applications. The latest developments in the field of lipid-based gene

delivery systems are discussed and an overview over clinical trials involving

lipid-based gene delivery is provided.
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Lipid-Based DNA Therapeutics: Hallmarks of
Non-Viral Gene Delivery
Jonas Buck,† Philip Grossen,† Pieter R. Cullis,‡ Jörg Huwyler,*,† and Dominik Witzigmann*,†,‡

†Division of Pharmaceutical Technology, Department of Pharmaceutical Sciences, University of Basel, Klingelbergstrasse 50, 4056
Basel, Switzerland
‡Department of Biochemistry and Molecular Biology, University of British Columbia, 2350 Health Sciences Mall, Vancouver, British
Columbia V6T 1Z3, Canada

ABSTRACT: Gene therapy is a promising strategy for the treatment
of monogenic disorders. Non-viral gene delivery systems including
lipid-based DNA therapeutics offer the opportunity to deliver an
encoding gene sequence specifically to the target tissue and thus
enable the expression of therapeutic proteins in diseased cells.
Currently, available gene delivery approaches based on DNA are
inefficient and require improvements to achieve clinical utility. In this
Review, we discuss state-of-the-art lipid-based DNA delivery systems
that have been investigated in a preclinical setting. We emphasize
factors influencing the delivery and subsequent gene expression in
vitro, ex vivo, and in vivo. In addition, we cover aspects of nanoparticle
engineering and optimization for DNA therapeutics. Finally, we
highlight achievements of lipid-based DNA therapies in clinical trials.
KEYWORDS: non-viral gene delivery, lipid nanoparticles, DNA, gene therapy, nanomedicine, transfection, nucleic acid delivery,
genetic disorders, clinical trials

Inherited genetic diseases represent a considerable public
health burden. Gene therapy offers great potential for the
treatment of various orphan monogenic disorders.1

However, the translation from in vitro to in vivo remains a
major hurdle for most nucleic acid delivery systems due to poor
in vitro−in vivo correlation and lack of both efficient and safe
carrier systems.2 So far, only 4.2% of all clinical trials involving
gene therapy approaches reached a late clinical phase.3 The
majority of all initiated clinical studies use viral vectors. The low
success rate was often attributed to key limitations of viral
systems with respect to immunogenicity and generalized
toxicity.4 Consequently, non-viral lipid-based gene delivery
systems have gained much attention due to their reduced
immunogenicity, large payloads, safety, and ease of manufactur-
ing.5−8 They offer the possibility to transport large biomolecules
including nucleic acids with reasonable specificity to diseased
target cells.
The term “nucleic acids” here includes various types of nucleic

acid polymers such as (but not exclusively) plasmid DNA
(pDNA), messenger RNA (mRNA), small interfering RNA
(siRNA), or anti-sense oligonucleotides (ASOs). During the last
decades, a wide range of nanoparticulate gene delivery systems
have been developed. Promising results for RNA interference
(RNAi) therapeutics using lipid-based nanoparticles have been
achieved and several companies have initiated clinical trials.9−11

The first RNAi therapeutic (Onpattro, formerly known as
patisiran) to receive FDA approval (August 2018) uses a lipid-

based nanoparticle delivery system.12 However, these systems
do not allow the introduction and subsequent expression of
therapeutic proteins. In addition, the induced pharmacological
effects obtained by most of these siRNA-based strategies are
short-lived, i.e., in the range of days and weeks, in contrast to
months, for gene delivery using a DNA expression vector.13

Therefore, the use of DNA-based therapeutics offers a favorable
option for the induction of long-term therapeutic effects without
the need for insertion into the genome and accompanying off-
target effects. (The term “DNA therapeutics” is solely used in
this Review article as an umbrella term to describe delivery
systems for DNA expression vectors. Other DNA therapeutics
such as antisense oligonucleotides, aptamers, or DNAzymes are
not considered.) Theoretically, nanoparticulate gene delivery
systems can accommodate large DNA polynucleotides with a
size of up to 52.5 kbp (see the DNA Vector Encoding Gene of
Interest section). However, smaller polynucleotides are
considered to be more easily encapsulated or more easily
translocated to the nucleus (in the case of pDNA). It was shown
that plasmids up to a size of 20 kbp can be encapsulated and
delivered without hampering the transfection efficiency.14 Using
pDNA expression vectors, it is thus possible to transfer both a
gene of interest (“gene delivery” including “knock-in” strategies)
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Figure 1. Schematic representation of different hurdles for systemically administered non-viral DNA therapeutics in vivo. (1) Production of
stable DNA-loaded lipid-based nanoparticles. (2) After intravenous injection, DNA therapeutics need to circulate in the blood compartment.
(3) After the passage of fenestrated blood vessels, (4) nanoparticles bind to the target cells. Cellular uptake of DNA nanoparticles is an active
transport process. (5) After endosomal escape (triggered by a pHdecrease within the endosome), (6) theDNA is released from the nanoparticle
into the cytoplasm. (7) Nuclear trafficking results in (8) transcription of the gene. (9) Finally, the mRNA is transported into the cytoplasm,
where the exogenous protein is translated. (10) Further processing results in a mature protein, which performs its function inside the host cell
or after release into circulation.

Table 1. Comparison between Lipid- and Polymer-Based Gene-Delivery Systemsa

type of
delivery
system advantages disadvantages

lipid-based most thoroughly investigated non-viral delivery systems toxicity of permanently charged cationic lipids
incorporation of hydrophilic and hydrophobic substances
possible

an be colloidally unstable systems resulting in low half-life stability on storage

low toxicity rapid sequestration by the RES unless PEG coating
low immunogenicity historically low transfection efficiency compared to viral vectors
surface modification allows targeting (e.g., ligands) and extended
blood circulation time (e.g., PEGylation)

biodegradable
stable incorporation of large DNA molecules
transfection of a wide variety of cell types
preparation of stimuli-responsive systems
lipid-based delivery systems that have already been approved by
FDA and other regulatory agencies

polymer-
based

wide variety of chemically diverse structures cytotoxicity of highly cationic polymers

strong DNA condensation capacities biodegradability issues for certain polymers
targeting possible via site-specific attachment of ligands immune response to polymers
biodegradability of many polymers such as chitosan, PLGA, or
PLL

significant influence of the molecular weight for certain polymers (e.g., PEI) or the
generation number of e.g., polyamidoamine dendrimers

stable to aggregation under physiological conditions no polymer-based delivery system in late clinical stages
strong buffering capacity (e.g., PEI) poorly defined systems of variable size and molecular weight

aExpert opinion summarizing the most important advantages and disadvantages of both lipid- and polymer-based gene-delivery systems.
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leading to the expression of a functional protein or to “knock-
down” target genes by gene silencing using DNA-directed RNA
interference (ddRNAi).
For the successful systemic delivery of DNA and subsequent

expression of the encoded exogenous protein, many hurdles
have to be overcome: (I) efficient nucleic acid packaging, (II)
long plasma circulation, (III) extravasation from systemic
circulation, (IV) cellular internalization, (V) endosomal escape,
(VI) intracellular DNA release, and (VII) nuclear entry.15 A
schematic representation of these hurdles in vivo is given in
Figure 1.
It is important to note that non-viral gene therapeutics

optimized for one type of nucleic acid, e.g., siRNA or mRNA,
cannot simply be translated to another type (i.e., DNA vector).
This can be due to differences in physical properties such as size
or the need for different types of nucleic acids to be delivered to
different intracellular sites of action, i.e., cytosol (RNA) versus
nucleus (DNA). Kauffman et al. have shown significant
differences for the translation of siRNA delivery systems to
mRNA therapeutics.16 Kulkarni et al. observed that lipid-based
formulations optimized for RNA delivery are not optimal for
pDNA delivery.17

In this Review, we discuss recent developments in the field of
lipid-based gene delivery systems with a focus on DNA
therapeutics. Other therapeutic strategies such as siRNA
(RNA knock-down), oligonucleotides (RNA knock-down,
translation inhibition, or RNA processing such as splice switch),
or mRNA (protein expression), are not covered by this Review

but are summarized in several excellent reviews.18−22 We
summarize most important key factors for the design of efficient
and safe DNA delivery systems. In addition, we address
opportunities to develop next-generation DNA therapeutics
and discuss their anticipated clinical use.

DNA DELIVERY SYSTEMS
DNA delivery systems can be divided into three different
categories: (i) physical methods, (ii) viral delivery systems, and
(iii) non-viral delivery systems, which are the topic of this
Review. Non-viral DNA delivery systems can be subdivided into
another three categories: inorganic materials such as calcium
phosphate, lipid or lipid-like materials, and polymeric materials.
Although the first reports on gene transfer used calcium
phosphate precipitation (see the Historic Milestones towards
Lipid-Based DNADelivery section), current research in the area
of gene delivery mainly focuses on lipid(-like) and polymeric
compounds. Advantages and disadvantages of both lipid- and
polymer-based gene delivery systems are summarized in Table 1.
A detailed comparison of all gene delivery systems including
viral vectors and physical methods as well as inorganic materials
can be found elsewhere.23,24

LIPID-BASED DNA DELIVERY SYSTEMS
DNA Vectors and Their Mode of Action. The delivery of

DNA vectors offers the possibility for three different therapeutic
applications: (i) inhibition of protein expression by RNAi, (ii)
transient protein production by expression vetors, or (iii) stable

Figure 2. Therapeutic applications for lipid-basedDNA therapeutics. (1)DNA-directed RNA interference (ddRNA Interference) can be used to
knock down protein expression. The DNA encodes for a shRNA (short hairpin RNA) or dsRNA (double-stranded RNA), which is processed in
the cytoplasm by Dicer (an endoribonuclease) to siRNA. Together with argonaute proteins, siRNAs build the RNA interference silencing
complex (RISC), which cleaves mRNA of interest and thereby inhibits protein expression. (2) The DNA can also encode for a transgene, which
is transcribed into mRNA and translated by ribosomes to a protein of interest such as a therapeutic enzyme. This strategy can be used for
enzyme replacement therapy. (3) Gene editing using Zinc finger, TALENs, or CRISPR-Cas technology offers the possibility to genetically
modify the host genome and thereby stably express or knock out a protein of interest.
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protein expression or knockout by gene editing. These three
approaches (Figure 2) can be summarized as follows: ddRNAi is
a technology in which DNA vectors encode for short-hairpin
RNAs (shRNA), which enable the long-term silencing of specific
mRNAs and thus inhibition of protein expression. The
intracellular processing in ddRNAi is similar to the endogenous
microRNA (miRNA) pathway.25 After the successful delivery of
DNA, shRNA is transcribed in the nucleus, processed by the
ribonuclease Drosha and exported into the cytoplasm via
Exportin 5. In the cytoplasm, Dicer processes the shRNA to
siRNA, which is subsequently loaded together with argonaute
proteins into the RNA-induced silencing complex (RISC).
Depending on sequence complementary, the RISC cleaves the
target mRNA (in case of perfect complementary between siRNA
and mRNA sequence) or represses the translation into the
protein (imperfect complementary). This approach offers an
advantage for various diseases because, in contrast to direct
siRNA delivery, these effects are long-lasting.
The delivery of DNA vectors in enzyme-replacement or

cancer therapy result in long-term transgene expression of an
exogenous protein in the target cell. Transgenes encoded on the
DNA vector will be transcribed tomRNA and translated into the
protein of interest. This protein or enzyme can act intracellularly
or extracellularly.
Gene editing or genome engineering is a technique to insert,

replace, or delete specific DNA sequences in the genome of host
cells. A total of four different nucleases have been used for this
strategy: meganucleases, zinc finger nucleases (ZFN), tran-
scription activator-like effector-based nucleases (TALEN), and
the clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein (Cas) system. In the case of
CRISPR-Cas, a DNA vector can simultaneously encode for the
Cas9 protein and a target-sequence specific guide RNA (gRNA).
After the transcription of gRNA and translation of Cas9 mRNA,
the Cas9/gRNA ribonucleoprotein (RNP) complex will create
site-specific double-strand breaks in the genome and insert the
transgene by homology directed repair (HDR) mechanisms.
Alternatively, a gene can also be silenced or deleted by this
technology following nonhomologous end joining (NHEJ).26

Advances in CRISPR-Cas9 technology have been discussed in
detail in several recent reviews.27−29

From Research Tool to Therapy. DNA vectors can be
applied in a broad range of medical applications ranging from
their use as important in vitro research tool to in vivo applications
in patients.
For in vitro applications, identifying new drug targets and

characterizing the relevance of these targets in early drug
discovery are important steps toward development of medicines.
In recent years, gene editing techniques such as CRISPR-Cas9
have been used as powerful tools for implementation of such
screening and mechanistic studies.30 Furthermore, CRISPR-
Cas9 technology can e.g., be used subsequently to generate
relevant in vitro and in vivo disease models.26 Efficient delivery to
a wide range of target cells in vitro is, however, a prerequisite for
these applications. Lipid-based DNA delivery can be a valuable
alternative to viral vectors in generating these preclinical
models.30 In addition, these systems offer the possibility to co-
deliver DNA, RNA (e.g., mRNA or gRNA) and/or proteins to
target cells in a coordinated manner.31

For ex vivo applications, modification of patient-derived cells
ex vivo has been explored during the recent decade. Major
achievements have been made in cancer immunotherapy
resulting in the approval of personalized CAR-T cell therapies.

Whereas some technologies were developed to introduce
macromolecules to isolated cells without the need for trans-
fection reagents (e.g., microfluidics and electroporation), lipid-
based vehicles offer the possibility to efficiently introduce target
DNA sequences into patient cells in an ex vivo setting to express
target proteins or to modify the host cell genome,32 resulting in
safe and reproducible transfection.33−35

For in vivo applications, whereas in vitro or ex vivo applications
aim for high delivery efficiencies and low toxicity, in vivo
applications additionally require favorable pharmacokinetic
properties and accumulation in target tissues (see the Factors
Important for in Vivo Gene Delivery section). Several
candidates have reached clinical development in recent years
and a summary of major achievements is provided in the DNA
Therapeutics in Clinical Trials section.

Historic Milestones toward Lipid-Based DNADelivery.
The basic process of gene therapy is called transfection and
describes the transfer of exogenous genetic material (e.g., DNA)
into a cell to exert a therapeutic effect.36 The first attempts
toward non-viral gene delivery using chemical reagents were
made by Szybalska and Szybalski in the 1960s when they
observed an improved “DNA-mediated genetic transformation”
in D98 cells upon the addition of spermine to the DNA prior to
incubation of the cells.37 However, chemical analysis of
spermine revealed that it was contaminated with about 10%
calcium. This resulted in calcium phosphate/DNA complexes,
which facilitated the delivery of DNA into cells.38 Then, 3 years
later, Vaheri and Pagano demonstrated the potential of
polymeric substances such as diethylaminoethyl dextran
(DEAE dextran) to transfer pDNA to cells.39 In 1973, Graham
and Van Der Eb published a detailed study on the effects of
calcium phosphate-mediated transfection,40 which is generally
cited to be the primary source for this transfection technique.41

A total of 5 years later, Mukherjee et al. showed a successful
delivery of metaphase chromosomes from hypoxanthine
guanine phosphoribosyltransferase (HGPRT) positive cells to
HGPRT negative cells using a mixture of unsaturated
phosphatidylcholine (PC) and cholesterol 7:2 (w/w) as the
transfection reagent.42 In 1979, Fraley et al. demonstrated
delivery of DNA to bacteria using a mixture of PC and
phosphatidylglycerol (PG),43 whereas Lurquin showed delivery
of DNA to plant cells using either PC or PC/cholesterol, 7:2 (w/
w) lipid-based nanoparticles.44 A total of 1 year later, again,
Fraley et al. reported successful delivery of pDNA to African
green monkey kidney cells using PC:PG 10:1 (w/w) lipid-based
nanoparticles.45 The possibility for stable gene transfer using
lipid-based nanoparticles was demonstrated by Schaefer-Ridder
et al. in 1982.46 In 1983, Nicolau et al. demonstrated successful
insulin expression in the liver of rats transfected with
intravenously (i.v.) injected nanoparticles consisting of a
plasmid encoding for rat preproinsulin I and a mixture of PC/
phosphatidylserine/cholesterol 8:2:10 (mol/mol) as trans-
fection reagent.47

The term lipofection, which describes the transfection of cells
using lipid-based transfection reagents, was created in 1987 by
Felgner et al. when they demonstrated the formation of cationic
lipid-based nanoparticles and their use for successful gene
transfer and subsequent transgene expression in various cell
lines. They synthesized the cationic lipid N-[1-(2,3-dioleyloxy)-
propyl]-N,N,N-trimethylammonium chloride (DOTMA) and
combined it with the helper lipid dioleoylphosphatidylethanol-
amine (DOPE). After complexation with DNA, they observed
fusion of the lipoplexes with the cell membrane of tissue culture
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cells and subsequent diffusion of fluorescent rhodamine-
conjugated DOPE throughout the intracellular membranes.48

In 1991, Gao andHuang reported successful synthesis of 3β-[N-
(N′,N′-dimethylaminoethane) carbamoyl] cholesterol (DC-
Chol) and demonstrated efficient transfection of various cell
lines using this cationic cholesterol derivative.49 A total of 1 year
later, one of the first studies employing 1,2-dioleoyl-3-
(trimethylammonium) propane (DOTAP) for DNA trans-

fection was published.50 Because this study focused on vesicular
transport rather than transfection, the technique was used as a
tool but was not the focus of the study. In the following decades,
many modifications and combinations of these first generation
transfection reagents were reported, such as GL67 in 1996,51 but
the basic processes behind gene transfer were poorly understood
despite the successful modification of lipids for transfection. The

Figure 3. Historic milestones in lipid-based DNA delivery. The timeline displays the historic milestones in lipid-based DNA delivery that are
summarized in this review. Each milestone is displayed together with respective references.

Figure 4. Chemical structures of lipids or lipid-like materials used for the delivery of nucleic acids. Various lipid-based materials have been
investigated for the delivery of nucleic acids including RNA and DNA. In general, three different categories have been identified, i.e., first-
generation amino lipids, optimized ionizable lipids, and lipidoids. First-generation amino lipids can be grouped into monovalent or multivalent
lipids and cholesterol derivatives. All amines with a permanent positive charge (i.e., quaternary amines ofmonovalent amino lipids) or which are
protonated at low pH (such as encounters in the endosomal or lysosomal compartment) are highlighted in red color. A pKa of around 6.4 is
favorable for the endosomal and lysosomal escape of nucleic acids into the cytoplasm.
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historic milestones summarized in this section are displayed in
Figure 3.
It took until the next millennium until more detailed

mechanistic insights were provided (see ref 52). However, the
molecular mechanisms of nucleic acid delivery employing
cationic lipids are still controversial. DNA often stays at the
surface of cells when lipoplexes interact with the plasma
membrane.53,54 It has been suggested that fusion with the
plasma membrane and nanoparticle entry into cells is mediated
by the so-called “fusogenic” lipid DOPE.55 Consequently, to
promote intracellular delivery of DNA, DOPE is included in
several commercially available transfection reagents such as
Lipofectin (a 1:1 (w/w) mixture of DOTMA and DOPE)56 or
Lipofectamine (a 3:1 (w/w) mixture of 2,3-dioleyloxy-N-[2-
spermine carboxamide] ethyl-N,N-dimethyl-1-propanammo-
nium trifluoroacetate (DOSPA) and DOPE).57,58

Key Components of Lipid-Based Gene Delivery
Systems. Lipid-based nanoparticles consist of lipids or lipid-
like materials to bind DNA, helper lipids to increase transfection
efficiency, and a DNA vector encoding for the gene of interest.
The chemistry and function of these components are discussed
in the following sections.
(Ionizable) Cationic Lipids or Lipid-Like Materials. After

initial experiments using phosphatidylserine-based liposomes
for DNA delivery,45 a vast number of structurally different lipid-
based materials have been developed over the last four decades
to improve gene-transfer efficiency and safety of resulting lipid
nanoparticles.
Three primary categories can be identified, i.e., first generation

permanently positively charged amino lipids, optimized
ionizable lipids, and lipidoids. All of these share common
structural elements such as a hydrophobic moiety that is linked
to a hydrophilic headgroup containing cationic or ionizable
amine moieties. Examples of the various types of lipid and lipid-
like compounds used in gene therapy are discussed in the
following sections (Figure 4). Lipids and lipidoids used for RNA
delivery have been reviewed recently.22,59

Cationic and Ionizable Amino Lipids (First Generation). In
1987, Felgner and colleagues developed synthetic permanently
positively charged cationic lipids for complexation and delivery
of DNA.48 Even 30 years after their discovery as gene-delivery
vehicles, lipids with permanently positively charged headgroups
remain the dominant lipid-based gene delivery agents for in vitro
applications as discussed elsewhere.60,61 The positively charged
headgroup of cationic lipids can bind and condense the anionic
phosphate groups of the DNA backbone via electrostatic
interactions. The cationic surface charge of such lipoplexes
mediates efficient DNA delivery and cellular internalization
through interactions with the negatively charged plasma
membrane of target cells. Furthermore, positive charges of the
lipids in combination with negative charges of anionic lipids in
the endosomal membrane promote endosomal escape and, thus,
DNA release to the cytosol.62

A large number of cationic headgroup structures have been
investigated for lipids used in gene delivery. Headgroups can be
categorized in 6 classes: permanently positively charged
moieties such as quaternary amines, ionizable amines, amino
acids or peptides, guanidiniums, heterocyclic headgroups, and
others (i.e., unusual headgroups).63 The ionizable lipids were
introduced to achieve systems that exhibited little surface charge
at physiological pH, which can lead to severely toxic side effects
in vivo. Further optimization has led to identification of ionizable
lipids with optimized apparent acid dissociation constant (pKa)

properties that enhance transfection potency (see the
Optimized Ionizable Lipids section). The hydrophobic tail of
cationic lipids for transfection is usually composed of either
saturated or unsaturated alkyl chains or steroids. Unsaturated
alkyl chains are beneficial with respect to transfection efficiency
due to increased lipid membrane fluidity.64,65 The first
generation of cationic and ionizable lipids can be classified
according to their molecular structure as follows (Figure 4):66

(1) monovalent aliphatic lipids characterized by a single
positively charged amine moiety in their headgroup such
as (a) permanently positively charged cationic lipids, e.g.,
DOTAP, DOTMA, 1,2-dimyristyloxypropyl-3-dimethyl-
hydroxy ethylammonium bromide (DMRIE) or (b)
ionizable cationic lipids that only exist in a positively
charged form at pH values below their pKa, where they are
protonated, e.g., 1,2-dioleoyl-3-dimethylammonium pro-
pane (DODAP) and 1,2-dioleoyl-3-dimethylammonium
propane (DODMA);

(2) multivalent aliphatic lipids that contain two or more
amine functions in their headgroup such as dioctadecy-
lamidoglycylspermine (DOGS); and

(3) cationic cholesterol derivatives such as DC-Chol and
GL67.

Optimized Ionizable Lipids. Whereas cationic lipids can be
used to achieve high transfection efficiencies in vitro, they are
characterized by a relatively high cytotoxicity and unfavorable
pharmacokinetic properties in vivo (i.e., short half-life in blood
circulation and nonspecific binding to cell surfaces). To
overcome these limitations, ionizable lipids with optimized
pKa properties have been designed. Ideally, they should (i) be
positively charged during lipid nanoparticle formation to allow
for nucleic acid complexation, (ii) be neutral at physiological pH
for systemic (e.g., intravenous) administration, and (iii) become
charged again when accumulating in the endosomal compart-
ment to promote efficient endosomal escape.61 The first
demonstration that an ionizable cationic lipid could be used to
encapsulate nucleic acid polymers (i.e., ASO) was made by
Semple et al.67 using DODAP. Subsequently, Heyes et al.68

developed 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinD-
MA) and Semple et al.69 used a structure−activity relationship
(SAR) approach to rationally design lipids with improved gene
silencing activity (i.e., siRNA delivery capacity) in vivo. The
optimized ionizable lipid DLin-KC2-DMA (Figure 4) showed
promising results and exceeded the gene silencing capacity of the
precursor lipid DLinDMA by a factor of 10.
Further investigations demonstrated a SAR between the pKa

of the ionizable headgroup and the gene silencing efficiency in
vivo. The most promising compound, DLin-MC3-DMA
(Figure 4) with a pKa of 6.44 was developed70 that is now the
gold standard for siRNA delivery platforms. In contrast to
siRNA, DLin-KC2-DMA-based lipid nanoparticles showed a
significantly higher DNA delivery potential as compared to
DLin-MC3-DMA-based lipid nanoparticles.17 This indicates the
potential of ionizable DLin-DMA-based lipids for DNA
delivery; however, structure−activity relations obtained for
RNA do not necessarily apply to DNA delivery.

Lipidoids. Lipid-like materials (i.e., lipidoids) can be
synthesized by conjugation of alkyl-acrylates or alkyl-acryl-
amides to primary or secondary amines.71 This reaction works in
the absence of solvents or catalysts and has, therefore, the
advantage that no protection and deprotection steps are needed,
which makes this one-pot synthesis straightforward. Akinc et al.
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synthesized a lipidoid library consisting of 1200 structurally
diverse lipid-like compounds.71 Further modifications of similar
lipids and expansion of lipidoid libraries led to the identification
of formulations for siRNA-mediated gene silencing in vivo, with
C12-200 and 98N12-5 as most promising compounds
(Figure 4).72−74 A structure−function relationship based on
four structural and pKa criteria was established to predict in vivo
gene silencing efficiency.73 Notably, lipidoids have also been
used for in vitro pDNA delivery.75 Some compounds exceeded
the pDNA delivery efficiency of Lipofectamine 2000 by a factor
of 4.75 Again, compounds optimized for RNA delivery are not
necessarily the best for DNA delivery.
Advances in the Development of Lipids for Gene Delivery.

Recent advances in the field of gene therapeutics have resulted in
several highly potent and biodegradable lipids optimized for
mRNA delivery. Sabnis et al. synthesized a library of lipids with
improved safety profile and enhanced endosomal escape
properties.76 In addition, several biotechnology companies
have initiated screening programs combined with SAR analysis.
This has resulted in lipids for mRNA delivery that are orders of
magnitude more potent as compared toMC3 (i.e., gold standard
for siRNA delivery).77 In the future, these advanced lipids need
to be tested for DNA vectors to see whether similar benefits are
possible.
Lipid Library Screens to Elucidate Structure−Activity-

Relationships. Combinatorial synthesis and high-throughput
screening (HTS) enable the rapid synthesis and testing of a large
number (e.g., hundreds to thousands) of structurally diverse
lipid or lipid-like compounds to further unravel structural
parameters important for successful nucleic acid delivery.
Because RNA-based strategies are currently at the forefront of
nucleic acid-based therapeutics, these techniques were mainly
applied to materials for RNA delivery rather than DNA.
However, both types of nucleic acids share common require-
ments and findings for RNA can act as a starting point for
optimization of DNA therapeutics. Generally, library screens
focus on three functional moieties: headgroup−linker−lipid
tail.78

Headgroup. The cationic (ionizable) headgroup not only is
responsible for the interaction with the negatively charged
nucleic acids (e.g., nucleic acid condensation) but also affects
nanoparticle characteristics such as the surface charge. In this
regard, dimethylamino-based headgroups showed superior
transfection efficiencies compared to higher substituted
moieties.69,79,80 Substitution by diethylamino, piperazino,
morpholino, or trimethylamino-based headgroups increases
steric hindrance as well as the pKa resulting in decreased
activity.69,80 In addition, there are reports that indicate
headgroups with more than one amine group to be superior.71

Importantly, several studies demonstrated that a pKa between
5.5 and 6.5 (optimum of 6.44, but depending on the
formulation) is associated with maximal potency in
vivo.33,70,73,81 This ionizable characteristic plays two important
roles. First, the headgroup is relatively neutral at physiological
pH thereby improving pharmacokinetics (PK) and decreasing
toxic effects. Second, the headgroup must exhibit a positive
charge in an acidified endosome (pH of ∼5−6) to interact with
endogenous anionic lipids thereby destabilizing the endosomal
membrane to deliver the nucleic acid payload.70 Of note, the pKa
is not relevant for permanently positively charged quaternary
ammonium-based headgroups.80

Linker.The next important functional moiety is the linker that
connects the headgroup with its tail group(s). Interestingly, the

linker affects not only the global pKa of ionizable lipids but also
the flexibility for charge presentation or biodegradability of the
delivery system. Several groups reported that amide linkers are
associated with higher transfection efficiencies in vitro as
compared to other linkers such as ester or hydroxyl linkers.71,75

For ionizable lipids, a gradually decreasing transfection
efficiency was reported when alkoxy linkers were replaced for
an ester linker. Notably, ester linkers are highly prone to
hydrolysis thereby risking to lose activity of the delivery
system.75 Inclusion of carbamate and thioether linkers resulted
as well in poor activity in vivo. Only linkers with a ketal function
showed increased transfection efficiency when replacing the two
alkoxy linkers.69 Besides the functional group of the linker, also
the spacing between the headgroup and the linker is crucial. A
distance between the headgroup functionality and the linker
functionality of two carbon atoms promotes the highest
efficiency.69,81 Further increase or decrease of carbon atoms
negatively influences the activity. First, the substitution length of
the linker amine can influence the pKa of amines and thereby
alter the global pKa and subsequent efficiency.81 Second, the
distance between the linker and the headgroup affects the size of
the headgroup, which can affect the formation of nonbilayer
structures and subsequent destabilization of the endosomal
bilayer.69

Lipid Tail. The third important functional moiety is the tail
group, which generally possesses long hydrophobic carbon
chains and is therefore responsible for the “lipid properties”.
Lipid tail saturation, length, substitution, and number of tail
groups affect the transfection efficiency. Unsaturated tails
demonstrated to improve the efficiency of gene delivery
systems.70 With respect to the tail length, no clear SAR can be
summarized. Whereas a tail length in the range of 8−12 carbon
atoms demonstrated highest transfection efficiencies in some
studies,71,73 another library screening showed that increasing the
tail length from 14 to 18 carbon atoms increased the transfection
efficiency.79 The optimal tail length may, therefore, vary among
different headgroups or linkers. Tail substitution is another
crucial factor. The inclusion of one tail containing a secondary
amine is critical for transfection71 and tails with 3 or more
substitution sites, tails containing tertiary and secondary amines,
alcohols, branched or linear chains are still effective, while ethers
and rings are ineffective.73 Recently, a study demonstrated that
branched-tails enhance the potency of lipid nanoparticles due to
increased surface ionization at acidic pH (e.g., in endosomes).82

Finally, the number of tail groups needs to be considered. Lipid-
like molecules that are substituted with only one tail result in
poor efficiency compared to their bi-tailed counterparts.
However, a synergistic effect could be observed when mixing
mono- and bi-tailed lipids at different ratios.79,83 Monotailed
lipids increase the surface charge, whereas bi-tailed lipids
decrease lipid nanoparticle size and increase stability.79 In the
field of lipidoid synthesis, attachment ofmore than two alkyl tails
is considered to be very important to promote high gene delivery
efficiencies.71,73

Additional Lipid Components. As mentioned above, lipid
nanoparticles are typically multicomponent formulations.
Cationic or ionizable lipid-based materials are often combined
with so-called helper lipids. The term “helper lipids” covers a
range of charge neutral substances that are included in lipid
nanoparticle formulations to improve the performance of the
delivery system e.g., by stabilizing the nanoparticle or by
improvement of intracellular trafficking.84,85 The role of helper
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lipids in lipid nanoparticles has recently been discussed in detail
elsewhere.86

Cholesterol is a natural component of biological mem-
branes87 and is a major contributor to the cell membrane
fluidity, leading to membrane condensation.88 Incorporation of
cholesterol into lipid-based DNA formulations has been shown
to improve stability and transfection efficiency in vitro89 and in
vivo.90,91 In contrast, replacement of cholesterol with DOPE led
to rapid lipoplex dissociation upon contact with serum.89 DOPE
can induce the non-bilayer inverted hexagonal (HII) lipid phase,
which can result in bilayer disruption. This effect is attributed to
the small polar headgroup in combination with the two
unsaturated oleoyl chains leading to a cone-like shape
compatible with the HII phase structure.

86

Other commonly used helper lipids include phospholipids
such as 1,2-dioleyl-sn-glycerol-3-phosphatidylcholine (DOPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), or 1-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC). Inter-
estingly, Kulkarni et al. demonstrated a dramatic increase in
reporter gene expression when replacing DSPC with DOPC or
SOPC, suggesting that unsaturated lipid chains such as oleoyl
chains improve the transfection efficiency compared to saturated
lipid chains of the same length.17 A pair of other studies revealed
improved transfection efficiencies when replacing DOPC with
DOPE in vitro85 and in vivo,84 suggesting an enhanced
intracellular trafficking for this type of lipid nanoparticles due
to the fusogenic properties of DOPE.
The recognition of DNA therapeutics by immune cells and

subsequent clearance from systemic circulation after intra-
venous administration is a major hurdle for effective therapies.
Thus, many lipid-based DNA delivery systems have been
modified with a hydrophilic corona to inhibit plasma protein
binding and uptake by macrophages. The most common
approach to enhance circulation half-life is the concept of
PEGylation, i.e., modification of nanoparticles with polyethylene
glycol (PEG). These stealth, long-circulating, sterically stabi-
lized systems can be created by incorporation of lipids
containing a PEG modification. Notably, neutral and positively
charged PEG lipids such as distearoyl-rac-glycerol-PEG (PEG-
DSG), 1,2-dimyristoyl-rac-glycero-3-methoxy-PEG (PEG-
DMG), and PEG-ceramide are superior to PEG lipids with a
net negative charge for non-viral gene delivery systems.92

Importantly, PEGylation can dramatically reduce transfection
efficiency of lipid nanoparticles due to reduced cellular

internalization. This “PEG dilemma” (i.e., improved PK versus
reduced uptake) has been shown for several nucleic acid delivery
systems.93−95

The targeting of cell-specific membrane receptors is a
promising strategy to enhance cellular uptake of DNA
therapeutics. Targeting can either be achieved by endogenous
ligands or synthetic exogenous ligands. For example, lipid
nanoparticles containing ionizable lipids can serve as siRNA
delivery systems for hepatocyte-specific targeting via low-
density lipoprotein (LDL) or asialoglycoprotein (ASGP)
receptors.96 Endogenous mechanisms rely on binding of
apolipoprotein E (ApoE) present in the blood circulation to
the surface of lipid nanoparticles containing ionizable lipids.
This subsequently triggers nanoparticle internalization via
lipoprotein receptors such as the LDL receptor. Exogenous
mechanisms are often based on the modification of lipid-based
nanoparticles using a targeting ligand covalently attached to
synthetic PEG-lipid. The most advanced strategy for hepatocyte
targeting is conjugation of a trivalent N-acetylgalactosamine
(GalNAc) moiety. This mediates specific binding to the ASGP
receptor and subsequent clathrin-mediated internalization.
The concept of active targeting has also been investigated for

the delivery of DNA. First clinical trials using single-chain
antibody modified nanoparticles to target the transferrin
receptor of tumor cells have been initiated (for details, see the
Immuno-lipoplexes section). In general, many different
targeting ligands based on sugars, peptides, proteins, aptamers
or antibodies have been investigated, and all of these have
different advantages and disadvantages. In addition, various
receptors have been evaluated for cell-type specific targeting.
Challenges and advances of active targeted nanoparticles have
been discussed in detail in several recent reviews.5,97

DNA Vector Encoding Gene of Interest. The efficiency of
lipid-based DNA therapeutics is highly dependent on the DNA
vector design. Modifications of the DNA vector influence the
physicochemical properties of resulting lipid nanoparticles and
have direct impact on gene expression efficiency and persistency.
As a general rule, a small DNA vector size leads to higher
transfection efficiencies. For example, the transfection efficiency
of lipid nanoparticles increased by a factor of 6 when the DNA
size was reduced from 52 000 to 900 bp.98 The use of so-called
minicircle DNA (mcDNA), lacking the bacterial backbone (e.g.,
bacterial origin of replication and antibiotic resistance genes) is,
therefore, a promising strategy to improve the therapeutic

Table 2. Formulation Aspects Influencing Nanoparticle Propertiesa

influence factor effect on general influence

size of encoding DNA
sequence

size of the
nanoparticle

plasmid size correlated with lipoplex nanoparticle size when using the cationic lipid RPR120535
no correlation found for Lipopolyamine/DNA nanoparticles

gene delivery system-to-
DNA ratio (N/P)

DNA condensation
and protection

high N/P ratios increase DNA condensation within the nanoparticle

nanoparticle size increasing the N/P ratio decreases nanoparticle size
N/P ratios leading to net neutral ζ potential (±5 mV) promote rapid agglomeration

ionic strength colloidal stability impaired self-assembly and colloidal stability
size larger nanoparticle size (>150 mM NaCl)

smaller nanoparticle size (<20 mM NaCl)
impact of proteins colloidal stability reduced agglomeration of nanoparticles (protein opsonization)

nanoparticle size reduced nanoparticle size in the presence of serum
complexation volume transfection efficiency volumes that are too low may hinder DNA condensation
ζ potential colloidal stability highly positive (>+30 mV) or negative (←30 mV) ζ potential hinders nanoparticle agglomeration and therefore

improves its stability; neutral ζ potential (±5 mV) leads to agglomeration
aA summary of main factors influencing nanoparticle properties (e.g., size and colloidal stability) is provided. The factors are ordered in accordance
to the chapters of this Review. Detailed information on the ζ potential is provided in the ζ Potential section of this Review.
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performance of DNA vectors.99 Beneficial effects of mcDNA
versus conventional pDNA on the transfection efficiency were
demonstrated in several studies.100,101 Moreover, mcDNA
vectors resulted in long-term transgene expression in vitro and
in vivo.101 Importantly, these effects are not dependent on the
type of transfection reagent or cell type and have been described
for various targets and application routes in vivo.100−102 Possible
reasons for these findings are an increased diffusion coefficient
and an improved nuclear internalization, a more efficient
transcription of gene expression cassettes when mcDNA is
used, and a higher number of plasmid copies per amount of
DNA as compared to large parenteral plasmids.100,102−105

Consequently, small DNA vectors (e.g., mcDNA) can be
associated with higher transfection efficiencies in vitro and in
vivo. This offers the possibility of reducing the concentration of
used transfection reagents to minimize lipid-associated cytotox-
icity of these substances.

KEY ASPECTS FOR LIPID-BASED NANOPARTICLE
FORMULATION
Besides inherent characteristics of the DNA vector, the
formulation (i.e., the mixture of lipid components and DNA
vector) is a key factor for efficient non-viral gene transfer. For
optimal performance, formulation aspects such as lipid-to-DNA
ratio, formulation buffer and production volumes need to be
optimized. These factors are summarized and discussed in the
following sections. Overviews of formulation aspects influencing
nanoparticle properties (Table 2) and gene expression (Table 3)
are provided.
Gene Delivery System-to-DNA Ratio. The system-to-

DNA (N/P) ratio is defined as the ratio of nitrogen atoms of the
lipid headgroup to phosphate atoms of the DNA backbone. At
the time point of nanoparticle formation, most of the lipid
headgroups must be positively charged to associate with nucleic
acid phosphates. The N/P ratio strongly influences the physico-
and electrochemical properties of resulting nanoparticles (e.g.,

size, ζ potential, DNA condensation), cellular internalization,
endolysosomal escape, cytotoxicity, PK and biodistribution, and,
finally, transfection efficiency.
After endocytosis, nanoparticles are trafficked via early and

late endosomes to lysosomes for degradation. Endosomal
membranes contain vacuolar ATPase proton pumps (V
ATPases) and anionic lipids.106 In the presence of adenosine
triphosphate (ATP), V-ATPases shuttle protons and Cl− into
these subcellular compartments. Nanoparticles that contain
proton-accepting functional groups (e.g., primary, secondary, or
tertiary amines) can capture protons and become positively
charged. Association of exogenous cationic lipids with
endogenous anionic lipids results in membrane disruptive
nonlamellar structures that subsequently lead to rupture of the
endosomal membrane (shape hypothesis).21,107 Thus, high N/P
ratios (i.e., high number of exogenous cationic lipids) can
enhance this lipid interaction and increase subsequent
endolysosomal escape.69

Chen et al. investigated the N/P-ratio-dependent transfection
efficiency of lipid nanoparticles encapsulating siRNA. When the
N/P ratio was increased from 1 to 12, the transfection efficiency
also increased up to aN/P ratio of 6. Further increase of the N/P
ratio yielded only a minor improvement of the transfection
efficiency. The authors concluded that a minimum amount of
excess cationic (ionizable) lipid is necessary to maximize
endolysosomal escape.108 Similar findings were made for
pDNA delivery.15

In general, low N/P charge ratios lead to poor transgene
expression.109 High N/P ratios lead to increased cytotoxic
effects due to noncomplexed cationic lipids that can damage
cells.110−112 Furthermore, high N/P ratios reduce circulation
lifetimes and nonhepatic biodistribution of lipid nanoparticles
and can result in toxicity in vivo. For example, binding to
erythrocytes causes aggregation in lung capillaries and
subsequently leads to lung embolism.113,114 Interestingly, the
N/P ratio inversely correlates with the nanoparticle size of

Table 3. Formulation Aspects Influencing Transfection Efficiencya

influence factor effect on general influence

size of encoding DNA sequence duration of transgene
expression

prolonged transgene expression using mcDNA

transfection efficiency increased transfection efficiency using smaller DNA sequences or mcDNA
gene delivery system to DNA ratio
(N/P)

binding to and uptake by
cells

increased cell membrane binding and uptake of nanoparticles with increased N/P ratios (unspecific
binding also increased)

DNA condensation and
protection

high N/P ratios protect DNA from nucleases due to condensation
highN/P ratios might impair DNA dissociation from the nanoparticles after their internalization by
cells

endolysosomal escape increased endolysosomal escape for higher N/P ratios
toxicity high N/P ratios lead to increased cytotoxicity
transfection efficiency increasing transfection efficiencies up to an optimized N/P ratio

complexation pH transfection efficiency increased transfection efficiency at lower pH (DNA condensation is improved)
ionic strength transfection efficiency controversial
impact of proteins and cholesterol binding and uptake by cells reduced binding and uptake if lipoplexes formed in the presence of serum

accumulation in large intracellular vesicles if lipoplexes formed under serum-free conditions
accumulation in small intracellular vesicles if lipoplexes formed in the presence of serum
opsonization promotes macrophage uptake

cell viability very low or very high serum concentrations detrimental
endolysosomal escape endolysosomal membrane destabilization by HSA
transfection efficiency reduced transfection efficiency in the presence of serum

cholesterol promotes transfection efficiency
complexation volume transfection efficiency increased transfection efficiency using larger volumes
aA summary of formulation factors influencing DNA delivery and subsequent transgene expression (e.g., DNA vector design, formulation strategy)
is provided. The factors are ordered in accordance to the chapters of this Review.
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DOTAP/DOPE, DC-Chol/DOPE, or KC2/helper lipid con-
taining nanoparticles.17,115 Similar findings were made with
other types of gene-delivery systems.116,117 Moreover, a high N/
P ratio increases the ζ potential115 and by this increases the
homogeneity and stability of lipid nanoparticles due to
electrostatic repulsive forces that prevent aggregation.117,118

High N/P ratios furthermore protect DNA from degradation by
DNase I due to increasedDNA condensation.15,115 It was shown
that fully condensed pDNA is protected against nucleases, e.g.,
cytosolic nucleases.119 However, very high N/P ratios can
impair the dissociation of the DNA after cellular internalization,
and therefore, reduce transfection efficiency.34,120

Taken together, these findings indicate that the N/P ratio is
closely associated not only with nanoparticle size, ζ potential,
and DNA condensation capability but also with toxicity.
Increasing N/P charge ratios were found to correlate with
decreased cell viability but also with increased transfection
efficiency. In general, the transfection efficiency shows a
maximum at a certain N/P ratio. There is, however, no optimal
N/P ratio that can be used for all types of cationic lipids.
Whereas the highest transfection efficiency for cholesterol-
derived lipoplexes was found at a N/P ratio of 3:1,34 other types
of lipids required much higher N/P ratios.48

Formulation Buffer. Complexation pH. In this Review, the
complexation pH is defined as the pH at which the lipids and the
DNA vector are mixed. The complexation pH can affect the lipid
nanoparticle formation depending on the pKa values of the lipids
used. This factor is of special importance when electrostatic
interactions between lipids and DNA are the main driver for
lipid nanoparticle formation.121 In general, complexation at
lower pH increases DNA binding capacity and resulting
transfection efficiency.122,123 This is due to higher protonation
of the cationic lipids leading to stronger electrostatic interactions
with negatively charged phosphate moieties of DNA. For
example, higher N/P ratios are needed to obtain lipoplexes with
high transfection efficiencies at pH 8 as compared to pH 7 when
using the lipids RPR 120535 and RPR 12276.124 In the case of
optimized ionizable lipids such as KC2 or MC3, DNA is
efficiently encapsulated at pH 4, where the lipid is positively
charged. Subsequent dialysis of formulated lipid nanoparticles
against pH 7.4 results in nanoparticles with low surface charge.
Ionic Strength.The salt concentration during mixing of lipids

and DNA can influence the complex formation and the
transfection efficiency. High electrolyte concentrations in the
complexation medium can shield the charge of cationic lipids
and DNA and thus decrease the electrostatically driven self-
assembly of lipid nanoparticles.124 In addition, the colloidal
stability of the solution is reduced.
When lipid nanoparticles with the cationic lipid RPR120535

are prepared at high salt concentrations (150 mM NaCl), the
resulting size is larger as compared to formulations prepared at
low (20 mM NaCl) salt concentrations.124 In general,
replacement of saline by glucose in the complexation medium
reduces the lipid nanoparticle size.116,118 The effect on the
resulting transfection efficiency is, however, not conclusive.
Whereas for some transfection reagents, high salt concentrations
(i.e., up to 600 mM NaCl) increase transfection efficiency,125

other reagents show a higher transfection efficiency when
produced at low ionic strength (i.e., 10 mM NaCl).123

Impact of Proteins and Cholesterol. Serum is a collective
term for a mixture of various plasma protein components (e.g.,
albumin), inorganic constituents (e.g., bicarbonate), amino
acids, nonprotein nitrogen components (e.g., creatine) and their

low-molecular metabolites, carbohydrates, fats and their
derivatives, as well as vitamins, hormones, and pigments.126

Notably, the composition of serum varies among different
species.
It is important to note that serum can strongly influence the

performance of DNA delivery systems on different levels: the
complex formation and the complex stability as well as the
characteristics of cells during in vitro experiments. This factor
needs to be considered because many cell lines require serum-
containing medium for growth and differentiation.
When lipid nanoparticles are formed in serum-containing

complexation medium, a reduced binding to plasma mem-
branes, cellular internalization, and transfection efficiency can be
observed. In addition, lipid nanoparticles formed in serum
containing medium and buffer are often smaller in size.109 When
preformed lipid nanoparticles are diluted, the presence of serum
can prevent lipid nanoparticle aggregation due to protein
adsorption onto the nanoparticle surface.118,127 Lipoplexes
formed by cationic lipids RPR 120535 and RPR 121653, for
example, show reduced agglomeration in serum-containing
medium. However, presence of serum reduces their transfection
efficiency in vitro by a factor of 100 although the intracellular
pDNA concentration is only reduced 2- to 3-fold. The larger
lipoplex nanoparticles obtained in serum free conditions were
found in large, homogeneous intracellular vesicles, whereas the
smaller lipoplex nanoparticles accumulated in small vesicles.
Thus, different uptake and intracellular trafficking mechanisms
seem to contribute to the difference in transfection efficiencies
observed.128 Decreased transfection efficiencies upon serum
addition during formulation were reported for various lipid
nanoparticles. The decrease in transfection efficiency was not
significantly affected by the serum type or concentration (e.g.,
10% versus 30% fetal bovine serum). Interestingly, complexes
containing cholesterol such as DOTAP/cholesterol (DOTAP/
Chol) or DOTAP/DOPE/Chol are less sensitive to serum.120

Although the exact mechanism is not known yet, it is tempting
to speculate that neutral cholesterol reduces the overall
electrostatic interactions with negatively charged serum
components, thereby reducing the negative influence of serum
on the lipid nanoparticle system. In addition, cholesterol
increases the packing of phospholipids in lipid bilayers. Dalmen
et al. showed that high-density lipoproteins (HDL) and LDL
trigger release of liposomal drug payload. However, when
cholesterol is incorporated into the liposome formulation, the
transfer of phospholipids from liposomes to HDL is reduced. As
a consequence, the stability of the phospholipid bilayer is
increased and drug retention within the liposomes improved.129

In addition, a decrease in ζ potential can be observed when
positively charged nanoparticles are mixed with serum-
containing medium.130

Because serum consists of a protein mixture, one needs to
consider that not only the extent of protein adsorption but also
the types of proteins adsorbed to the nanoparticle surface are
critical parameters. In vivo, certain serum proteins promote
recognition and uptake of nanoparticles by macrophages of the
mononuclear phagocytic system (MPS), i.e., opsonins, whereas
others such as human serum albumin (HSA) or immunglobulin
A (IgA) can prolong the blood circulation time of nanoparticles
(i.e., dysopsonins).131,132 Moreover, HSA can promote mem-
brane fusion under acidic conditions and increase endolysoso-
mal escape by facilitating membrane destabilization.133 By pre-
incubating nanoparticles prior to incubation or injection, this
effect can be exploited to improve the gene delivery efficiency.
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Simões et al. pre-incubated DOTAP/DOPE liposomes with
HSA prior to complexation with DNA.HSA coating significantly
improved transfection efficiency and transgene expression of
lipoplexes. These results were obtained in several cell lines
(HeLa, COS-7, the Hut-78 T-cell line derived H9 cell line, B-
lymphocytic TF228.1.16 cells, and human peripheral blood
monocyte-derived macrophages), as well as in vivo in mice.
Moreover, HSA coating dramatically reduced the negative
effects of serum-containing medium on transfection efficiency.
In contrast, non-modified lipoplexes almost completely lost their
transfection activity upon contact with serum. The cell viability,
however, remained unaffected, suggesting that HSA coating is
safe.134 Similar studies showed beneficial effects on the toxicity

profile of nanoparticles, most likely due to the shielding of the
positive charge by protein adsorption.135,136

Complexation Volume. The complexation volume is
defined as the volume in which the lipid components and the
DNA are mixed to form the gene delivery system. It should not
be confounded with the transfection volume in vitro. The
complexation volume affects the formation of complexes, and
although most formulations are diluted prior to application in
vitro or in vivo, the complexation volume heavily influences the
transfection efficiency. High concentrations of DNA, for
example, might not allow for a proper condensation and lead
to only partially formed nanoparticles or trigger particle
aggregation.111

Table 4. Factors Influencing Transfection Efficiency in Vitroa

influence factor effect on general influence

nanoparticle size transfection efficiency efficiency is increased for pDNA when size is increased
efficiency is decreased for siRNA when size is increased

cellular uptake size influences the uptake pathway and speed of uptake but not the amount of internalized NPs
expressed as μg NP/cell

>1 μm: phagocytosis
≤200 nm: clathrin or caveolae-mediated

intracellular trafficking ≥500 nm: avoidance of lysosomes and endolysosomes
smaller NPs are associated with more but smaller NP-containing vesicles in the cytoplasm

ζ potential interaction with target cell
membranes

positive ζ potentials are associated with stronger interactions with the negatively charged cell
membrane

DNA quantity toxicity increased cytotoxicity at higher DNA dosage due to correlating high dose of transfection reagent
required

transfection efficiency increased transfection efficiency for increased amounts of DNA
transfection volume and nanoparticle
concentration

nutrient supply faster nutrient depletion in low transfection volumes
toxicity increased cell viability in larger volumes
transfection efficiency increased transfection efficiency in lower transfection volumes

incubation time colloidal stability agglomeration of lipoplexes over time
lipoplex internalization amount of internalized lipoplexes decreases over time
nutrient supply nutrient depletion during longer incubation times
toxicity increased cell viability after shorter incubation times
transfection efficiency increased transfection efficiency for longer incubation times

cell lines cell division rate higher transfection efficiency in rapidly dividing cells
rapidly dividing cells might show a faster nutrient depletion in cell culture media
experiments can be conducted in a shorter time when using rapidly dividing cell lines

cell surface decoration differences in cell surface protein expression of various e.g., receptors allow for targeting
endocytic capacity varies among different cell lines

higher endocytic capacities associated with higher transfection efficiency
ability for micropinocytosis associated with higher transfection efficiency

membrane repair capacity higher membrane repair capacity for primary cells
lower membrane repair capacity for cancer cells and immortalized cell lines

secretion pattern secretion of certain molecules such as pulmonary surfactant may impair transfection efficiency of
cationic lipid-based delivery systems

transfection efficiency primary cells harder to transfect
immortalized cell lines easier to transfect
differences when using different transfection reagents in different cell lines

uptake rate-limiting step in primary cells
not rate-limiting step in immortalized cell lines

cell density cell growth behavior faster cell growth at higher densities (above 50%)
slower cell growth at lower densities (below 30%)
recovery of exponential growth after passaging is slower when cells grew 100% confluent prior to
passaging

toxicity higher toxicities at lower cell densities due to higher amount of cationic lipid per cell
lower toxicities at higher cell densities due to lower amount of cationic lipid per cell

plate coating cell viability increased viability for e.g., hepatocytes when cultured on collagen-coated culture dishes
transfection efficiency increased transfection efficiency for weakly adherent cells after coating of the culture dish with

cationic polymers or ECM proteins
aA summary of main factors (in addition to formulation aspects; Table 3) influencing the delivery of DNA and subsequent gene expression in vitro
is provided. Influence factors are listed in accordance to chapters of this Review.
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For example, DOTAP/Chol DNA lipoplexes were formed in
complexation volumes ranging from 3.2 to 102.2 μL. Although
all formulations were diluted to a final volume of 102.2 μL prior
to in vitro transfection experiments, a significant increase in
transfection efficiency was observed when DOTAP/Chol
lipoplexes were formed in larger complexation volumes.137

However, this effect is dependent on factors such as initial DNA
concentration, transfection reagent, and N/P ratio.137,138 When
DOTAP/Chol lipoplexes are formed at a high N/P ratio, the
effect of the complexation volume becomes negligible.137

Although higher complexation volumes might be advanta-
geous for certain transfection reagents, the volume for in vitro
(cell culture dish) and in vivo (injection volume) admin-
istrations is limited. Protocols such as hydrodynamic injection
(8−10% of total body weight) for gene delivery to hepatocytes
may be applied in rodents, its application in the clinical setting is,
however, limited. The standard protocol for animal experiments
involves a normodynamic i.v. injection of a total volume up 5
mL/kg (1.25% of total body weight).139−141

FACTORS IMPORTANT FOR IN VITRO AND EX VIVO
TRANSFECTION

The efficiency of lipid-based DNA delivery and subsequent gene
expression in vitro and ex vivo is dependent on various factors. In
the following sections, we summarize and discuss the influence
of nanoparticle design, transfection protocol, and target cell
type. An overview of factors influencing the nanoparticle
properties, and the transfection efficiency in vitro is provided
in Table 4 and Figure 5.

Nanoparticle Design. The physicochemical properties
(e.g., size and surface charge) of lipid-based DNA delivery
systems strongly influence their transfection efficiency in vitro.
Therefore, optimization of physicochemical characteristics is of
crucial importance to enhance DNA delivery and subsequent
transgene expression. In the following section, we discuss these
key factors, their importance for the design of lipid-based DNA
nanoparticles and their influence on gene transfer in vitro.

Size. The size of lipid-based DNA nanoparticles is a key
characteristic that influences the transfection efficiency in vitro.
This parameter depends on multiple factors such as the type of
cationic or ionizable lipid used,110,118,142 N/P ratio,115,120 pH of
the transfection medium,143 preparation method,144 time frame

Figure 5. Schematic representation of various factors influencing the gene delivery and gene expression of lipid-based DNA therapeutics. (1)
During the formulation process, several aspects have to be considered that influence nanoparticle characteristics and gene delivery efficiency.
Complexation pH, volume, salts, and proteins can be influenced using an optimized formulation buffer. DNA characteristics and lipid-to-DNA
ratio influence gene expression. (2) Optimized physicochemical properties of lipid-based DNA therapeutics are essential for an efficient gene
delivery and need to be adjusted for a cell-type or tissue-specific gene expression. (3) In vitro, cell medium and cell characteristics are two
important factors influencing gene delivery efficiency. Cell-dependent factors include cell type, cell density (i.e., nanoparticles per cell), cell
attachment, and time for nanoparticle uptake. (4) In vivo gene delivery is mainly influenced by the route of administration and the nanoparticle
PK (i.e., circulation behavior, clearance rate, tissue penetration, targeting capacity, and cellular uptake).
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for maturation after complex formation,142 presence of
serum,109,118,120,127,128,130 or salt concentration during complex
formation.116,118,124,125 Consequently, nanoparticle size has to
be monitored during particle preparation, during storage under
different assay conditions, and before use. Despite such
precautions, nanoparticle size may increase after addition to
cell medium due to binding of plasma proteins and the
formation of a biocorona.132,145,146

There is no consensus on whether larger or smaller lipid
nanoparticles are more effective (in vitro). Some authors
hypothesize that large particles sediment in vitro onto cultured
cells, leading to a higher exposure.118,120 In addition, a higher
amount of DNA vectors can be incorporated within larger
nanoparticles as compared to their smaller counterparts.120

Indeed, several research groups reported a positive correlation
between nanoparticle size and transfection efficiency in in vitro
experiments.118,120,127 In line with these reports, Almofti et al.
found that larger lipoplexes resulted in higher transfection
efficiencies in vitro. Furthermore, lipoplex size was the only
nanoparticle characteristic that correlated with transfection
efficiency.109 However, detailed studies revealed that the
amount of DNA internalized by cells is independent of
nanoparticle size.124,147 This finding suggests that not the total
amount of delivered DNA is decisive but rather the intracellular
processing of nanoparticles and their cargo. Indeed, large
intracellular vesicles might bemore prone to vesicular disruption
than smaller vesicles associated with smaller nanopar-
ticles.109,124,128 This might favor endosomal escape and
appearance of a higher number of smaller-sized nanoparticles
in the cytoplasm.148

With respect to intracellular trafficking, nanoparticle size
heavily influences cellular internalization and intracellular
processing.145 For example, microparticles larger than 1 μm
are internalized by antigen presenting cells (APCs) such as
macrophages and dendritic cells through phagocytosis, whereas
these particles are internalized inefficiently in nonphagocytic
cells.149 Nanoparticles smaller than 200 nm were shown to be
rapidly internalized by murine melanoma cells B16−F10 via
clathrin-mediated endocytosis, whereas larger nanoparticles
(i.e., 500 nm) were slowly internalized via other pathways.
Consequently, smaller nanoparticles accumulated in late
endosomes and lysosomes, whereas nanoparticles with a size
of 500 nm did not reach the lysosomal compartment.150

ζ Potential. The ζ potential of a nanoparticle is a measure of
the electrokinetic potential between the surface of a tightly
bound ion layer (shear plane) and the electroneutral region of
the surrounding solution. The ζ potential has practical
implications for the colloidal stability of systems containing
dispersed particles because this potential, rather than the Nernst
potential, governs the degree of repulsion between dispersed
particles and the interaction with biological membranes. The ζ
potential is mainly influenced by the lipid composition and the
N/P ratio. In general, the ζ potential increases with increasing
N/P ratio.115,151

On the one hand, it was shown that nanoparticles with a
highly positive or negative ζ potential (±30 mV) have a high
colloidal stability due to electrostatic repulsive forces that
prevent aggregation.120,151 In sharp contrast, nanoparticles with
a nearly neutral (±5 mV) ζ potential rapidly agglomerate.152 On
the other hand, a high positive ζ potential can increase the
adsorption of negatively charged plasma proteins to the
nanoparticle surface. All of these effects influence nanoparticle
size and thus transfection efficiency. Strategies for improved

colloidal stability, such as surface modification with the
hydrophilic polymer PEG, were already discussed in the
Additional Lipid Components section of this Review.

Transfection Protocol. DNA Quantity. The total amount
of DNA used during in vitro experiments markedly influences
the transfection efficiency. As a general rule, higher amounts of
DNA result in higher transfection efficiencies. For example,
increasing the dose of pDNA per well from 0.5 to 4 μg
significantly increased transfection efficiencies in various cell
lines when integrin-targeted cationic lipid-based/pDNA nano-
particles were used.102 Similar findings were made for other
types of transfection reagents and cell lines.110,153 In transfection
experiments with Lipofectamine, lipofectin, cellfectin, and
DMRIE-cholesterol, high in vitro transfection efficiencies were
obtained when pDNA concentrations above 1.33 μg/mL were
used. Lower pDNA concentrations resulted in dramatically
decreased transfection efficiencies.154 It should be noted,
however, that very high pDNA doses may also increase
cytotoxicity due to the co-administered high doses of cationic
lipids. This has been demonstrated by Gao et al., who reported a
bell-shaped curve for transfection efficiency versus DNA
dosage.143

Transfection Volume and Nanoparticle Concentration.
The transfection volume is defined as the total volume in which
cells are incubated with lipid-based nanoparticles for trans-
fection. For practical reasons, the transfection volume is, in most
cases, the sum of culture medium and its nutrients accessible for
cultured cells during incubation and a constant amount of
transfection reagent.
For many lipid-based transfection reagents, low transfection

volumes are associated with an increased transfection efficiency
due to a higher apparent concentration of DNA nanoparticles.
However, not all transfection reagents profit from higher
concentrations (i.e., lower transfection volumes). The commer-
cially available lipid-based transfection reagent Lipofectamine
2000 is hardly affected by varying transfection volumes in a
certain range while maintaining the same quantity of lipid-based
nanoparticles added to cells.155

In general, decreasing the transfection volume leads to a
decreased amount of nutrients and growth factors in cell culture
and higher concentrations of transfection reagents. This may
result in increased cytotoxicity. Malloggi et al. clearly
demonstrated that the cell viability increased with increased
transfection volumes, irrespective of the transfection agent
used.156 High lipid nanoparticles concentrations can thus reduce
transfection efficiency due to reduced cell viability and
inefficient transgene expression as also shown for lipid
nanoparticles consisting of optimized ionizable lipids.17 This
balance needs to be optimized for each lipid nanoparticle system
and experimental setting. A common strategy to reduce toxic
effects of high lipid nanoparticle concentrations is to keep the
incubation times short and to exchange the cell culture medium.

Incubation Time. The incubation time of cells with lipid
nanoparticles strongly influences the transfection efficiency and
cytotoxicity. In this Review, the incubation time is referred to as
the time frame during which the cells are in contact with the
lipid-based DNA complexes (i.e., until medium exchange or
assay readout). As a general rule, long incubation times increase
the transfection efficiency. However, they may as well lead to
cytotoxicity,110 nutrient depletion during the incubation,154 and
aggregation of lipid nanoparticles. In particular, lipoplexes suffer
from a rather low colloidal stability. To minimize aggregation of
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lipoplexes during transfection, an incubation time frame of 24 h
is typically not exceeded.111

It was demonstrated that transfection efficiencies of DOTAP
or DOTAP/DOPE-based systems reached a maximum after
24−48 h of incubation, whereas shorter or longer incubation
times led to reduced transfection efficiencies.102 DOTAP/
pDNA lipoplexes showed a luciferase activity that was 2 orders
of magnitude higher 24 h after transfection as compared to 80 h
post-transfection.102 The transfection efficiency of lipofectin/
pDNA lipoplexes inMRC5E- and 293E-cells increased when the
incubation time increased from 20min to 4 h.102 Similar findings
were made for other types of transfection reagents.156 It was
demonstrated that longer incubation times are associated with
higher amounts of internalized lipid nanoparticles.157 However,
short incubation times reduce the interaction between cells and
the DNA/lipid complex and thereby reduce the transfection
efficiency.
Target Cells. Cell Lines. In general, cell lines can be

separated into primary cells and cultured cells. Primary cells are
often more difficult to transfect and the resulting transfection
efficiencies are low,158 whereas immortalized cultured cells such
as COS-7, NIH 3T3, HeLa, HEK 293, and CHO often show
high transfection efficiencies.
While lipid nanoparticle uptake is rather fast in most cultured

cells, membrane binding and cellular internalization seems a rate
limiting factor for high transfection efficiencies in primary
cells.54 Vercauteren et al. showed that the slow and inefficient
cellular internalization of lipoplexes in primary bovine cells
(BRPE) correlated with a low transfection efficiency of these
cells, whereas cultured retinal pigment epithelial cell lines
(ARPE-19 cells) were efficiently transfected after a rapid
lipoplex internalization. Indeed, the low metabolic activity of
primary cells (leading to significantly lower cellular growth rates
for primary cells as compared to cultured cell lines)159 results in
a low endocytic activity. However, not all cultured cell lines can
be transfected efficiently. Differences in the expression pattern of
extracellular receptors and intracellular mediators, endocytic
activity, and cell division rate can influence the gene delivery
efficiency to various cell types. For example, COS-7 cells
expressed a luciferase reporter gene 165-fold more efficient as
compared to HEK-293 cells using similar DNA delivery
conditions. The authors hypothesized that COS-7 cells may
have an increased nuclear translocation of inserted DNA due to
a markedly increased cell division rate.148 The synthesis and
secretion pattern of various molecules is another cell-line-
dependent factor. For example, A549 human lung epithelium
carcinoma cells are known to be able to synthesize and secrete
saturated PC, an important component of pulmonary surfactant.
Secreted lipids can interfere with DNA transfection in vitro by
disrupting lipid−DNA complexes.151,160,161 Replacement of the
culture medium prior to transfection may therefore be advisable
if epithelial cells are transfected and if the lipid nanoparticles are
sensitive to disruption. Similarly, the expression of collagen by
cultured and isolated cells can vary between 0.001% and 50% of
the total protein content among different cell lines.162,163 In
addition, differences in endocytic capacity and cell division rate
may influence transfection efficiencies in vitro. Furthermore, cell
lines that express sufficient levels of target receptors should be
chosen when actively targeted DNA delivery systems are
evaluated. For example, cells that express a high level of the
galactose-binding ASGP receptor will show higher transfection
efficiencies when nanoparticles are modified with galactose
moieties.164

It should be noted that the extent of many of these
phenomena depend on the type of delivery system used. For
example, transfection efficiency in C6 rat glioma cells127 or
caprine and ovine fibroblasts154 is higher with Lipofectine as
compared to DMRIE, whereas the opposite was found in bovine
fibroblasts154 and COS cells.165 All of these findings highlight
the importance to carefully choose a suitable in vitro cell model
for a specific question to be addressed.

Cell Density. The cell density strongly influences the
transfection efficiency and lipid nanoparticle-mediated toxicity
in vitro. A low cell number results in a high dose of nanoparticles
per cell that may result in higher transfection efficiencies.110,111

When cells with a confluence of 30%, 60%, and 90% were
transfected at a constant lipid nanoparticle concentration,
transfection efficiencies of 45%, 27.6%, and 6.5% were
achieved.154 In addition, cells in an exponential growth phase
often show a higher protein expression as compared to confluent
(resting) cells.158 However, cytotoxicity may be dramatically
increased when a (too-) low cell density is chosen for
transfection experiments. This is due to reduced growth rates
at low cell densities (e.g., below 50%)111 and the increased
relative dose of lipid nanoparticles per cell. Consequently,
commercially available transfection reagents are often recom-
mended in combination with cells that show a high confluence
(e.g., 90−95% for Lipofectamine 2000).

Plate Coating. The type and surface coating of cell culture
plates is another factor that influences transfection efficiency.
The substrate on which cells are cultured has an impact on, e.g.,
cell polarity, morphology, proliferation, differentiation, viability,
and responsiveness to signaling molecules.166 In general, cells in
suspension are harder to transfect compared to adherent cells.167

Adherent cultured cells need to attach to a substrate to survive
and divide.162,168Whereas positively charged surfaces represents
the easiest and most frequently used substrate for culturing
strongly adherent cells such as fibroblasts, a pretreatment of the
culture plate may be required for other cell types.169 Typical
examples of coating reagents are extracellular matrix (ECM)
proteins such as collagen, fibronectin, and laminin162,166 or
cationic polymers such as poly-L-lysine (PLL), polyorni-
thine,170,171 or polyethylenimine (PEI).172,173 The coating of
wells with cationic polymers or ECM proteins increased the
DNA delivery efficiency in weakly adherent HEK-293 and PC-
12 cells up to 6-fold. However, no increase in transfection
efficiency by coating was observed for strongly adherent primary
fibroblasts.169 Increase in transfection efficiency by plate coating
in weakly adherent cells may be a result of decreased detachment
of cells (when culture medium is aspirated) and increased cell
membrane surface area.174

FACTORS IMPORTANT FOR IN VIVO GENE DELIVERY
In Vitro to in Vivo Translation. A major bottleneck in the

development of lipid-based DNA therapeutics is the weak
correlation between results observed in vitro and the actual
situation in vivo.2 Cultured cells are in direct contact with lipid
nanoparticles during incubation. However, in vivo additional
factors such as PK, tissue distribution, safety and tolerability,
interactions with the host immune system, and metabolic
stability of injected nanoparticles have to be considered.
Recently, more than 100 different cationic lipids were
investigated for siRNA delivery to hepatocytes in vitro and in
vivo. Surprisingly, physicochemical properties such as ζ potential
and the nanoparticle size (when <300 nm) could not be used to
directly correlate in vitro−in vivo transfection efficiencies.175
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Classical 2D cell culture models often fail to mimic the in vivo
situation and fail to predict nanoparticle biodistribution.2

However, early screening of hundreds of formulation candidates
in preclinical animal models is costly and time-consuming and
raises ethical concerns. The limited in vitro to in vivo translation
depicts a key limitation in the development of efficacious lipid-
based gene delivery systems. Noteworthy, several recent
developments have the potential to bridge this gap by either
using non-rodent screening models or by increasing the
experimental power of single in vivo studies. Increasing number
of evidence is highlighting zebrafish (and their embryos) as a
model to screen nanoparticle circulation and biodistribu-
tion,176−179 to analyze nanoparticle toxicity177 and to assess
their therapeutic potential in various disease models.180,181

These assays can be performed in high-throughput and the
transparency of zebrafish embryos enables whole-body imaging
using fluorescence-based techniques.176 Sieber et al. systemically
injected liposomal formulations in zebrafish embryos and
analyzed the circulation behavior (i.e., PK)176 and macrophage
uptake178 to optimize lipid composition as well as type and
extent of PEGylation.
Other preclinical screening strategies aim to increase the

experimental throughput and were optimized for parallel
formulation assessment in rodents. The so-called barcoding of
nanoparticles using DNA codes allows the injection of hundreds
of formulation candidates in the same animal.2,182−184

Subsequent decoding by high-throughput techniques such as
next generation sequencing (NGS) allows the tracing back of the
DNA signal and sequence to a formulation composition.
Furthermore, this technique has the main advantage that it
can be considered label-free because the drug payload (e.g.,
pDNA) is directly quantified. This technique allows reducing
the number of animals and analytical efforts used for PK and
biodistribution by orders of magnitude.
Factors Important for Lipid Nanoparticle Design. An

overview of factors important for in vivo gene delivery is
provided in Table 5 and Figure 5. Several nanoparticle-related
characteristics can be optimized to obtain efficient gene delivery
in vivo. Physicochemical properties such as size and ζ potential
need to be considered early in nanoparticle design. Factors such
as the route of administration, dosing scheme, or target tissue
and cell type are important design restraints. In the following
section, these nanoparticle- and therapy-related factors will be
discussed in more detail. Because results from in vitro cannot be
accurately translated to the in vivo situation, advanced preclinical

screening tools are of increased interest (see the In Vitro to in
Vivo Translation section).

Size. After administration into the body, lipid nanoparticles
need to reach their target tissue. Major hurdles for target tissue
accumulation are several tissue and cell specific hurdles, efficient
internalization, and release of the nucleic acid payload.185

Nanoparticles with a hydrodynamic diameter below 6 nm can
be excreted via renal filtration.145,186 Interestingly, nanoparticles
consisting of positively charged lipids were shown to be excreted
via urine even if their size exceeds the glomerular filtration
cutoff. For example, lipoplexes that self-assemble via electro-
static forces can be destabilized by negatively charged
proteoglycans (e.g., heparin sulfate) at the glomerular basement
membrane in the kidneys.187 It was shown that sterically
stabilized (i.e., PEGylated) lipid-based nanoparticles with a size
of less than 150 nm in diameter are able to accumulate in the
bone marrow of rabbits. In contrast, nanoparticles with a size of
250 nm are more efficiently sequestered by the reticuloendo-
thelial system (RES) including spleen and liver-resident
macrophages, i.e., Kupffer cells, whereas only a small fraction
can be found in the bone marrow.188

The physiological role of the spleen is the removal of aged or
damaged red blood cells and other particles from the blood.
Notably, the spleen is endowed with interendothelial cell slits of
approximately 200−500 nm, and nanoparticles exceeding this
size threshold act as splenotropic agents.189,190 Thus, further
increase in size (and positive ζ potentials) enhances nano-
particles accumulation in the spleen.191 In addition, increased
protein accumulation and opsonization results in enhanced
uptake by phagocytic Kupffer cells in the liver.132,189,192 These
processes finally result in a reduced plasma half-life and
decreased gene delivery efficiency to the target cell.
For tissue- or cell-type-specific targeting, nanoparticle size is a

key parameter. For example, the fenestrae of human hepatic
sinusoidal capillaries have an average diameter of 105 nm with a
size range between 50−180 nm.193 Notably, these fenestrae
parameters might show variations due to pathological
conditions.194,195 Thus, the delivery of nucleic acids to
hepatocytes is unlikely if the diameter of the nanoparticles
markedly exceeds that of the fenestrae. Other targets are not
(e.g., central nervous system) or not efficiently accessible via the
central blood circulation (e.g., solid tumors) and require deep
tissue penetration. It was shown that smaller nanoparticles and
particles with a high aspect ratio exhibit enhanced tissue

Table 5. Factors Important for in Vivo Gene Deliverya

influence factor effect on general influence

nanoparticle size blood circulation time reduced blood circulation time for smaller NPs
tissue penetration enhanced tissue penetration for smaller NPs
pharmacokinetic behavior increased NP uptake in spleen and liver for larger NPs
opsonization increased serum protein opsonization for smaller NPs with higher specific surface area

ζ potential interaction with serum
proteins

positive ζ potentials favor serum protein opsonization

pharmacokinetic behavior positive ζ potentials (>20 mV) as well as negative ζ potentials (←20 mV) may lead to off-target tissue
accumulation

cationic nanoparticles accumulate in lungs, and anionic nanoparticles are sequestered by liver endothelial cells
and spleen

route of
administration

pharmacokinetic behavior accumulation at the site of injection for nanoparticles with poor diffusion capacity

side effects/toxicity related to tissue distribution or increased risk after local deposition of cationic lipids
aSummary of most important factors (in addition to formulation aspects; see Table 3) influencing the lipid-based delivery of DNA and subsequent
gene expression in vivo. Influence factors are listed in accordance to chapters of this Review.
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penetration.108,186,196,197 Nanoparticle size is therefore a critical
design parameter to achieve efficient gene delivery in vivo.
ζ Potential. The ζ potential can influence to which extent

nanoparticles interact with serum proteins. As a consequence of
opsonization, nanoparticles are removed from the bloodstream
by phagocytotic cells.198 For example, Xiao et al. demonstrated
that micellar nanoparticles with either highly positive or highly
negative surface charge are cleared by macrophages following
opsonization.199 Besides influence onmacrophage clearance, the
ζ potential was also shown to influence the biodistribution of
nanoparticles. Cationic nanoparticles interact with negatively
charged biological membranes, leading to adsorptive mediated
endocytosis and a high systemic plasma clearance in vivo.
Anionic nanoparticles, however, are at risk to be cleared via Stab-
2-dependent stabilin scavenger receptors of mammalian liver
sinusoidal endothelial cells.179 Kranz et al. demonstrated that a
highly positive ζ potential (>20 mV) is associated with
predominant nanoparticle accumulation in the lungs, whereas
negative ζ potentials (←20 mV) led to almost-exclusive
nanoparticle accumulation in the spleen.200 Similarly, Levchen-
ko et al. demonstrated an increased liver accumulation of
negatively charged lipid-based nanoparticles.201 A possibility to
overcome difficulties associated with high surface charges is
decoration of the nanoparticle surface with PEG.202 However,
several issues are associated with PEGylation of DNA
therapeutics. First, the use of more than 8 mol % DSPE-
PEG2000 for the preparation of PEGylated lipid nanoparticles is
associated with an increased risk for liposome destabilization.203

Second, the PEGylation of nanoparticles may lead to immune
responses against PEG, especially in the case of multiple
dosing.204 Finally, excessive PEGylation might result in
decreased therapeutic efficacy (PEG-dilemma).93−95

Route of Administration. Systemic Administration.
Several nanoparticle-related characteristics can result in rapid
clearance of nanoparticles from the bloodstream. The lung is the
first organ encountered by intravenously injected nanoparticles.
Consequently, the i.v. injection of (large) cationic nanoparticles
or particle agglomerates leads to first-pass filtration in the lung
and is likely to provoke severe side effects such as embolism. At
later time points, a substantial fraction of cationic nanoparticles
can be found in liver or spleen. Cellular uptake is preferentially
mediated by endothelial cells (lung) or Kupffer cells
(liver).205−207 Thus, besides the spatial distribution, a temporal
distribution takes place after i.v. administration.205,208 Several
strategies were introduced to overcome these limitations.191

Local Administration. Besides chemical modification of
lipids and synthesis of new lipid (-like) materials, local
administration is another promising approach to avoid issues
related to systemic administration. Lipid-based nanoparticles are
invasively deposited within diseased organs or tissues to achieve
a (local) therapeutic effect. Due to the focused delivery, the
administered dose of the lipid-based DNA therapeutics can be
reduced. This strategy is especially favorable for nanoparticles
with poor pharmacokinetic properties because the nanoparticles
remain at the site of administration.205 Examples of successful
local administration of lipid nanoparticles are provided in the
following section.
Many solid tumors are characterized by a high interstitial fluid

pressure and therefore, systemically administered nanoparticles
show a reduced accumulation due to a pressure gradient that
limits diffusion.209,210 When positively charged GL67/DOPE/
1,2-dimyristoyl-sn-glycero-3-posphoethanolamine conjugated
PEG (DMPE-PEG) liposomes were injected intratumorally, a

2000-fold increased expression of a chloramphenicol acetyl-
transferase (CAT) reporter gene was achieved as compared to
systemic administration.211 In this respect, lipid-to-DNA ratio
and total DNA amount are the major influence factors on
transgene expression levels, followed by the injection volume
and the injection technique.212 However, the therapeutic
success after intratumoral injection can vary significantly
among different tumor models. The optimization of treatment
procedures and schemes should thus be performed for every
tumor model treated.205 The choice of an adequate preclinical
disease (i.e., tumor) model is considered as critical step in the
translation of preclinical data to the patient situation.185 Similar
to the intratumoral injection, lipid-based nanoparticles can be
administered locally to other tissues such as muscle (intra-
muscular) and skin (intradermal) via local injection or to the
gastrointestinal tract via the oral route.213,214 For example,
intramuscular injection of lipid nanoparticles coding for viral
antigens was able to stimulate a humoral and cellular antiviral
immune response (i.e., genetic vaccination).215,216 Other
strategies aim to locally administer lipid-based nanoparticles to
lung or nasal mucosa and local application of lipid nanoparticles
was able to improve mucosal immunity.205,217 However, the
colloidal stability and thus gene delivery efficiency of lipid
nanoparticles on epithelial barriers may be impaired due to
protective layers of mucus or surfactants.205 Many transfection
reagents show a dose-dependent cytotoxicity. Therefore, local
side effects may be observed upon local administration. For
example, the production of reactive oxygen species was reported
upon local lung delivery.218

DNA THERAPEUTICS IN CLINICAL TRIALS
In recent years, several lipid-based DNA delivery systems,
administered via various administration routes, have been
investigated in clinical trials mainly focusing on the expression
of therapeutic proteins for cancer therapy or treatment of cystic
fibrosis (summarized in Table 6). Notably, none of these DNA
therapeutics have advanced to a late clinical phase. In the
following sections lipid-based DNA therapeutics in clinical trials
(registered with ClinicalTrials.gov) are described in detail.
Formulation aspects, compositions, and important nanoparticle
characteristics are provided.

DOTAP.The first application of DOTAP-based lipoplexes for
systemic DNA delivery and subsequent gene expression was
published in 1997.219 Since then, many preclinical and several
clinical tests were performed. In the following section, two
DOTAP/Chol-based gene delivery approaches for cancer
therapy are described in detail.

FUS1 Gene. TUSC2/FUS1 is a tumor suppressor gene that
mediates apoptosis in cancer cells. However, in many lung
cancer patients, FUS1 protein is reduced or lost.220 The first
clinical trial on FUS1 gene delivery using DOTAP/Chol
lipoplexes (DC-FUS1) in patients with lung cancer was
published in 2012.221,222 DC-FUS1 was prepared in two steps,
resulting in lipoplexes with a mean particle size around 300
nm.223,224 First, cationic liposomes consisting of DOTAP/Chol
(20 mM: 18 mM) were formulated using a combination of film
rehydration (sterile 5% dextrose), sonication, and sequential
extrusion. Second, DOTAP/Chol liposomes were mixed with
FUS1 pDNA in equal volumes to a final concentration of 4 mM
DOTAP and 0.5 mg/mL pDNA. DC-FUS1 were administered
via i.v. infusion every 3 weeks at 0.01−0.09 mg/kg (dose
escalation). Patients received dexamethasone and diphenhydr-
amine prior to injection to suppress inflammatory responses.223
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Most common toxicities were hypophosphatemia and fever.
Five patients of this platinum-pretreated study cohort achieved a
stable disease. Interestingly, transcribed FUS1 mRNA and
translated protein were detected in tumor specimen and several
genes in the intrinsic pro-apoptosis pathway were changed. In
2011, a phase I/II trial was initiated to investigate the
combination of DC-FUS1 nanoparticles with the epidermal
growth factor receptor (EGFR) inhibitor Erlotinib.225−227

BikDD Gene. BikDD is a potent pro-apoptotic gene with
antitumor effect. Xie et al. investigated this approach for the
treatment of pancreatic cancer.228 In preclinical animal models,
i.e., xenograft and syngeneic orthotopic mouse model, BikDD
gene delivery using DOTAP:Chol lipoplexes resulted in
significant antitumor effects. Gene expression was controlled
by the pancreatic-cancer-specific promotor VISA. DOTAP:Chol
lipoplexes were produced according to Templeton et al.
(procedure as described above for DC-FUS1),219 i.e., extruded
DOTAP/Chol liposomes were mixed with pDNA resulting in
complexes between 200 to 450 nm in size. Notably, BikDD-
based gene therapies showed promising preclinical results in the
treatment of various other cancers such as hepatocellular
carcinoma, lung cancer, breast cancer, or prostate cancer.229−232

However, an initiated phase I clinical trial has been withdrawn
prior to enrollment (last updated in May 2015).
DOTMA. DOTMA is the first cationic lipid that resulted in

efficient transfection in vitro. Consequently, the first clinical
trials for the delivery of DNA were based on liposomes
consisting of DOTMA combined with cholesterol (equimolar
ratio).
Interleukin-2 (IL-2). Interleukin-2 is a potent activator of

immune responses. To maximize antitumor response in cancer
treatment, the immune-stimulatory effects of IL-2 were
investigated.233 Cationic DOTMA/Chol liposomes (prepared
by microfluidization) were complexed with pDNA encoding for
IL-2 at a DNA-to-lipid weight ratio of 1:1 in a solution
containing 10% lactose. Resulting lipoplexes were characterized
by a mean particle below 200 nm.136,234 Patients with squamous
cell carcinoma of the head and neck received multiple
intratumoral injections.235 Interestingly, the exogenous pDNA
nonspecifically induced interferon (IFN)-γ and IL-12 cytokines.
A synergistic effect of IL-2, IFN- γ, and IL-12 within the tumor
environment was observed.233 Because one patient demon-
strated a tumor reduction, phase II clinical studies were initiated.
The most-common adverse events were fever and nausea.
DMRIE. In 1993, the potential use of DMRIE for gene

therapy applications was demonstrated in combination with
DOPE (1:1 molar ratio).236

CFTR. Because DMRIE/DOPE-DNA lipoplexes resulted in
effective transgene expression with minor toxicity in several
preclinical studies, the efficacy and safety of lipid-mediated
transfer of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene by intranasal instillation in patients with
cystic fibrosis was evaluated.237−240 However, information on
physicochemical characteristics of tested lipoplexes and clinical
results is scarce. Of note, others reported that DMRIE/DOPE-
DNA lipoplexes were characterized by a heterogeneous size
distribution with dimensions of at least 100 nm or larger.239

Interleukin-2. In several preclinical studies, pDNA encoding
IL-2 complexed with cationic DMRIE/DOPE-based liposomes
(product name: Leuvectin/VCL-1102) showed significant
reduction in tumor growth.207,241,242 Therefore, this cancer
immunotherapy was investigated in several phase I/II studies in
patients with metastatic melanoma, renal cell carcinoma (RCC),

and sarcoma. Lipoplexes were prepared immediately prior to
injection by vortexing of pDNA with liposomes at a DNA:lipid
mass ratio of 5:1 resulting in mean diameters of 200−500 nm.243

Leuvectin was injected with escalating doses ranging from 0.75
to 4 mg into multiple sites throughout the tumor.244,245 In
around 75% of all tumors, IL-2 pDNA, IL-2 protein, and
infiltrating CD81 were detected. No grade 4 toxicities and only
one grade 3 toxicity were observed. Interestingly, two patients
with RCC and one with melanoma have achieved partial
responses, and around 25% of patients had a stable disease.

Major Histocompatibility Complex (MHC). The delivery of
pDNA encoding MHC molecules enables the stimulation of
antitumor immune responses. This approach was investigated in
patients with metastatic melanoma or hepatic metastasis using
DNA encoding HLA-B7 and β2-macroglobulin complexed with
cationic DMRIE/DOPE liposomes (Allovectin-7/VCL-
1005).246−248 Multilamellar liposomes were prepared by lipid
film rehydration using lactated Ringer’s solution followed by
vortexing. Prior to injection, cationic DMRIE/DOPE liposomes
were mixed with pDNA by repeated inversion. Patients received
direct injections into tumor lesions with escalating doses up to
250 μg. In a phase I immunotherapy study of patients with
hepatic metastases of colorectal carcinoma, the pDNA (93%),
mRNA (33%), and protein (63%) were detected.247 No serious
toxicity was observed. In a phase II study of direct intralesional
gene transfer in patients with metastatic melanoma, patients
received up to 10 μg of Allovectin-7.248 Only mild to moderate
adverse events were observed, and 18% of patients achieved a
regression. Several other clinical trials were initiated including a
phase III trial with 390melanoma patients.249,250 Unfortunately,
the rate of responses was unexpectedly low, and the drug was
discontinued.251,252

EDMPC. The first study demonstrating the potential of the
cationic lipid EDMPC to deliver DNA to pulmonary cells was
published in 1997.253

CFTR. Due to promising preclinical results, a first-in-human
trials in patients with cystic fibrosis was initiated.254,255

Liposomes consisting of EDMPC and cholesterol (1:1 molar
ratio) were prepared by sonication in 5% dextrose and
subsequently mixed with CFTR DNA resulting in lipoplexes
above 200 nm. A total of 11 patients received up to 4 mg of DNA
using a nasal spray. No adverse events were observed. However,
lipoplexes did also not show any activity. No vector-specific
mRNA was detected, most probably due to the low efficiency of
these lipoplexes in the nasal epithelium.

DC-Chol. The cationic derivative of cholesterol, DC-Chol,
was published in 1991 by Xiang Gao and Leaf Huang.49 Since
then, DC-Chol/DOPE-containing liposomes were investigated
for several DNA delivery approaches.

EGFR Inhibition. In squamous cell carcinoma the EGFR is
often up-regulated. Therefore, the potential of an EGFR
antisense gene therapy was investigated to directly block the
production of EGFR in contrast to common inhibitory
approaches using monoclonal antibodies. To complex the
EGFR antisense DNA, cationic liposomes consisting of DC-
Chol and DOPE (produced by microfluidization at a 3:2 molar
ratio)256 were mixed with DNA using 1 nmol of liposomes per
μg of DNA.257 Similar studies revealed that final complexes had
a relatively large size above 200 nm.258,259 In 2009, the results of
the first human application were published.260 DC-Chol-based
nanoparticles were injected intratumorally at 60 to 1920 μg of
DNA per injection (dose escalation). One-third of the patients
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achieved a clinical response, and importantly, no severe toxicities
(grades 3 and 4) were observed.
HLA-A2 Gene. The activation of tumor-specific immunity is a

promising strategy in the management of various malignant
disorders. Therefore, DC-Chol/DOPE lipoplexes containing
DNA encoding nonsyngeneic MHC antigens, i.e., the HLA-A2
gene, were investigated in a pair of phase I/II trials.261,262

Lipoplexes were prepared by simple mixing of DC-Chol/DOPE
cationic liposomes (150−200 nm) andDNA in lactated Ringer’s
solution. Late-stage cancer patients received four weekly
injections into cutaneous nodules with up to 80 μg of DNA.
The majority of patients with metastatic cervical or ovarian
carcinoma had subsequent local immune responses. However,
all patients had progressive malignancies.
GL67. GL-67 is a multivalent cholesterol derivative that was

developed for the delivery of pDNA to the lung. Stabilized
lipoplexes consisting of GL67, DOPE, DMPE-PEG5000
(1:2:0.05 molar ratio), and pDNA were successfully delivered
via aerosolization.263

CFTR. Delivery of DNA encoding the CFTR is a promising
strategy for the treatment of cystic fibrosis. Several clinical trials
have been initiated investigating different lipid-based delivery
systems as discussed elsewhere in great detail.264 Lee et al.
performed a detailed screening of cationic lipids for efficient
gene transfer to airway epithelia.51 The most-effective lipid was
GL67, i.e., 100-fold more active than DC-Chol. After intensive
optimization of the formulation, a phase I clinical trial was
initiated in 2008 followed by phase II clinical trials by the UK
cystic fibrosis consortium (www.cfgenetherapy.org.uk).263−266

The incorporation of small amounts of DMPE-PEG5000
enabled the preparation of concentrated lipoplexes with an
optimal cationic lipid:pDNA ratio of 0.75:1 for aerosolization.
Patients (n = 78) received the nebulized lipoplex once per
month for 1 year. Lung function was modestly stabilized in some
individuals, and no significant adverse effects were observed.266

Immuno-lipoplexes. In recent years, several active targeted
gene therapeutics have been developed for the treatment of
cancer. To increase specificity and transfection efficiency, active
targeting of immunocomplexes to the transferrin receptor is one
strategy.276 This strategy was used in clinical trials for the
delivery of pDNA encoding for p53 and RB94 via i.v. infusion.
To deliver the pDNA, cationic immuno-lipoplexes consisting of
DOTAP and DOPE were modified with antitransferrin receptor
single-chain antibodies (TfRscFv) to target tumor cells more
efficiently and trigger internalization. Immuno-lipoplexes were
prepared in a three-step procedure.277,278 First, liposomes
composed of a 1:1 molar ratio of DOTAP and DOPE (including
5 mol % MPB-DOPE for TfRscFv conjugation) were prepared
using ethanol injection method. Second, the reduced TfRscFv
was conjugated to the cationic liposomes via maleimide
chemistry. Third, cationic immunoliposomes were mixed with
pDNA. The final complexes had a size of around 100 nm in
diameter.276

p53. The tumor protein p53 is one of the most important
tumor suppressors and is frequently mutated in human cancers.
Thus, expression of p53 is an interesting approach to prevent
cancer formation and progression. In 2007, the first human
clinical trial using liposomal nanoparticles targeted by a single-
chain antibody fragment to the transferrin receptor (SGT-53)
were used to restore the normal human p53 gene.279 In general,
only minimal side effects were observed. Fever and hypotension
were the most common low-grade toxicities. A prophylactic
regimen including histamine blockade was used. Patients with

different types of cancer were included, and the majority
demonstrated a stable disease. Exogenous p53 expression in
tumor samples was detected by polymerase chain reaction
(PCR) andWestern blot analysis. In recent years, several clinical
trials have been initiated to combine SGT-53 with standard
chemotherapy (e.g., temozolomide, gemcitabine, docetaxel, and
topotecan) to achieve tumor regression.280,281,283

RB94. RB94 is a truncated version of the retinoblastoma
protein RB110 and functions as a potent tumor suppressor.284

Because human bladder cancers show a high transferrin receptor
expression, systemically administered targeted nanoparticles
(SGT-94) encapsulating a plasmid encoding RB94 were
investigated in preclinical studies.285 The first human clinical
trial in patients with genitourinary cancers showed evidence of
clinical activity.286 Only minimal side effects were observed.
Selective expression of RB94 in metastases was demonstrated by
PCR and Western blot analysis.

Lessons Learned from Clinical Trials: Successes,
Challenges, and Current Limitations. The aim of all nucleic
acid−based non-viral systems is to lead to a clinically useful
therapeutic. This has now been demonstrated for a lipid
nanoparticle formulation encapsulating siRNA. The approval of
Onpattro by the U.S. Food and Drug Administration is a
watershed event for non-viral gene therapy approaches. Not only
did the drug inhibit further progression of a deadly disease that
usually leads to death within 5 years of diagnosis, but also,
significant improvements were observed.287 This drug, which
contains the optimized ionizable cationic lipid DLin-MC3-
DMA and an siRNA to silence a gene called transthyretin
(TTR), inhibits the production of TTR in the liver following i.v.
administration. Mutations in TTR can lead to formation of
fibrils that deposit in amyloid plaques in nerve and cardiac tissue,
causing progressive neurotoxicity and cardiotoxicity. Onpattro
now provides an essentially curative therapy for this monogenic
disease. Further, the safety profile of Onpattro is encouraging,
with readily managed edema and occasional immunogenic
responses on injection that can be managed by slowing injection
rates and co-administration of immunosuppressants.288

Onpattro provides validation that clinically effective non-viral
nucleic acid therapeutics can be developed. Recent work
extending these findings to mRNA for vaccine and gene editing
applications suggests this promise extends to most, if not all
forms of gene therapy.289−291 However, there remain significant
challenges. First, the only tissue that is available intravenously is
the liver. Lipid-based nanoparticle systems that can deliver
nucleic acid therapeutics to immune cells, endothelial cell,
tumors, and bone marrow are not yet developed. Second, the
differing requirements for small (siRNA) and large (mRNA and
pDNA) non-viral formulations are not yet understood, and the
molecular mechanisms whereby these systems induce trans-
fection remain obscure. Third, the applicability of these non-
viral systems to other tissues available by direct injection have
not been characterized. This includes brain, ocular, subcuta-
neous, and other tissues. Finally, these systems are not yet
specific enough. Systems developed for nonhepatic tissues are
likely to also be able to transfect hepatocytes, leading to off-
target effects, for example.
These issues aside the future is bright for non-viral gene

therapies including lipid-based DNA therapeutics. They offer
promising approaches to treat most diseases as well as
straightforward manufacturing, stability, and other requirements
necessary for developing a drug.
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Safety Concerns and Adverse Events in Gene Therapy
Clinical Trials. Although several clinical studies reported low
toxicity after administration of lipid-based DNA therapeutics to
humans, substantial clinical adverse responses have been
observed.292 Systemic administration of lipid-based DNA
therapeutics induced inflammation, hematologic, and serologic
changes in a dose-dependent fashion.273,293 Therefore, strategies
to suppress inflammation and expand the therapeutic window
are crucial.223 Systemic administration of small molecule
inhibitors to suppress nanoparticle-mediated inflammation
such as naproxen or dexamethasone have shown clinical
significance. To circumvent the co-administration of potent
immunosuppressive agents, successful incorporation of hydro-
phobic dexamethasone prodrugs into lipid-based nanoparticles
containing nucleic acids has recently been demonstrated,
thereby providing effective immunosuppression.294 Further
development will allow the incorporation of such strategies
into future clinical trials. In addition, optimization of DNA
vectors to reduce inflammatory responses, e.g., by CpG
reduction, are necessary.295 This will ultimately also increase
the magnitude and duration of transgene expression.
Pharmacokinetic Properties and Physiological Bar-

riers. An important limitation for most lipid-based DNA
therapeutics tested in clinical trials are their unfavorable
physicochemical nanoparticle properties including high surface
charge and large size. After systemic delivery, most cationic
complexes predominantly accumulate in the lungs, and large
nanoparticles get sequestered by the RES.200,219 Taking into
consideration that these characteristics impact blood circulation
lifetimes, cellular binding, and internalization pathways, future
studies need to focus on optimized nanoparticles for delivery to
particular tissues. Physiological barriers represent another rate
limiting factor for lipid-based DNA therapeutics. For example, in
cystic fibrosis patients, DNA therapeutics need to be highly
efficient at penetrating the viscoelastic and adhesive mucus layer
in the lungs.296,297

Intracellular Barriers. In addition to pharmacokinetic
properties, intracellular barriers represent a major hurdle for
lipid-based DNA therapeutics impeding their clinical perform-
ance. Once internalized into target cells and released into
cytoplasm, nuclear trafficking of DNA vectors is fundamental. In
contrast to RNA therapeutics, this step represents a potentially
rate-limiting barrier for lipid-based DNA therapeutics. The
nuclear envelope completely seals the nucleus from the
cytoplasm, while the nuclear pore complexes (NPCs) enable
the import and export of molecules. Molecules smaller than 50
kDa can freely cross the NPC by passive diffusion, while
macromolecules that exceed 50 kDa need to be transported
actively across the NPC. Because a double-stranded 20 bp
oligomer is reported to have an approximately equivalent size to
a 13 kDa polypeptide, pDNA generally exceeds the size limit for
passive diffusion into the nucleus and therefore requires active
transport mechanisms.298 To increase the likelihood of DNA
therapeutics to overcome nuclear barriers, a wide variety of
substances including nuclear localization sequences (NLS) were
investigated as reviewed elsewhere.299,300 In the future, it will be
crucial to develop a better understanding of the intracellular
trafficking and to design strategies overcoming this bottleneck.
Controlled and Scalable Manufacturing.Manufacturing

of lipid-based DNA therapeutics is technically challenging and
represents a major challenge for a clinical translation and
ultimately commercialization. Cationic complexes tested in
clinical trials have mostly been prepared by simple mixing of

cationic liposomes with DNA, which does not guarantee process
control and results in batch-to-batch variations. Identification of
a robust and scalable manufacturing process to produce
monodispersed and size-specific nanoparticles in a reproducible
and rapid manner is essential. Microfluidic mixing techniques
might represent a controllable process resulting in high
entrapment efficiencies and narrow size distributions as shown
for siRNA.301

CONCLUDING REMARKS

In recent decades, tremendous efforts have been made for the
development of non-viral gene therapies. Several lipid-based
DNA delivery systems have been developed and excellent results
have been achieved in clinical trials for siRNA systems leading to
the first approved RNAi therapeutic. Nevertheless, the wide-
spread use of DNA vectors in clinical care is still hampered by
low transfection efficiency for certain tissues, imprecise
targeting, and unwanted activation of the immune system.
Thus, continued research on potent and biocompatible
nanomaterials for specific delivery of DNA to target cells and
efficient transgene expression is required. The continuous and
successful development of next-generation lipids made in the
field of RNA therapeutics is an excellent example for the
optimization of DNA therapeutics.302 Non-viral gene therapy
represents one of the most promising options for the treatment
of cancer or monogenic disorders. In the future, this technology
can potentially be used for several clinical applications. Examples
in the fight against cancer might include ddRNAi and the
expression of pro-apoptotic and oncotoxic proteins or tumor
suppressors. Patients with orphanmonogenic disorders (i.e., rare
diseases) would highly benefit from disease-modifying ther-
apeutic options, which replace the mutated enzyme by delivery
of their encoding DNA sequences. Finally, the delivery of large
nucleic acids can enable the implementation of promising gene
editing approaches such as the CRISPR/Cas9 or zinc-finger
technology for in vivo applications.
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GLOSSARY

transfection, introduction of genetic material of foreign origin
into cells using biological, chemical, or physical methods to
obtain genetically modified (i.e., transgenic) cells; gene therapy,
treatment of various disorders based on the delivery of nucleic
acids to modulate gene expression at DNA or RNA level; gene
silencing, inhibition of endogenous protein expression based on
the delivery of nucleic acid drugs modulating the degradation of
mRNA or alternative splicing of pre-mRNA; gene expression,
expression of therapeutic proteins based on the delivery of
nucleic acid drugs encoding the gene of interest; gene editing,
altering gene expression based on the delivery of nucleic acid
drugs encoding nucleases to mediate insertion, deletion,
modification, or replacement of DNA sequences in the genome;
ionizable cationic lipids, lipids containing amine moieties with
optimized acid dissociation constant resulting in a net-positive
charge at acidic pH (e.g., during formulation or intracellularly)
but net-neutral charge at physiological pH (e.g., in circulation)
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Highlights: Lipid-based gene delivery systems often require sophisticated

lipid synthesises including multi-step reactions with low yield. This study

shows that short chain aminolipids can be synthesized in a straigthforward one-

pot approach. The synthesized aminolipids successfully improved DNA vec-

tor delivery and cytotoxicity of DOTAP-based lipoplexes. Structure-Activity-

Relation demonstrated the superiority of C12 lipid tails and methoxy head-

groups over C10 lipid tails and hydroxy headgroups. The pharmacokinetic

behavior of DOTAP-based lipoplexes was not altered in vivo in the zebrafish

embryo animal model after incorporation of aminolipids.

48



Improvement of DNA Vector Delivery of DOTAP Lipoplexes by
Short-Chain Aminolipids
Jonas Buck, Dennis Mueller, Ute Mettal, Miriam Ackermann, Hiu Man Grisch-Chan, Beat Thöny,
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ABSTRACT: Cellular delivery of DNA vectors for the expression
of therapeutic proteins is a promising approach to treat monogenic
disorders or cancer. Significant efforts in a preclinical and clinical
setting have been made to develop potent nonviral gene delivery
systems based on lipoplexes composed of permanently cationic
lipids. However, transfection efficiency and tolerability of such
systems are in most cases not satisfactory. Here, we present a one-
pot combinatorial method based on double-reductive amination for
the synthesis of short-chain aminolipids. These lipids can be used
to maximize the DNA vector delivery when combined with the
cationic lipid 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP). We incorporated various aminolipids into such
lipoplexes to complex minicircle DNA and screened these systems
in a human liver-derived cell line (HuH7) for gene expression and cytotoxicity. The lead aminolipid AL-A12 showed twofold
enhanced gene delivery and reduced toxicity compared to the native DOTAP:cholesterol lipoplexes. Moreover, AL-A12-containing
lipoplexes enabled enhanced transgene expression in vivo in the zebrafish embryo model.

■ INTRODUCTION

Delivery of genetic material to diseased cells is of growing
clinical interest. Many inherited liver diseases including
Crigler−Najjar syndrome or Gilbert’s syndrome are associated
with genetic defects leading to loss of function of proteins or
low levels of enzymatic activity.1−8 Gene therapy enables the
introduction of genetic material (e.g., DNA vectors) encoding
for a therapeutic protein, thereby restoring physiological
functions. Alternatively, the expression of tumor suppressors,
proapoptotic or oncotoxic proteins, offers an interesting option
for the treatment of malignant disorders.9−16

In recent years, various nonviral delivery systems have been
investigated in preclinical and clinical settings for the delivery
of recombinant DNA.17 Electrostatic interaction of cationic
lipids and negatively charged DNA vectors of virtually any size
induces condensation. The resulting lipoplexes are formed
spontaneously. Their preparation and handling are simple and
cost-effective. Moreover, lipoplexes allow for a straightforward
transfer “from bench to large-scale production” compared to
viral vectors18 without the risk for insertion of genetic material
into the host’s genome as shown for adeno-associated virus
vectors.19−21 Although cationic lipids overcome some of the
limitations described for viral vectors, they encompass some
disadvantages: The permanent positive charge of cationic lipids
is associated with cytotoxicity,22 and lipoplex systems generally
lack efficiency compared to viral vectors.23,24 As a result, only a

few types of cationic lipids have entered clinical trials. In 2017,
lipofection (i.e., the introduction of exogenous genetic material
by means of lipid-based transfection reagents) accounted for
only 4.5% of all clinical trials involving gene therapy.25 As one
of the exceptions, 1,2-dioleoyl-3-trimethylammonium propane
and cholesterol (DOTAP:chol)-based lipoplexes have been
clinically investigated for the treatment of various diseases
including lung cancer, breast cancer, prostate cancer, or
hepatocellular carcinoma.9,13,15,16,26,27 The cationic charge of
DOTAP:chol lipoplexes enables facilitated cellular interactions
and also accounts for decreased cell viability.24,28 Therefore, as
observed for many lipoplexes, the use of DOTAP:chol systems
is limited by poor transfection efficiency and cytotoxic
effects.29−32

The aim of the present study was to maximize the potency of
clinically tested DOTAP:chol lipoplexes while reducing
toxicity. Based on our finding that short-chain (C8−C12)
amide lipidoids are potential carriers for siRNA,33 a
combination of short-chain aminolipids and DOTAP:chol-
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based lipoplexes was explored to enhance DNA vector delivery.
It is noteworthy that enhanced gene silencing and reduced
cytotoxic potential were demonstrated for polymeric nano-
particles after combination with natural polyphenols and
polyphenol inspired polycatechols.34,35 In view of these results,
a combinatorial library of different types of aminolipids with
chain lengths of C10 or C12 and various headgroups, including
aliphatic and heterocyclic functional groups, was synthesized
by double-reductive amination. The designed aminolipids were
incorporated into DOTAP:chol lipoplexes and screened in
vitro for transfection efficiency and cellular toxicity. The most
promising aminolipid-containing system was then compared to
DOTAP:chol lipoplexes for in vivo transfection efficiency in the
zebrafish embryo model.

■ MATERIALS AND METHODS
Materials. Text adopted from Neuhaus et al.36 The starting

compounds and solvents were purchased from Sigma-Aldrich
(St. Louis, MO), Honeywell Fluka (Fisher Scientific AG,
Reinach, Switzerland), ABCR (Zug, Switzerland), TCI
Deutschland GmbH (Eschborn, Germany), or Acros Organics
(Thermo Fisher Scientific, Geel, Belgium) and were used
without further purification. For reactions under inert gas
conditions, the solvent dichloromethane (DCM) was dried
over molecular sieves 4 Å and degassed afterward. Column
chromatography was carried out using 230−400 mesh, 60 Å
silica gel (Chemie Brunschwig AG, Basel, Switzerland). TLC
plates (Merck, Darmstadt, Germany, Silica gel 60 F254) were
developed with KMnO4 solution. 1H and 13C NMR spectra
were recorded (as indicated) on Bruker 300, 400, or 600 MHz
spectrometer (Bruker, Billerica, MA) and are reported as
chemical shifts in ppm relative to TMS, calibrated to the signal
of the deuterated NMR solvent (300 and 400 MHz). Spin
multiplicities are reported as singlet (s), doublet (d), triplet
(t), quintet (qui), with coupling constants (J) given in hertz, or
multiplet (m). Broad peaks are marked as br. NMR
experiments (600 MHz) were performed on a Bruker Avance
III NMR spectrometer operating at 600.13 MHz proton
frequency. The instrument was equipped with a direct observe
5 mm BBFO smart probe. The experiments were performed at
298 K, and the temperature was calibrated using a methanol
standard showing accuracy within ±0.2 K. HRESI-MS was
performed on a QSTAR Pulsar (AB Sciex Switzerland GmbH,
Baden, Switzerland) spectrometer and are reported as mass-
per-charge ratio m/z. IR spectra were recorded on a
PerkinElmer Spectrum One Fourier transform infrared (FT-
IR) spectrometer (ATR, Golden Gate, PerkinElmer, Basel,
Switzerland). 1,2-Dioleoyl-3-trimethylammonium-propane
(DOTAP) was obtained from Corden Pharma Switzerland
LLC (Liestal, Switzerland). Glucose was purchased from Roth
AG, Switzerland. Dulbecco’s modified Eagle’s medium
(DMEM) high glucose was obtained from Sigma-Aldrich Co.
(St. Louis, MO) and supplemented with 10% FCS
(BioConcept, Allschwil, Switzerland) and penicillin (100
units/mL)−streptomycin (100 μg/mL) (Sigma-Aldrich Co.,
St. Louis, MO). Trypsin/EDTA (0.25%) was purchased from
Invitrogen, Life Technologies (Zug, Switzerland). FACS
buffer, composed of D-PBS (Sigma-Aldrich Co, St. Louis,
MO), was supplemented with 2% FCS and 0.1% NaN3
(Sigma-Aldrich Co., St. Louis, MO). The MTT reagent
comprised a 1:10 dilution (v/v) of a 5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide stock
solution in DMEM. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide was purchased from Carl Roth
(Karlsruhe, Germany). SDS was purchased from Bio-Rad
Laboratories, Cressier, Switzerland. HCl and isopropanol were
obtained from Merck KGaA (Darmstadt, Germany).
The extrusion equipment consisted of 100 nm polycar-

bonate membranes (Whatman Nuclepore Track-Etched
Membranes, GE Healthcare Life Sciences, Buckinghamshire,
U.K.), filter supports (Whatman Drain Disc 10 mm PE, GE
Healthcare Life Sciences, Buckinghamshire, U.K.), and a hand
extruder (Avanti Mini Extruder, Avanti Polar Lipids, Inc., AL).
Particle size and ζ-potential measurements were performed
using a Delsa Nano C Particle Analyzer (Beckman Coulter,
Inc., Indianapolis, IN). Transmission electron microscopy
(TEM) was conducted using a CM-100 electron microscope
(Philips, Eindhoven, the Netherlands). Transfection experi-
ments and cytotoxicity experiments were conducted in 24-well
plates (TPP Tissue Culture Testplate 24, TPP Techno Plastic
Products AG, Trasadingen, Switzerland) and in 96-well plates
(TPP Tissue Culture Testplate 96F, TPP Techno Plastic
Products AG, Trasadingen, Switzerland), respectively. The
minicircle DNA was kindly provided by the University
Children’s Hospital Zürich, Switzerland. Statistical evaluation
was carried out using OriginPro 2018 (64-bit) SR1 b9.5.1.195
(Academic) (OriginLab Corporation, Northampton, MA).

Synthesis of Aminolipids. A small library of 12
multitailed aminolipids was obtained via reductive amination
of decanal or dodecanal with different amines, as depicted in
Figure 1. Briefly, the various amines representing the

headgroups of the respective aminolipids were mixed with
excess aldehyde (representing the tails) in dichloromethane
(DCM). The mixture was stirred for 3 h at RT, followed by the
addition of sodium triacetoxyborohydride (STAB) and further
stirred for 2−5 days at RT. Afterward, the solvent was
evaporated under reduced pressure. The obtained aminolipids
were then redissolved in 30 mL of DCM. Brine (30 mL) was
added, and the aminolipids were extracted three times with
DCM. The crude product was then purified using column
chromatography (silica) and a gradient of an appropriate
solvent system, e.g., DCM/MeOH or EtOAc/MeOH (e.g., 98:2

Figure 1. One-pot combinatorial synthesis of short-chain aminolipids
via double-reductive amination. (A) Double-reductive amination of
aldehydes with amines in dichloromethane (DCM) in the presence of
sodium triacetoxyborohydride (STAB) as a reducing agent. (B)
Briefly, amines (Am) are mixed with excess aldehyde (Ald) and
stirred at RT for 3 h followed by the addition of STAB. The reaction
continues under stirring at RT for 3−5 days. The obtained
aminolipids are then extracted using DCM/brine and then purified
by column chromatography (silica, DCM/MeOH 98:2 → 90:10). A
detailed description of the chemical synthesis and experimental
procedures is provided in the Supporting Information.
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to 90:10 (v/v)). The obtained aminolipid fractions were
checked for the presence of aminolipid using thin-layer
chromatography (TLC). Clean fractions containing the
aminolipid (according to TLC) with the correct mass
(determined by MS) were combined, and the solvent was
evaporated under reduced pressure. For the final drying step,
aminolipid samples were exposed to vacuum using an HV
pump for at least 2 days. Detailed descriptions and NMR plots
for each aminolipid can be found in the Supporting
Information.
Preparation of Aminolipid-Based Systems. DNA

Vector Delivery. Aminolipids in chloroform were combined
with chloroform stock solutions of cholesterol, DOPE, or
DOTAP (1:1 mol/mol) or a combination of either cholesterol
and DOTAP, or DOPE and DOTAP (aminolipid:helper:DO-
TAP = 5:4:1 (mol/mol)) in a glass vial. The (amino-)lipid
mixture in chloroform was subsequently dried under nitrogen
flow overnight. On the next day, the components were
rehydrated using 5% D(+)-glucose solution in Milli-Q ddH2O
to obtain a final DOTAP (or aminolipid-) concentration of 8
mM. Afterward, the mixtures were stirred and vortexed to
ensure complete rehydration of the (amino-)lipid components.
Following this step, the rehydrated mixtures were subjected to
five freeze−thaw cycles (i.e., frozen for 5 min using dry ice
followed by thawing for 5 min in a water bath at 62 °C). After
freeze−thawing, the (amino-)lipid mixtures were left at room
temperature (RT) for 3 h. Subsequently, the mixtures were
extruded 15 times through a Whatman Nuclepore Track-
Etched Membrane with a pore size of 0.1 μm using an Avanti
Mini Extruder.
Physicochemical Characterization of Aminolipid-

Based Systems. Directly after extrusion, the size, polydisper-
sity index (PDI), and ζ-potential of the aminolipid nano-
particles were measured using a Delsa Nano C Particle
Analyzer at RT, as described previously.37,38 Particle size and
PDI were determined using CONTIN data conversion after
measurement of the extruded nanoparticle preparation
(cDOTAP = 8 mM) using a 658 nm laser. Scattered light
was detected at an angle of 165°. ζ-Potential data were
converted using the Smoluchowski equation after measure-
ment of nanoparticles diluted 1:50 (v/v) in 5% glucose
solution at an angle of 15°. Transmission electron microscopy
(TEM) images of both pure lipid nanoparticles (LNPs) and
LNPs complexed with DNA were acquired on a CM-100
electron microscope (Philips, Eindhoven, the Netherlands).
Thus, samples were loaded on a carbon-coated copper grid and
counterstained using 2% uranylacetate solution. Excess
uranylacetate was removed and the grids were dried at RT
overnight prior to TEM imaging.
Cell Culture. HuH7 cells were cultured in high-glucose

DMEM, supplemented with 10% fetal calf-serum (FCS),
penicillin (100 units/mL), and streptomycin (100 μg/mL) at
37 °C and 5% CO2. For transfection experiments, the cells
were detached at 80−90% confluency using 0.25% trypsin/
EDTA (Invitrogen, Life Technologies, Zug, Switzerland) and
seeded in 24-well plates (TPP Tissue Culture Testplate 24,
TPP Techno Plastic Products AG, Trasadingen, Switzerland)
at a seeding density of 5 × 104 cells per well. For cytotoxicity
experiments, the cells were detached as for transfection
experiments and seeded in 96-well plates (TPP Tissue Culture
Testplate 96F, TPP Techno Plastic Products AG, Trasadingen,
Switzerland) at a seeding density of 104 cells per well.

Transfection Experiments. DNA Vector Delivery.
Twenty-four hours after seeding, the cells were transfected
with minicircle DNA (mcDNA) encoding for enhanced green
fluorescent protein (eGFP 1) under the control of a liver-
specific p3 promoter. Aminolipid−LNPs were combined with
DNA at the indicated ratios and amounts of DNA. Briefly,
aminolipid−LNPs and DNA were diluted in separate 1.5 mL
Eppendorf tubes in 5% glucose solution. After gentle mixing,
the contents of the tubes were combined, and the mixture was
left for 30 min on the bench to allow for formation of
complexes between aminolipid−LNPs and DNA. After
incubation of the DNA with the LNPs, 50 μL of LNP/DNA
nanoparticles was added to the cell culture medium (final
volume: 1 mL). The ratios of the combination of DNA with
LNPs are depicted as the amount of DNA in micrograms and
the final concentration of LNPs (μM) in cell culture medium
during transfection experiments. The reason for this depiction
is that Lipofectamine 3000, whose composition is unknown,
was included in the experiment according to the manufac-
turer’s protocol. The amount of Lipofectamine 3000 for
transfection experiments was calculated based on an approach
relying on the volume of Lipofectamine 3000 in microliters per
weight of DNA in micrograms (v/w). This volume per weight
approach was maintained throughout the whole study,
resulting in a uniform depiction of all samples. Even though
no concentration data is available for Lipofectamine 3000, and
therefore, it is technically not correct to provide any
concentrations for Lipofectamine 3000, we employed an
arbitrary concentration for Lipofectamine 3000 assuming that
1 μL of Lipofectamine 3000as used according to the
manufacturer’s instructionsis equivalent to 1 μL of
DOTAP:chol LNPs. N/P ratios are indicated where applicable.

Transgene Expression Analysis. Confocal Laser Scan-
ning Microscopy. Live-cell images were acquired on an
Olympus FV-1000 inverted confocal fluorescence microscope
(Olympus Ltd., Tokyo, Japan) 24 and 48 h after transfection to
qualitatively assess the transfection efficiency. GFP was excited
at 488 nm, and emission was recorded at 516 nm using a
UPlanSApo 10× objective (numerical aperture, 0.40).

Flow Cytometry. Transfection efficiency and transgene
expression were both measured using an FACS Canto II flow
cytometer (Becton Dickinson, San Jose, CA) 48 h after
transfection. Briefly, the cells were detached using 0.25%
trypsin/EDTA (m/V) for 7 min. Subsequently, trypsin
digestion was stopped by the addition of DMEM cell culture
medium and the cell suspension was transferred to a 1.5 mL
Eppendorf tube. The cell suspension was centrifuged
(Eppendorf 5424 R Centrifuge, Eppendorf AG, Hamburg,
Germany) at 200g for 5 min at RT. The supernatant was
aspirated, the cells were suspended in FACS buffer (D-PBS,
2% FCS, 0.1% NaN3), and %GFP-positive cells and mean
fluorescence intensity (MFI) were measured after excitation at
488 nm. The fluorescence signal of cells expressing GFP was
detected in fluorescence channel FL1 (505LP530/30).
Statistical evaluation of the obtained flow cytometry data was
done using FlowJo Vx software (TreeStar, Ashland, OR). MFI
values were calculated from GFP-positive cells.

Cytotoxicity Experiments. The HuH7 cells were treated
with aminolipid−LNPs at various concentrations 24 h after
seeding. Four hours after treatment, the medium containing
LNPs was aspirated and replaced by a fresh medium. Twenty-
four hours after treatment, the medium was aspirated and
replaced by a medium containing 0.5 mg/mL 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT). The 96-well plates were then incubated (37 °C, 5%
CO2) for 2 h to allow formation of formazan crystals.
Afterward, the medium was aspirated and the insoluble
formazan crystals were solubilized using a mixture of 3%
SDS in H2O and 40 mM HCl in isopropanol (1:6, v/v). The
plates were then shaken for 2 h, followed by absorption
measurement using a 96-well plate reader (SpectraMax M2e
Microplate Reader, Molecular Devices LLC, San Jose, CA) at
570 (formazan signal) and 670 nm (background).
Statistical Evaluation. Statistical evaluation was done

using OriginPro 2018 (64-bit) SR1 b9.5.1.195 (Academic)
Software (OriginLab Corporation, Northampton, MA). A
minimum of three independent measurements were used for
statistical evaluation.
Zebrafish Embryo In Vivo Trials. Zebrafish culture and

injection were carried out as described previously.39 Briefly,
zebrafish embryos of the Tg(kdrl:EGFP)40 line were raised
under standard conditions in accordance with Swiss animal
welfare regulations. Fish were maintained at 28 °C in zebrafish
culture media supplemented with 1-phenyl-2-thiourea (PTU).
Calibrated volumes of 1 nL sample were injected into the Duct
of Cuvier (80 pg DNA, 0.64 pmol DOTAP) using a
micromanipulator (Wagner Instrumentenbau KG, Schöffen-
grund, Germany), a pneumatic PicoPump PV830 (WPI,
Sarasota, Florida), and a Leica S8APO microscope (Leica,
Wetzlar, Germany). Imaging was carried out 4 and 24 h post-
injection using a LEICA POINT SCANNING CONFOCAL
“SP5-II-MATRIX” (Leica, Wetzlar, Germany) equipped with a
25× HCX IRAPO L (NA 0.95) objective. Image analysis was
carried out using Fiji ImageJ v. 1.52n.

■ RESULTS AND DISCUSSION

Combinatorial Synthesis of Aminolipids. The aim of
this study was the design, synthesis, and screening of novel
types of short-chain aminolipids to maximize the DNA vector
delivery of DOTAP:chol lipoplexes. To create a small lipid
library for this proof-of-concept study, we developed a
straightforward one-pot combinatorial synthesis based on a
double-reductive amination strategy (Figure 1). A combination
of various amines and aldehydes in the presence of the
reducing agent sodium triacetoxyborohydride (STAB) resulted
in the respective short-chain aminolipids with different
headgroups and lipid tails.
An overview of selected building blocks as starting materials

(i.e., amines and aldehydes) is given in Figure 2A−C. Based on
previous findings by our group that short-chain (C8−C12)
lipid-like materials result in improved nucleic acid delivery,
decanal (C10) and dodecanal (C12) were selected as building
blocks for lipid tails. In addition to aliphatic amines,
heterocyclic amines were selected as headgroups based on
previous reports that inclusion of aromatic or heterocyclic rings
into transfection reagents can increase the transfection
efficiency.41−45 To test whether these principles also apply to
DNA vector delivery based on DOTAP:chol lipoplexes,
different building blocks were selected and combined to afford
the corresponding aminolipids (see the Supporting Informa-
tion for synthesis details and aminolipid characterization). For
example, aminolipid AL-A10 was synthesized using 3-
methoxypropylamine (A) and decanal (C10).
In summary, 12 different short-chain aminolipids were

successfully synthesized in high yield using a versatile two-step

one-pot procedure. This combinatorial synthesis is easy to
perform and fully scalable.

Physicochemical Characterization of Aminolipid-
Containing Systems. The obtained aminolipids were
incorporated into DOTAP-based systems in a 1:1 ratio
(mol/mol) using a lipid-film rehydration and extrusion
method, as described in the Supporting Information. The
results of the physicochemical characterization of amino-
lipid:DOTAP systems are shown in Figure 3. Most amino-
lipid:DOTAP systems showed hydrodynamic diameters in the
range of 54−79 nm along with a monodisperse size
distribution, as indicated by a polydispersity index (PDI)
below 0.2 (Figure 3A,B). The largest diameter was measured
for the conventional formulation based on DOTAP:chol
(108.2 ± 0.6 nm) followed by the AL-H10-containing system
(102.0 ± 5.9 nm). The smallest diameter was measured for the
AL-C10 system (53.5 ± 2.5 nm) followed by the AL-B10
system (53.8 ± 2.0 nm). Both AL-A10 and AL-A12 systems
showed hydrodynamic diameters of 61.5 ± 1.0 and 63.6 ± 0.8
nm and PDI values of 0.185 and 0.181, respectively.
Interestingly, incorporation of C10-based aminolipids always
resulted in smaller systems compared to their C12 counterparts.
All measurements were carried out in triplicate.
The ζ-potential measurements for the obtained DOTAP-

based systems revealed a positive surface charge in the range of
18−53 mV (Figure 3C). The highest ζ-potential was found for
the formulation including AL-B10 with a highly positive value
of 52.27 ± 2.80 mV followed by the AL-A12 system (43.66 ±
1.19 mV). The AL-B12 system showed the lowest ζ-potential
with a value of 17.97 ± 4.28 mV followed by the AL-D10
system (21.29 ± 3.48 mV). The AL-A10 system showed a
similar ζ-potential to DOTAP:chol (24.86 ± 3.26 vs 28.21 ±
4.31 mV). A highly positive ζ-potential (>30 mV) is indicative
of a high colloidal stability resulting from electrostatic repulsive
forces that prevent aggregation of particles.46,47 Good colloidal
stability can still be assumed for systems with ζ-potentials in
the range of ±30 mV. This in contrast to a range from 0 to ±5
mV, which is indicative of particle agglomeration and
instability.48 In fact, during the time course of this study, no
precipitation was observed for any formulation. All measure-
ments were carried out in triplicate.
Representative TEM images of DOTAP:chol and the AL-

A12-containing system are displayed in Figure 3D,E. Both

Figure 2. Building blocks for the combinatorial synthesis of
aminolipids. (A) Aliphatic amine compounds including (A) 3-
methoxypropylamine, (B) 3-aminopropan-1-ol, (C) 3-aminopro-
pane-1,2-diol, (D) N,N′-dimethylethylenediamine, and (E) 1,3-
diaminopropane. (B) Aromatic and heteroaromatic amine com-
pounds including (F) benzylamine, (G) 1H-imidazol-2-ylmethan-
amine, and (H) 4-(aminomethyl)pyridine. (C) Aldehydes decanal
(C10) and dodecanal (C12) as building blocks for lipid tails.
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systems resulted in spherical assemblies with diameters of
82.81 ± 24.64 nm (DOTAP:chol) and 46.13 ± 8.85 nm (AL-
A12 containing system), which is slightly smaller than the
diameters based on dynamic light scattering (DLS). In
conclusion, short-chain aminolipids can be successfully
incorporated into DOTAP-based systems, thereby influencing
the size and charge of the resulting particles.

Assessment of DNA Vector Delivery In Vitro. To assess
the efficiency of DNA delivery, we selected an advanced DNA
vector type, i.e., minicircle DNA, which has clear advantages
over plasmid DNA. Several research groups have demonstrated
that the use of minicircle DNA results in high transfection
efficiencies and long-lasting transgene expression.49−51 There-
fore, a minicircle DNA encoding the reporter gene for green

Figure 3. Physicochemical characterization of DOTAP systems combined with short-chain aminolipids. (A) Hydrodynamic diameter (nm), (B)
polydispersity index (PDI), and (C) ζ-potential (mV) for aminolipid-containing DOTAP systems compared to the conventional
DOTAP:cholesterol (chol) system at a 1:1 ratio (mol/mol). (D) Transmission electron microscopy (TEM) of DOTAP:chol and (E) AL-A12-
containing systems.

Figure 4. In vitro assessment of transfection efficiency and cytotoxicity of lipoplex systems. (A) Heat map representing the transfection efficiency of
aminolipid-containing DOTAP lipoplexes compared to conventional DOTAP:cholesterol (chol) composed lipoplexes. Transfection efficiency was
assessed by means of percentage of GFP-positive cells and mean fluorescence intensity (MFI) of GFP expression using flow cytometry. The
obtained results were allocated to different groups (color code) based on the quartiles of %GFP-positive cells and MFI. Representative confocal
images of HuH7 cells transfected with (B) DOTAP:chol or (C) AL-A12-containing lipoplexes entrapping minicircle DNA coding for GFP (scale
bar = 400 μm). (D) Cytotoxicity of aminolipid-containing DOTAP lipoplexes compared to conventional DOTAP:chol lipoplexes by means of
lethal concentrations (LC 10/50/90) resulting in 90/50/10% cell viability, respectively.
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fluorescent protein (GFP) was complexed using DOTAP:chol
and aminolipid-containing systems. The lipoplexes were not
PEGylated to reduce complexity, thereby allowing us to
attribute observed effects directly to the formulation
components. Resulting lipoplexes were used for transfection
of human liver-derived HuH7 cells in vitro (Table S1). A color-
coded summary of the transfection screening is shown in
Figure 4A. DOTAP:chol lipoplexes (at 1 μg DNA and 8 μM
lipid concentration) resulted in 5.7% GFP-positive cells.
Compared to the conventional DOTAP:chol system, incorpo-
ration of various aminolipids based on aliphatic amines
resulted in improved transfection efficiencies (i.e., AL-A to
AL-D). For example, AL-B12 and AL-C12 systems resulted in
8.6 and 6.0% GFP-positive cells, respectively. The lipoplexes
containing AL-A10 (7.7%) and AL-A12 (10.3%) showed a
significantly increased transfection efficiency compared to
DOTAP:chol (p < 0.001), which was even more distinct at 2
μg DNA and 16 μM lipid concentration with 28.7% (AL-A10)
and 31.5% (AL-A12) compared to 13.2% (DOTAP:chol).
Moreover, AL-A12 showed 72% of the transfection efficiency
of Lipofectamine 3000 (47.5% GFP-positive cells). In contrast,
DOTAP:chol was only 30% as efficient as Lipofectamine 3000.
A statistically significant (p < 0.001) increase in transgene
expression (i.e., assessed based on mean fluorescence intensity
(MFI)) compared to DOTAP:chol was only observed for AL-
A12. While DOTAP:chol only resulted in 10% of the gene
expression achieved with Lipofectamine 3000, AL-A12-based
lipoplexes exhibited 20% of the transgene expression of
Lipofectamine 3000. The replacement of aliphatic amine
headgroups with heterocyclic groups (i.e., AL-F10, AL-G10,
and AL-H10) to improve the fusogenic properties (as
previously described52) did not maximize the efficacy (i.e., %
GFP-positive cells) of DOTAP-based lipoplexes (Figure 4A).
However, AL-F10 (at 1 μg DNA and 8 μM lipid
concentration) resulted in the highest transgene expression
among all aminolipids of the combinatorial library. It is
tempting to speculate that AL-F10 enhanced the endosomal
escape in transfected cells, resulting in increased GFP
expression. Due to the small number of investigated
heterocyclic headgroups, further studies are warranted to

clarify if such a strategy is applicable for DOTAP-based
lipoplexes.
To further improve the understanding of how the amino-

lipids’ structural parameters influence the transfection
efficiency, specific compounds were selected for a structure−
activity relationship (SAR) study (Figure S37). Aminolipids
consisting of a bifunctional methoxy headgroup (AL-A10, AL-
A12) showed significantly (p < 0.001) higher transfection
efficiencies and transgene expression levels compared to
aminolipids with a bifunctional hydroxy headgroup (AL-B10,
AL-B12). SAR analysis of tail groups revealed significantly
higher transfection efficiencies (p < 0.1) and transgene
expression levels (p < 0.001) for aminolipids consisting of
C12 tails compared to aminolipids consisting of C10 tails, as
demonstrated by the superiority of AL-A12 over AL-A10. Due
to the poor transfection efficiency of many of the tested
aminolipids, an in-depth SAR analysis focusing on headgroups
could not be performed. Further experiments with an
expanded range of aminolipid tail lengths and alternative
headgroups are needed to improve our understanding on how
small changes in lipid tail length influence the delivery of DNA
vectors.
In conclusion, the highest transfection efficiency was

achieved using AL-A12 lipoplexes with a 2-fold increased
number of GFP-positive cells as well as significantly higher
transgene expression compared to DOTAP:chol lipoplexes.
Representative confocal laser scanning microscopy images of
HuH7 cells transfected with DOTAP:chol lipoplexes and AL-
A12-containing lipoplexes are shown in Figure 4B,C,
respectively. An increased efficiency results in a lower dose
of the potentially cytotoxic transfection reagent that needs to
be administered while maintaining the same effect and is
consequently mitigating side effects of the gene therapy.
Moreover, the known composition of these lipoplexes allows
for surface modification (e.g., PEGylation), which is difficult to
achieve for the proprietary formulation Lipofectamine 3000.

Cytotoxicity of Lipoplex Systems. Figure 4D displays
the results of the cell viability assessment. Several aminolipids
with aliphatic headgroups and improved transfection efficacy
also resulted in enhanced cytotoxic effects (i.e., AL-B to AL-D).
Generally, it was observed that aminolipids derived from C12

Figure 5. Assessment of in vivo transfection efficiency of the lead lipoplex system containing aminolipid AL-A12. Evaluation of lipoplex
biodistribution and transfection efficiency in vivo in the zebrafish model. Confocal imaging (maximum intensity projections) of transgenic zebrafish
embryos with GFP expressing vasculature endothelial cells was performed 4 and 24 h post-injection with fluorescent DOTAP:chol or AL-A12-
based lipoplexes entrapping plasmid DNA encoding for RFP. Representative maximum intensity projections of a series of three images are shown
(4 h post-injection). Displayed are the merged images, the vasculature expressing GFP (green), the DiD-labeled lipoplexes (blue), and the reporter
gene expression (RFP, red). AL-A12 promoted a qualitatively higher gene expression than DOTAP:chol-based lipoplexes h. Scale bars = 80 μm.
The right graphs show the quantitative image analysis using Fiji ImageJ of the total area in pixels (top) and the percentage of the area (bottom) of
the RFP expression determined 4 and 24 h post-injection of DOTAP:chol (black) and AL-A12-based lipoplexes (gray). The results were not
statistically significant at p < 0.05.
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aldehydes are less toxic than aminolipids derived from C10
aldehydes (Tables S2 and S3). For example, AL-A10 systems
showed a toxicity comparable to DOTAP:chol while at the
same time having increased DNA delivery efficacy. Interest-
ingly, the lead aminolipid AL-A12 demonstrated lower toxicity
across the entire dose range than DOTAP:chol. Up to a
concentration of 16 μM total lipid, AL-A12 systems resulted in
cell viabilities of approximately 80%. At 64 μM total lipid, AL-
A12 still resulted in cell viabilities of up to 50%. These results
clearly indicate a lower cytotoxic potential for AL-A12-
containing lipoplexes than for DOTAP:chol. Lipoplex systems
composed of aminolipids with heterocyclic headgroups caused
similar or reduced toxicity. The lowest cytotoxic effects were
observed using AL-F10-based lipoplexes, thereby confirming
that inclusion of aromatic or heterocyclic rings into a
transfection reagent can mitigate cytotoxic effects.42−45

Conclusively, the lead structures from our transfection
screening AL-A12 and AL-F10 (most GFP-positive cells and
highest MFI) also outperformed the other aminolipids in the
cytotoxicity screening assay. This confirms the generally
accepted dogma that low cytotoxic side effects are a
prerequisite to achieve high transfection rates.53

Assessment of DNA Vector Delivery In Vivo. Due to its
high transfection efficiency (% transfected cells) and low
toxicity in vitro, AL-A12 was selected as lead aminolipid for the
in vivo evaluation in the zebrafish embryo model, a validated in
vivo tool to assess lipid-based delivery systems.39,54−56 To
assess the systemic circulation of AL-A12 and DOTAP:chol
lipoplexes, the fluorescent lipid 1,1′dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD) was incorporated as a
tracer. To evaluate the utility of developed lipoplexes for in vivo
gene delivery, lipoplexes entrapped DNA encoding for RFP.
Both lipoplex systems were injected intravenously into
transgenic zebrafish embryos expressing GFP in their
vasculature. Biodistribution and reporter gene expression
were analyzed 4 and 24 h post-injection using confocal
microscopy (Figure 5).
As expected for cationic systems, both lipoplexes associated

with endothelial cells with preference for venous vasculature.57

The evaluation of reporter gene expression confirmed the
fluorescence distribution patterns. AL-A12-based lipoplexes as
well as DOTAP:chol resulted in RFP expression in endothelial
cells 4 h post-injection with stronger expression in venous
vasculature. Both qualitative confocal imaging and the image
analysis confirmed a higher gene expression in vivo for AL-A12
compared to DOTAP-based lipoplexes. Further in vivo studies
are needed to assess the potential to target actively growing
tumor blood vessels as shown for other positively charged lipid
systems.58

■ CONCLUSIONS
In recent decades, DOTAP:chol lipoplexes have been
investigated in several clinical trials for the delivery of DNA
vectors. However, none of these studies has advanced to a late
clinical stage due to poor outcomes with respect to efficacy.
The present study describes the design and one-pot synthesis
of short-chain aminolipids enabling incorporation into
DOTAP-based lipoplexes to maximize DNA vector delivery.
The structure−activity relationship analysis revealed methoxy
headgroups to be superior to hydroxy headgroups. Further-
more, C12 lipid tails promote higher transfection efficiencies
than C10 tails. The DNA vector transfection ability in HuH7
cells in vitro was significantly increased using various

aminolipids (e.g., AL-A12). In addition, incorporation of
selected aminolipids clearly mitigated the cytotoxicity. In vivo
studies in zebrafish embryos showed higher gene expression
using the lead lipoplex system based on AL-A12 compared to
conventional DOTAP:chol lipoplexes.
In conclusion, our presented one-pot combinatorial syn-

thesis is a versatile approach to create lipid libraries for the
development of DNA delivery systems. The combination of
DOTAP with short-chain aminolipids promotes efficient DNA
vector delivery in vitro and in vivo as well as reduced cellular
toxicity.
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Treatment of Phenylketonuria Using Minicircle-Based Naked-DNA
Gene Transfer to Murine Liver. Hepatology 2014, 60, 1035−1043.
(51) Kay, M. A. State-of-the-Art Gene-Based Therapies: The Road
Ahead. Nat. Rev. Genet. 2011, 12, 316−328.
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Supporting Results

1. Synthesis of Amino Lipids

1.1 Synthesis of N-decyl-N-(3-methyoxypropyl)decan-1-amine (AL-A10)

3-Methoxypropylamine (1.00 eq., 5.00 mmol, 0.51 mL), and decanal (2.20 eq., 11.00 mmol, 2.07 mL) 

were dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 11.00 

mmol, 2.33 g) was added and the mixture was stirred for 2 days. The product was purified by column 

chromatography (Silica; EtOAc/MeOH (98:2 V/V)  EtOAc/MeOH (90:10 V/V)) to yield a yellow liquid 

(702 mg, 1.90 mmol, 38.0 %).

1H NMR (400 MHz, CDCl3)  = 3.47 (t, J = 5.5 Hz, 2H), 3.33 (s, 3H), 3.14-3.08 (m, 2H), 3.00-2.95 (m, 4H), 

2.16-2.09 (m, 2H), 1.82-1.78 (m, 4H,), 1.35-1.27 (m, 28H), 0.89 (t, J =7.0 Hz, 6H) ppm.

13C NMR (100 MHz, CDCl3)  = 69.3, 58.8, 52.4, 50.5, 31.8, 29.2, 29.0, 26.8, 24.1, 23.0, 22.6, 14.1 ppm.

IR ⱱ = 2924, 2853, 1718, 1579, 1466, 1379, 1256, 1119 cm-1.

HRMS (ESI+): m/z [M+H]+: calculated for [C24H51NO+H]+: 370.4048; found: 370.4037.

Rf (EtOAc / MeOH (9:1 V/V)) = 0.34.

Figure S1: Chemical structure of N-decyl-N-(3-methyoxypropyl)decan-1-amine (AL-A10).
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Figure S2: 1H-NMR of N-decyl-N-(3-methyoxypropyl)decan-1-amine (AL-A10).

Figure S3: 13C-NMR of N-decyl-N-(3-methyoxypropyl)decan-1-amine (AL-A10).
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1.2 Synthesis of N-dodecyl-N-(3-methoxypropyl)dodecan-1-amine (AL-A12)

3-Methoxypropylamine (1.00 eq., 5.00 mmol, 0.51 mL), and lauraldehyde (2.20 eq., 11.00 mmol, 2.44 

mL) were dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 11.00 

mmol, 2.33 g) was added and the mixture was stirred for 5 days. The product was purified by column 

chromatography (silica; DCM/MeOH (98:2 V/V)  DCM/MeOH 90:10 V/V)) to yield a yellow, viscous 

liquid (588 mg, 1.38 mmol, 28 %).

1H NMR (400 MHz, CDCl3)  = 3.49-3.39 (m, 2H), 3.31 (s, 3H), 3.10-3.06 (m, 2H), 2.97-2.93 (m, 3H), 2.05-

1.98 (m, 4H), 1.74-1.62 (m, 3H), 1.31-1.25 (m, 36H), 0.87 (t, J = 6.9 Hz, 6H) ppm.

13C NMR (100 MHz, CDCl3)  = 69.5, 58.7, 52.0, 50.1, 31.9, 29.6, 29.6, 29.5, 29.3, 29.1, 26.8, 24.1, 23.0, 

22.6, 14.1 ppm.

IR ⱱ = 2923, 2823, 1717, 1567, 1466, 1379, 1251, 1118 cm-1.

HRMS (ESI+) : m/z [M+H] +: calculated for [C28H59NO+H]+: 426.4674; found: 426.4661.

Rf (DCM / MeOH (9:1 V/V)) = 0.61.

Figure S4: Chemical structure of N-dodecyl-N-(3-methoxypropyl)dodecan-1-amine (AL-A12).
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Figure S5: 1H-NMR of N-dodecyl-N-(3-methoxypropyl)dodecan-1-amine (AL-A12).

Figure S6: 13C-NMR of N-dodecyl-N-(3-methoxypropyl)dodecan-1-amine (AL-A12).
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1.3 Synthesis of 3-(didecylamino)propan-1-ol (AL-B10)

3-Amino-1-propanol (1.00 eq., 5.00 mmol, 0.38 mL) and decanal (2.20 eq., 11.00 mmol, 2.07 mL) were 

dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 11.00 mmol, 

2.33 g) was added and the mixture was stirred for 5 days. The product was purified by column 

chromatography (silica; DCM/MeOH/H2O (89:10:1 V/V/V)) to yield a slightly yellow, viscous liquid 

(1.380 g, 3.88 mmol, 78 %). Aldehyde is not fully reacted off.

1H NMR (400 MHz, CDCl3)  = 3.75-3.72 (m, 2H), 3.14 (t, J =7.2 Hz, 2H), 2.97-2.93 (m, 4H), 1.92 (qui, J = 

6.2 Hz, 2H), 1.65 (m, 4H), 1.30-1.25 (m, 28H), 0.87 (t, J = 6.8 Hz, 6H) ppm.

13C NMR (100 MHz, CDCl3)  = 59.0, 51.9, 50.2, 31.8, 29.4, 29.4, 29.2, 29.1, 26.8, 22.9, 22.6, 22.0, 14.0 

ppm.

IR ⱱ = 2924, 2855, 1715, 1567, 1467, 1377, 1250, 1062, 1008 cm-1.

HRMS (ESI+) : m/z [M+H] +: calculated for [C23H49NO+H]+: 356.3892; found: 356.3880.

Rf (DCM / MeOH / H2O, (89:10:1 V/V/V)) = 0.40.

Figure S7: Chemical structure of 3-(didecylamino)propan-1-ol (AL-B10).
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Figure S8: 1H-NMR of 3-(didecylamino)propan-1-ol (AL-B10).

Figure S9: 13C-NMR of 3-(didecylamino)propan-1-ol (AL-B10).
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1.4 Synthesis of 3-(didodecylamino)propan-1-ol (AL-B12)

3-Amino-1-propanol (1.00 eq., 5.00 mmol, 0.38 mL), lauraldehyde (2.20 eq, 11.00 mmol, 2.44 mL) and 

sodium triacetoxyborohydride (2.20 eq., 22.00 mmol, 2.33 g) were mixed in DCM and stirred for 2 days. 

The product was purified by column chromatography (silica, DCM/MeOH (95:5 V/V)) to yield a yellow 

liquid (428 mg, 1.04 mmol, 21 %). Aldehyde not fully reacted off.

1H NMR (400 MHz, CDCl3) δ = 3.76 (m, 2H), 3.47 (m, 1H), 3.21-3.17 (t, J = 7.2 Hz, 2H), 3.04-3.00 (m, 4H), 

1.99-1.93 (q, J = 6.2 Hz, 2H), 1.68 (m, 4H), 1.30-1.24 (m, 36H), 0.88-0.85 (t, J = 6.7 Hz, 6H) ppm.

13C NMR (100MHz, CDCl3) δ  = 61.4, 59.0, 52.0, 51.9, 31.8, 29.5, 29.3, 29.3, 29.0, 26.7, 26.3, 22.8, 22.6, 

21.1, 14.0 ppm.

IR ⱱ = 2924, 2855, 1713, 1379, 1237, 1008 cm-1. 

HRMS (ESI+) : m/z [M+H] +: calculated for [C27H57NO + H] +: 412.4513; found : 412.4512

Rf (DCM/MeOH (95:5 V/V)): 0.67.

Figure S10: Chemical structure of 3-(didodecylamino)propan-1-ol (AL-B12).
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Figure S11: 1H-NMR of 3-(didodecylamino)propan-1-ol (AL-B12).

Figure S12: 13C-NMR of 3-(didodecylamino)propan-1-ol (AL-B12).
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1.5 Synthesis of 3-(didecylamino)propane-1,2-diol (AL-C10)

(±)-3-Amino-1,2-propanediol (1.00 eq., 5.00 mmol, 0.51 mL), decanal (2.20 eq, 11.00 mmol, 2.07 mL) 

and sodium triacetoxyborohydride (2.20 eq., 11.00 mmol, 2.33 g) were mixed in DCM and stirred for 2 

days. The product was purified by column chromatography (silica; EtOAc/MeOH (98:2 V/V) → 

EtOAc/MeOH (90:10 V/V)) to yield a yellow liquid (773 mg, 2.081 mmol, 42 %).

NMR data still showed impurities after several purification steps.

HRMS (ESI+) : m/z [M+H] +: calculated for [C23H49NO2 + H] +: 372.3836; found : 372.3831

Rf (EtOAc/MeOH (90:10 V/V)): 0.25.

Figure S13: Chemical structure of 3-(didecylamino)propane-1,2-diol (AL-C10).
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Figure S14: 1H-NMR of 3-(didecylamino)propane-1,2-diol (AL-C10).

Figure S15: 13C-NMR of 3-(didecylamino)propane-1,2-diol (AL-C10).
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1.6 Synthesis 3-(didodecylamino)-1,2-propanediol (AL-C12)

Figure S16: Chemical structure of 3-(didodecylamino)-1,2-propanediol (AL-C12).

(±)-3-Amino-1,2-propanediol (1.00 eq., 5.00 mmol, 0.51 mL), lauraldehyde (2.20 eq, 11.00 mmol, 2.44 

mL) and sodium triacetoxyborohydride (2.20 eq., 11.00 mmol, 2.33 g) were mixed in DCM and stirred 

for 2 days. The product was purified by column chromatography (silica; DCM/MeOH (98:2 V/V)). The 

yield was too low to be determined, but still sufficient for characterization by NMR and HRMS.

1H NMR (600 MHz, CDCl3) δ = 4.17-4.11 (m, 1H), 3.73-3.67 (m, 1H), 3.62-3.56 (m, 1H), 3.18-2.93 (m, 

5H), 1.75-1.57 (m, 2H),1.36-1.20 (m, 38H), 0.91-0.85 (m, 6H) ppm.

13C NMR (150 MHz, CDCl3) δ = 66.8, 64.7, 57.3, 54.2, 32.1, 29.8, 29.8, 29.7, 29.6, 29.5, 29.4, 27.1, 23.8, 

22.9, 14.3 ppm.

HRMS (ESI+): m/z [M+H] +: calculated for [C27H57NO2 + H] +: 428.4462; found: 428.4462.
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Figure S17: 1H-NMR of 3-(Didodecylamino)-1,2-propanediol (AL-C12).

Figure S18: 13C-NMR of 3-(Didodecylamino)-1,2-propanediol (AL-C12).
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1.7 Synthesis of N,N’-didecyl-N,N’-dimethylethane-1,2-diamine (AL-D10)

N,N’’-Dimethylethylenediamine (1.00 eq., 5.00 mmol, 0.54 mL), and decanal (2.20 eq., 11.00 mmol, 

2.07 mL) were dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 

11.00 mmol, 2.33 g) was added and the reaction was stirred for 2 days. The product was purified by 

column chromatography (silica; DCM/MeOH/H2O (89:10:1 V/V/V)) to yield a slightly yellow, cloudy and 

viscous liquid (1.924 g, 5.21 mmol). Aldehyde not fully reacted off.

1H NMR (400 MHz, CDCl3)  = 3.04 (s, 4H), 2.75-2.71 (m, 4H), 2.53 (s, 6H), 1.61-1.57 (m, 4H), 1.28-1.25 

(m, 28H), 0.87 (t, J = 6.9 Hz, 12 H) ppm.

13C NMR (100 MHz, CDCl3)  = 56.8, 51.6, 40.6, 31.8, 29.4, 29.2, 27.0, 24.8, 22.6, 21.8, 14.0 ppm.

IR ⱱ = 2924, 2854, 1713, 1568, 1466, 1406, 1377, 1257 cm-1.

HRMS (ESI+) : m/z [M+H] +: calculated for [C24H52N2+H]+: 369.4209; found: 369.4209.

Rf (DCM / MeOH / H2O, (89:10:1 V/V/V)) = 0.39.

Figure S19: Chemical structure of N,N’-didecyl-N,N’-dimethylethane-1,2-diamine (AL-D10).
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Figure S20: 1H-NMR of N,N’-didecyl-N,N’-dimethylethane-1,2-diamine (AL-D10).

Figure S21: 13C-NMR of N,N’-didecyl-N,N’-dimethylethane-1,2-diamine (AL-D10).
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1.8 Synthesis of N,N,N’,N’-Tetrakis(decyl)propane-1,3-diamine (AL-E10)

1,3-Diaminopropane (1.00 eq., 5.00 mmol, 0.42 mL), and decanal (4.40 eq., 22.00 mmol, 4.14 mL) were 

dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (4.40 eq., 22.00 mmol, 

4.66 g) was added and the reaction was stirred for 2 days. The product was purified by column 

chromatography (silica; EtOAc/MeOH (98:2)  EtOAc/MeOH (90:10)) to yield a slightly yellow liquid 

(855 mg, 1.36 mmol, 27 %).

1H NMR (400 MHz, CDCl3)  = 3.10 (m, 4H), 2.95-2.91 (m, 8H), 2.43-2.39 (m, 2H), 1.77-1.66 (m, 8H), 

1.33-1.27 (m, 56H), 0.89 (t J = 7.0 Hz, 12H) ppm.

13C NMR (100 MHz, CDCl3)  = 52.5, 51.0, 31.8, 29.4, 29.4, 29.2, 29.1, 26.9, 23.4, 22.6, 14.1 ppm.

IR ⱱ = 2922, 2853, 1715, 1571, 1466, 1377, 1259 cm-1.

HRMS (ESI+): m/z [M+H] +: calculated for [C43H90N2+H]+: 635.7182; found: 635.7178.

Rf (EtOAc / MeOH (9:1 V/V)) = 0.54.

Figure S22: Chemical structure of N,N,N’,N’-Tetrakis(decyl)propane-1,3-diamine (AL-E10).
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Figure S23: 1H-NMR of N,N,N’,N’-Tetrakis(decyl)propane-1,3-diamine (AL-E10).

Figure S24: 13C-NMR of N,N,N’,N’-Tetrakis(decyl)propane-1,3-diamine (AL-E10).
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1.9 Synthesis of N,N,N’,N’-tetradodecylpropane-1,3-diamine (AL-E12)

1,3-Diaminopropane (1.00 eq., 5.00 mmol, 0.42 mL), lauraldehyde (4.40 eq, 22.00 mmol, 4.88 mL) and 

sodium triacetoxyborohydride (4.40 eq., 22.00 mmol, 4.66 g) were mixed in DCM and stirred for 5 days. 

The product was purified by column chromatography (silica; DCM/MeOH (98:2 V/V)) to yield a yellow 

liquid (26 mg, 0.04 mmol, <1 %). Aldehyde not fully reacted off.

1H NMR (400 MHz, CDCl3) δ = 3.10-3.06 (t, J = 7.8 Hz 4H), 2.96-2.92 (q, J = 4.2 Hz, 8H), 2.24-2.08 (m, 

2H), 1.61 (m, 8H), 1.29-1.25 (m, 72H), 0.89-0.85 (t, J = 6.9 Hz, 12H) ppm.

13C NMR (100 MHz, CDCl3) δ = 51.8, 51.6, 49.8, 31.9, 29.6, 29.3, 29.1, 26.8, 22.9, 20.0, 22.6, 21.7, 14.0 

ppm.

IR ⱱ = 2923, 2854, 1714, 1565, 1467, 1361, 1252, 1008 cm-1. 

HRMS (ESI+): m/z [M+H] +: calculated for [C51H106N2 + H] +: 747.8429; found : 747.8426

Rf (DCM/MeOH (98:2 V/V)): 0.16.

Figure S25: Chemical structure of N,N,N’,N’-tetradodecylpropane-1,3-diamine (AL-E12).
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Figure S26: 1H-NMR of N,N,N’,N’-tetradodecylpropane-1,3-diamine (AL-E12).

Figure S27: 13C-NMR of N,N,N’,N’-tetradodecylpropane-1,3-diamine (AL-E12).

1.10 Synthesis of (Benzyl)didecylamine (AL-F10)

Figure S28: Chemical structure of (Benzyl)didecylamine (AL-F10).
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Benzylamine (1.00 eq., 5.00 mmol, 0.55 mL), and decanal (2.20 eq., 11.00 mmol, 2.07 mL) were 

dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 11.00 mmol, 

2.33 g) was added and the mixture was stirred for 2 days. The product was purified by column 

chromatography (Silica; EtOAc/MeOH (98:2 V/V)  EtOAc/MeOH (90:10 V/V)) to yield a dark yellow 

liquid (666 mg, 1.72 mmol, 34.4 %).

1H-NMR (400 MHz, CDCl3):  = 7.27 – 7.10 (m, 5H), 3.46 (s, 2H), 2.36 – 2.26 (m, 4H), 1.45 – 1.31 (m, 

4H), 1.17 (s, 28H), 0.81 (t, J = 6.8 Hz, 6H) ppm.

13C-NMR (100 MHz, CDCl3):  = 140.5, 129.0, 128.2, 126.7, 58.8, 54.0, 32.1, 29.83, 29.77, 29.75, 29.5, 

27.5, 27.2, 22.8, 14.3 ppm.

HRMS (ESI+): m/z [M+H] +: calculated for [C27H49N + H] +: 388.3938; found : 388.3933.

Rf(DCM:MeOH (92:8 V/V)): 0.94.

Figure S29: 1H-NMR of (Benzyl)didecylamine (AL-F10).

77



S21

Figure S30: 13C-NMR of (Benzyl)didecylamine (AL-F10).

1.11 Synthesis of [(1H-Imidazol-2-yl)methyl]didecylamine (AL-G10)

2-(Aminomethyl)imidazole dihydrochloride (1.00 eq., 5.00 mmol, 0.85 g), and decanal (2.20 eq., 11.00 

mmol, 2.07 mL) were dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 

eq., 11.00 mmol, 2.33 g) was added and the mixture was stirred for 2 days. The product was purified 

by column chromatography (Silica; EtOAc/MeOH (98:2 V/V)  EtOAc/MeOH (90:10 V/V)) to yield a 

yellow liquid (1.36 g, 3.59 mmol, 71.9 %).

Figure S31: Chemical structure of [(1H-Imidazol-2-yl)methyl]didecylamine (AL-G10).
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1H-NMR (400 MHz, CDCl3):  = 11.23 (br s, 2H), 7.01 – 6.93 (m, 2H),  5.22 (s, 1H), 4.39 (s, 1H), 3.58 

– 3.55 (m, 1 H), 2.86 – 2.81 (m, 2H), 1.98 (br s, 4H), 1.58 – 1.46 (m, 3H), 1.18 (br s, 28H), 0.83 – 0.79 

(m, 6H) ppm.

The integrals are not fitting well due to impurities which could not be removed by chromatography. 

Residual solvent peaks were found for DCM (5.33 ppm) and EtOAc 1.26 (s), 2.05 (t), 4.12 (q)

13C-NMR (100 MHz, CDCl3):  = 138.1, 122.9, 63.1, 52.9, 49.5, 37.7, 34.6, 32.9, 32.0, 32.0, 29.7, 29.7, 

29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 27.3, 27.3, 26.9, 25.9, 23.4, 22.8, 22.2, 14.2 ppm.

HRMS (ESI+): m/z [M+H] +: calculated for [C24H47N3 + H] +: 378.3843; found : 378.3843.

Rf(DCM:MeOH (92:8 V/V)): 0.64.

Figure S32: 1H-NMR of [(1H-Imidazol-2-yl)methyl]didecylamine (AL-G10).
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Figure S33: 13C-NMR of [(1H-Imidazol-2-yl)methyl]didecylamine (AL-G10).

1.12 Synthesis [(4-Pyridyl)methyl]didecylamine (AL-H10)

4-(Aminomethyl)pyridine (1.00 eq., 5.00 mmol, 0.51 mL), and decanal (2.20 eq., 11.00 mmol, 2.07 mL) 

were dissolved in DCM (25 mL) and stirred for 3 h. Sodium triacetoxyborohydride (2.20 eq., 11.00 

mmol, 2.33 g) was added and the mixture was stirred for 2 days. The product was purified by column 

chromatography (Silica; EtOAc/MeOH (98:2 V/V)  EtOAc/MeOH (90:10 V/V)) to yield a brown liquid 

(1.75 g, 4.51 mmol, 90.1 %). The spectrum still shows small acetic acid contaminations at approx. 2.1 

ppm (1H-NMR), 175 ppm, and 21 ppm (both 13C-NMR) that could not be removed with column 

chromatography.

Figure S34: Chemical structure of [(4-Pyridyl)methyl]didecylamine (AL-H10).
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1H-NMR (400 MHz, CDCl3):  = 8.54 – 8.49 (m, 2H), 7.32 – 7.29 (m, 2H), 3.56 (s, 2H), 2.44 – 2.36 (m, 

4H), 1.49 – 1.39 (m, 4H), 1.24 (s, 28H), 0.87 (t, J = 6.8 Hz, 6H) ppm.

13C-NMR (100 MHz, CDCl3):  = 150.3, 149.1, 124.0, 57.8, 54.2, 32.0, 29.8, 29.71, 29.66, 29.5, 27.5, 

27.0, 22.8, 14.2 ppm.

HRMS (ESI+): m/z [M+H] +: calculated for [C26H48N2 + H] +: 389.3890; found : 389.3890.

Rf(DCM:MeOH (92:8 V/V)): 0.78.

Figure S35: 1H-NMR of [(4-Pyridyl)methyl]didecylamine (AL-H10).
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Figure S36: 13C-NMR of [(4-Pyridyl)methyl]didecylamine (AL-H10).

2. In vitro experiments

2.1 Transfection experiments

Table S1: Results of transfection experiments for aminolipid- and DOTAP:chol-based lipoplexes.

Substance Setting GFP positive cells [%] MFI [RFU]
AL-A10 1 µg DNA, 1:1 ratio 7.7 801

2 µg DNA, 1:1 ratio 28.7 1033
AL-A12 1 µg DNA, 1:1 ratio 10.3 785

2 µg DNA, 1:1 ratio 31.5 1606
AL-B10 1 µg DNA, 1:1 ratio 5.0 384

2 µg DNA, 1:1 ratio 11.5 928
AL-B12 1 µg DNA, 1:1 ratio 8.6 469

2 µg DNA, 1:1 ratio 8.3 358
AL-C10 1 µg DNA, 1:1 ratio 8.3 487

2 µg DNA, 1:1 ratio 9.5 215
AL-C12 1 µg DNA, 1:1 ratio 6.0 658

2 µg DNA, 1:1 ratio 4.2 451
AL-D10 1 µg DNA, 1:1 ratio 7.9 354

2 µg DNA, 1:1 ratio 11.6 224
AL-E10 1 µg DNA, 1:1 ratio 4.7 577

2 µg DNA, 1:1 ratio 11.5 928
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AL-F10 1 µg DNA, 1:1 ratio 4.5 906
AL-G10 1 µg DNA, 1:1 ratio 4.7 714
AL-H10 1 µg DNA, 1:1 ratio 2.7 764
DOTAP:chol 1 µg DNA, 1:1 ratio 5.7 507

2 µg DNA, 1:1 ratio 13.2 756
Lipofectamine 3000 1 µg DNA, 1:1 ratio 47.5 7632

2.2 Cytotoxicity experiments

Table S2: LC10, LC50, and LC90 values corresponding to 90%, 50%, and 10% cell viability for aminolipid- and 
DOTAP:chol-based systems. The values were calculated from MTT-assay data using the non-linear dose-
response function in Origin 2018.

Substance LC10 (90% viability) [µM] LC50 (50% viability) [µM] LC90 (10% viability) [µM]
AL-A10 3.7 16.8 76.5
AL-A12 4.2 43.9 456.9
AL-B10 5.4 9.3 15.9
AL-B12 4.1 9.3 21.1
AL-C10 2.2 4.8 10.4
AL-C12 0.8 9.7 120.3
AL-D10 0.9 3.0 9.5
AL-E10 1.7 20.6 251.9
AL-F10 2.2 75.3 2548.8
AL-G10 9.7 42.2 182.7
AL-H10 2.0 20.6 213.7
DOTAP:chol 2.4 24.4 254.6

Table S3: Average cell viability results of three MTT assays.

Substance % Survival 
(4 µM)

% Survival
(16 µM)

% Survival
(25 µM)

% Survival
(64 µM)

% Survival
(128 µM)

AL-A10 77.5 ± 0.7 72.9 ± 1.0 65.3 ± 0.4 7.2 ± 0.3 2.5 ± 0.4
AL-A12 96.3 ± 0.7 88.9 ± 1.9 78.2 ± 2.8 48.2 ± 0.6 33.6 ± 0.5
AL-B10 79.2 ± 0.9 69.2 ± 0.6 3.4 ± 0.0 1.7 ± 0.2 1.7 ± 0.2
AL-B12 80.2 ± 1.8 67.4 ± 0.7 13.4 ± 0.2 2.0 ± 0.2 3.1 ± 1.9
AL-C10 62.8 ± 1.1 2.9 ± 0.1 1.4 ± 0.0 2.0 ± 0.6 2.2 ± 0.7
AL-C12 58.3 ± 0.2 53.6 ± 0.6 34.7 ± 0.3 3.6 ± 1.8 3.6 ± 0.1
AL-D10 36.5 ± 1.1 2.4 ± 0.1 3.3 ± 0.4 3.4 ± 0.1 3.5 ± 0.2
AL-E10 71.8 ± 1.5 62.2 ± 0.9 50.7 ± 0.9 22.5 ± 1.6 12.3 ± 1.2
AL-F10 84.7 ± 4.5 68.8 ± 2.0 69.4 ± 1.0 54.1 ± 1.6 39.1 ± 1.8
AL-G10 74.4 ± 7.9 73.4 ± 0.2 68.2 ± 0.1 29.7 ± 4.6 12.0 ± 2.4
AL-H10 80.1 ± 2.0 57.1 ± 2.5 50.5 ± 0.7 26.7 ± 0.9 11.4 ± 0.1
DOTAP:chol 78.4 ± 1.5 73.1 ± 1.1 65.3 ± 0.1 22.0 ± 0.2 17.4 ± 1.1
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2.3 Structure-Activity-Relationship

The SAR was done for aminolipids AL-A10, AL-A12, AL-B10, AL-B12, and DOTAP:chol. A total of three 

independent measurements with three replicates each was done to obtain the data necessary for 

statistical evaluation. Statistical evaluation was carried out using Origin 2018 Pro (see Materials and 

Methods).

2.3.1 Results of the Structure-Activity-Relationship experiments

Figure S37: Structure-Activity-Relationship for the most promising aminolipids AL-A10, AL-A12, AL-B10, AL-
B12, as well as DOTAP:chol. The graph shows the influence of the headgroup on transfection efficiency (A, B) 
and transgene expression (D, E) when the tail length stays constant and the influence of the tail length on 
transfection efficiency (C) and transgene expression (F) when the headgroup stays constant. Methoxy 
headgroups are superior to hydroxy headgroups (p < 0.001) and C12 tails are superior to C10 tails in both, 
transfection efficiency (p < 0.1) and transgene expression (p < 0.001). The data were obtained from three 
independent measurements with three replicates each. * p < 0.1, ** p < 0.001.
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2.3.2 ANOVA Tables for GFP (p < 0.1)
Table S4: Descriptive statistics for the one way ANOVA for GFP (p < 0.1). AL 1 corresponds to AL-A10, AL 2 
corresponds to AL-A12, AL 3 corresponds to AL-B10, and AL 4 corresponds to AL-B12.

N Analysis N Missing Mean Standard Deviation SE of Mean
DOTAP/Chol 1 ug 8 1 6.0 0.7 0.3

AL 1 1 ug 9 0 7.9 1.9 0.6
AL 2 1 ug 9 0 11.2 4.2 1.4
AL 3 1 ug 9 0 4.7 2.0 0.7
AL 4 1 ug 9 0 7.6 3.1 1.0

DOTAP/Chol 2 ug 9 0 14.3 3.1 1.0
AL 1 2 ug 9 0 28.6 8.2 2.7
AL 2 2 ug 9 0 37.3 12.7 4.2
AL 3 2 ug 9 0 11.5 4.8 1.6
AL 4 2 ug 9 0 6.8 2.8 0.9

Table S5: Overall ANOVA table for the one way ANOVA for GFP (p < 0.1). Null Hypothesis: The means of all 
levels are equal. Alternative Hypothesis: The means of one or more levels are different. At the 0.1 level, the 
population means are significantly different.

DF Sum of Squares Mean Square F Value Prob>F
Model 9 9374.4 1041.6 33.9 0
Error 79 2428.6 30.7
Total 88 11803.0

Table S6: Fit statistics for the one way ANOVA for GFP (p < 0.1).

R-Square Coeff Var Root MSE Data Mean
0.794 0.406 5.545 13.661

Table S7: Means comparison Bonferroni test for one way ANOVA for GFP (p < 0.1). Sig equals 1 indicates that 
the difference of the means is significant at the 0.1 level.  Sig equals 0 indicates that the difference of the 
means is not significant at the 0.1 level. AL 1 corresponds to AL-A10, AL 2 corresponds to AL-A12, AL 3 
corresponds to AL-B10, and AL 4 corresponds to AL-B12.

MeanDiff SEM t Value Prob Alpha Sig LCL UCL
AL 1 1 ug DOTAP/Chol 1 ug 1.9 2.7 0.7 1 0.1 0 -6.6 10.4
AL 2 1 ug DOTAP/Chol 1 ug 5.2 2.7 1.9 1 0.1 0 -3.4 13.7

AL 2 1 ug AL 1 1 ug 3.2 2.6 1.2 1 0.1 0 -5.0 11.5
AL 3 1 ug DOTAP/Chol 1 ug -1.3 2.7 -0.5 1 0.1 0 -9.8 7.2

AL 3 1 ug AL 1 1 ug -3.2 2.6 -1.2 1 0.1 0 -11.5 5.0
AL 3 1 ug AL 2 1 ug -6.5 2.6 -2.5 0.7 0.1 0 -14.7 1.8

AL 4 1 ug DOTAP/Chol 1 ug 1.6 2.7 0.6 1 0.1 0 -6.9 10.1
AL 4 1 ug AL 1 1 ug -0.3 2.6 -0.1 1 0.1 0 -8.6 7.9
AL 4 1 ug AL 2 1 ug -3.6 2.6 -1.4 1 0.1 0 -11.8 4.7
AL 4 1 ug AL 3 1 ug 2.9 2.6 1.1 1 0.1 0 -5.4 11.2

DOTAP/Chol  2 ug   DOTAP/Chol 
1ug

8.3 2.7 3.1 0.1 0.1 0 -0.2 16.9

DOTAP/Chol 2 ug AL 1 1 ug 6.4 2.6 2.5 0.7 0.1 0 -1.8 14.7
DOTAP/Chol 2 ug AL 2 1 ug 3.2 2.6 1.2 1 0.1 0 -5.1 11.5
DOTAP/Chol 2 ug AL 3 1 ug 9.7 2.6 3.7 0.0 0.1 1 1.4 17.9
DOTAP/Chol 2 ug AL 4 1 ug 6.8 2.6 2.6 0.5 0.1 0 -1.5 15.0
AL 1 2 ug DOTAP/Chol 1 ug 22.6 2.7 8.4 7.4E-11 0.1 1 14.0 31.1

AL 1 2 ug AL 1 1 ug 20.6 2.6 7.9 6.2E-10 0.1 1 12.4 28.9
AL 1 2 ug AL 2 1 ug 17.4 2.6 6.7 1.5E-7 0.1 1 9.1 25.7
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AL 1 2 ug AL 3 1 ug 23.9 2.6 9.1 2.4E-12 0.1 1 15.6 32.2
AL 1 2 ug AL 4 1 ug 21.0 2.6 8.0 3.5E-10 0.1 1 12.7 29.2

AL 1 2 ug DOTAP/Chol 2 ug 14.2 2.6 5.4 2.6E-5 0.1 1 6.0 22.5
AL 2 2 ug DOTAP/Chol 1 ug 31.3 2.7 11.6 4.3E-17 0.1 1 22.8 39.8

AL 2 2 ug AL 1 1 ug 29.4 2.6 11.2 2.2-16 0.1 1 21.1 37.6
AL 2 2 ug AL 2 1 ug 26.1 2.6 10.0 5.1E-14 0.1 1 17.9 34.4
AL 2 2 ug AL 3 1 ug 32.6 2.6 12.5 1.1E-18 0.1 1 24.3 40.9
AL 2 2 ug AL 4 1 ug 29.7 2.6 11.4 1.3E-16 0.1 1 21.4 38.0

AL 2 2 ug DOTAP/Chol 2 ug 22.9 2.6 8.8 1.2E-11 0.1 1 14.7 31.2
AL 2 2 ug AL 1 2 ug 8.7 2.6 3.3 0.1 0.1 1 0.5 17.0

AL 3 2 ug DOTAP/Chol 1 ug 5.4 2.7 2.0 1 0.1 0 -3.1 14.0
AL 3 2 ug AL 1 1 ug 3.5 2.6 1.4 1 0.1 0 -4.7 11.8
AL 3 2 ug AL 2 1 ug 0.3 2.6 0.1 1 0.1 0 -8.0 8.6
AL 3 2 ug AL 3 1 ug 6.8 2.6 2.6 0.5 0.1 0 -1.5 15.0
AL 3 2 ug AL 4 1 ug 3.9 2.6 1.5 1 0.1 0 -4.4 12.1

AL 3 2 ug DOTAP/Chol 2 ug -2.9 2.6 -1.1 1 0.1 0 -11.2 5.4
AL 3 2 ug AL 1 2 ug -17.1 2.6 -6.6 2.4E-7 0.1 1 -25.4 -8.9
AL 3 2 ug AL 2 2 ug -25.8 2.6 -9.9 8.4E-14 0.1 1 -34.1 -17.6

AL 4 2 ug DOTAP/Chol 1 ug 0.8 2.7 0.3 1 0.1 0 -7.8 9.3
AL 4 2 ug AL 1 1 ug -1.2 2.6 -0.5 1 0.1 0 -9.4 7.1
AL 4 2 ug AL 2 1 ug -4.4 2.6 -1.7 1 0.1 0 -12.7 3.9
AL 4 2 ug AL 3 1 ug 2.1 2.6 0.8 1 0.1 0 -6.2 10.3
AL 4 2 ug AL 4 1 ug -0.8 2.6 -0.3 1 0.1 0 -9.1 7.4

AL 4 2 ug DOTAP/Chol 2 ug -7.6 2.6 -2.9 0.2 0.1 0 -15.9 0.7
AL 4 2 ug AL 1 2 ug -21.8 2.6 -8.3 8.4E-11 0.1 1 -30.1 -13.6
AL 4 2 ug AL 2 2 ug -30.5 2.6 -11.7 3.1E-17 0.1 1 -38.8 -22.3
AL 4 2 ug AL 3 2 ug -4.7 2.6 -1.8 1 0.1 0 -13.0 3.6

2.3.3 ANOVA Table for GFP (p < 0.001)
Table S8: Descriptive statistics for the one way ANOVA for GFP (p < 0.001). AL 1 corresponds to AL-A10, AL 2 
corresponds to AL-A12, AL 3 corresponds to AL-B10, and AL 4 corresponds to AL-B12.

N Analysis N Missing Mean Standard Deviation SE of Mean
DOTAP/Chol 1 ug 8 1 6.0 0.7 0.3

AL 1 1 ug 9 0 7.9 1.9 0.6
AL 2 1 ug 9 0 11.2 4.2 1.4
AL 3 1 ug 9 0 4.7 2.0 0.7
AL 4 1 ug 9 0 7.6 3.1 1.0

DOTAP/Chol 2 ug 9 0 14.3 3.1 1.0
AL 1 2 ug 9 0 28.6 8.2 2.7
AL 2 2 ug 9 0 37.3 12.7 4.2
AL 3 2 ug 9 0 11.5 4.8 1.6
AL 4 2 ug 9 0 6.8 2.8 1.0

Table S9: Overall ANOVA table for the one way ANOVA for GFP (p < 0.001). Null Hypothesis: The means of all 
levels are equal. Alternative Hypothesis: The means of one or more levels are different. At the 0.001 level, the 
population means are significantly different.

DF Sum of Squares Mean Square F Value Prob>F
Model 9 9374.4 1041.6 33.9 0
Error 79 2428.6 30.7
Total 88 11803.0

Table S10: Fit statistics for the one way ANOVA for GFP (p < 0.001).

R-Square Coeff Var Root MSE Data Mean
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0.794 0.406 5.545 13.661

Table S11: Means comparison Bonferroni test for one way ANOVA for GFP (p < 0.001). Sig equals 1 indicates 
that the difference of the means is significant at the 0.001 level. Sig equals 0 indicates that the difference of the 
means is not significant at the 0.001 level. AL 1 corresponds to AL-A10, AL 2 corresponds to AL-A12, AL 3 
corresponds to AL-B10, and AL 4 corresponds to AL-B12.

MeanDiff SEM t Value Prob Alpha Sig LCL UCL
AL 1 1 ug DOTAP/Chol 1 ug 1.9 2.7 0.7 1 0.001 0 -10.2 14.1
AL 2 1 ug DOTAP/Chol 1 ug 5.2 2.7 1.9 1 0.001 0 -7.0 17.3

AL 2 1 ug AL 1 1 ug 3.2 2.6 1.2 1 0.001 0 -8.6 15.0
AL 3 1 ug DOTAP/Chol 1 ug -1.3 2.7 -0.5 1 0.001 0 -13.5 10.8

AL 3 1 ug AL 1 1 ug -3.2 2.6 -1.2 1 0.001 0 -15.0 8.6
AL 3 1 ug AL 2 1 ug -6.5 2.6 -2.5 0.7 0.001 0 -18.3 5.3

AL 4 1 ug DOTAP/Chol 1 ug 1.6 2.7 0.6 1 0.001 0 -10.6 13.7
AL 4 1 ug AL 1 1 ug -0.3 2.6 -0.1 1 0.001 0 -12.1 11.5
AL 4 1 ug AL 2 1 ug -3.6 2.6 -1.4 1 0.001 0 -15.4 8.2
AL 4 1 ug AL 3 1 ug 2.9 2.6 1.1 1 0.001 0 -8.9 14.7

DOTAP/Chol  2 ug   DOTAP/Chol 
1ug

8.3 2.7 3.1 0.1 0.001 0 -3.8 20.5

DOTAP/Chol 2 ug AL 1 1 ug 6.4 2.6 2.5 0.7 0.001 0 -5.4 18.2
DOTAP/Chol 2 ug AL 2 1 ug 3.2 2.6 1.2 1 0.001 0 -8.6 15.0
DOTAP/Chol 2 ug AL 3 1 ug 9.7 2.6 3.7 0.0 0.001 0 -2.1 21.5
DOTAP/Chol 2 ug AL 4 1 ug 6.8 2.6 2.6 0.5 0.001 0 -5.0 18.5
AL 1 2 ug DOTAP/Chol 1 ug 22.6 2.7 8.4 7.4E-11 0.001 1 10.4 34.7

AL 1 2 ug AL 1 1 ug 20.6 2.6 7.9 6.2E-10 0.001 1 8.9 32.4
AL 1 2 ug AL 2 1 ug 17.4 2.6 6.7 1.5E-7 0.001 1 5.6 29.2
AL 1 2 ug AL 3 1 ug 23.9 2.6 9.1 2.4E-12 0.001 1 12.1 35.7
AL 1 2 ug AL 4 1 ug 21.0 2.6 8.0 3.5E-10 0.001 1 9.2 32.8

AL 1 2 ug DOTAP/Chol 2 ug 14.2 2.6 5.4 2.6E-5 0.001 1 2.4 26.0
AL 2 2 ug DOTAP/Chol 1 ug 31.3 2.7 11.6 4.3E-17 0.001 1 19.1 43.4

AL 2 2 ug AL 1 1 ug 29.4 2.6 11.2 2.2E-16 0.001 1 17.6 41.1
AL 2 2 ug AL 2 1 ug 26.1 2.6 10.0 5.1E-14 0.001 1 14.3 37.9
AL 2 2 ug AL 3 1 ug 32.6 2.6 12.5 1.1E-18 0.001 1 20.8 44.4
AL 2 2 ug AL 4 1 ug 29.7 2.6 11.4 1.3E-16 0.001 1 17.9 41.5

AL 2 2 ug DOTAP/Chol 2 ug 22.9 2.6 8.8 1.2E-11 0.001 1 11.2 34.7
AL 2 2 ug AL 1 2 ug 8.7 2.6 3.3 0.1 0.001 0 -3.1 20.5

AL 3 2 ug DOTAP/Chol 1 ug 5.4 2.7 2.0 1 0.001 0 -6.7 17.6
AL 3 2 ug AL 1 1 ug 3.5 2.6 1.4 1 0.001 0 -8.3 15.3
AL 3 2 ug AL 2 1 ug 0.3 2.6 0.1 1 0.001 0 -11.5 12.1
AL 3 2 ug AL 3 1 ug 6.8 2.6 2.6 0.5 0.001 0 -5.0 18.6
AL 3 2 ug AL 4 1 ug 3.9 2.6 1.5 1 0.001 0 -7.9 15.7

AL 3 2 ug DOTAP/Chol 2 ug -2.9 2.6 -1.1 1 0.001 0 -14.7 8.9
AL 3 2 ug AL 1 2 ug -17.1 2.6 -6.6 2.4E-7 0.001 1 -28.9 -5.3
AL 3 2 ug AL 2 2 ug -25.8 2.6 -9.9 8.4E-14 0.001 1 -37.6 -14.0

AL 4 2 ug DOTAP/Chol 1 ug 0.8 2.7 0.28 1 0.001 0 -11.4 12.9
AL 4 2 ug AL 1 1 ug -1.2 2.6 -0.5 1 0.001 0 -13.0 10.6
AL 4 2 ug AL 2 1 ug -4.4 2.6 -1.7 1 0.001 0 -16.2 7.4
AL 4 2 ug AL 3 1 ug 2.1 2.6 0.8 1 0.001 0 -9.7 13.9
AL 4 2 ug AL 4 1 ug -0.8 2.6 -0.3 1 0.001 0 -12.6 11.0

AL 4 2 ug DOTAP/Chol 2 ug -7.6 2.6 -2.9 0.2 0.001 0 -19.4 4.2
AL 4 2 ug AL 1 2 ug -21.8 2.6 -8.4 8.3E-11 0.001 1 -33.6 -10.0
AL 4 2 ug AL 2 2 ug -30.5 2.6 -11.7 3.1E-17 0.001 1 -42.3 -18.7
AL 4 2 ug AL 3 2 ug -4.7 2.6 -1.8 1 0.001 0 -16.5 7.1
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2.3.4 ANOVA Table for MFI (p < 0.1)
Table S12: Descriptive statistics for the one way ANOVA for MFI (p < 0.1). AL 1 corresponds to AL-A10, AL 2 
corresponds to AL-A12, AL 3 corresponds to AL-B10, and AL 4 corresponds to AL-B12.

N Analysis N Missing Mean Standard Deviation SE of Mean
DOTAP/Chol 1 ug 8 1 417.5 21.4 7.6

AL 1 1 ug 9 0 409.4 40.0 13.3
AL 2 1 ug 9 0 623.7 152.2 50.5
AL 3 1 ug 8 1 333.3 23.6 8.4
AL 4 1 ug 9 0 320.8 78.8 26.3

DOTAP/Chol 2 ug 9 0 644.4 107.2 35.7
AL 1 2 ug 9 0 893.9 167.7 55.9
AL 2 2 ug 9 0 1459.3 478.0 159.3
AL 3 2 ug 9 0 247.3 103.9 34.6
AL 4 2 ug 9 0 250.8 67.1 22.4

Table S13: Overall ANOVA table for the one way ANOVA for MFI (p < 0.1). Null Hypothesis: The means of all 
levels are equal. Alternative Hypothesis: The means of one or more levels are different. At the 0.1 level, the 
population means are significantly different.

DF Sum of Squares Mean Square F Value Prob>F
Model 9 1.1E7 1.3E6 39.2 0
Error 78 2.5E6 32335.8
Total 87 1.4E7

Table S14: Fit statistics for the one way ANOVA for MFI (p < 0.1).

R-Square Coeff Var Root MSE Data Mean
0.819 0.319 179.822 564.239

Table S15: Means comparison Bonferroni test for one way ANOVA for MFI (p < 0.1). Sig equals 1 indicates 
that the difference of the means is significant at the 0.1 level.  Sig equals 0 indicates that the difference of the 
means is not significant at the 0.1 level. AL 1 corresponds to AL-A10, AL 2 corresponds to AL-A12, AL 3 
corresponds to AL-B10, and AL 4 corresponds to AL-B12.

MeanDiff SEM t Value Prob Alpha Sig LCL UCL
AL 1 1 ug DOTAP/Chol 1 ug -8.1 87.4 -0.1 1 0.1 0 -284.5 268.4
AL 2 1 ug DOTAP/Chol 1 ug 206.2 87.4 2.4 0.9 0.1 0 -70.3 482.6

AL 2 1 ug AL 1 1 ug 214.2 84.8 2.5 0.6 0.1 0 -53.9 482.4
AL 3 1 ug DOTAP/Chol 1 ug -84.3 89.9 -0.9 1 0.1 0 -368.7 200.2

AL 3 1 ug AL 1 1 ug -76.2 87.4 -0.9 1 0.1 0 -352.6 200.2
AL 3 1 ug AL 2 1 ug -290.4 87.4 -3.3 0.1 0.1 1 -566.8 -14.0

AL 4 1 ug DOTAP/Chol 1 ug -96.7 87.4 -1.1 1 0.1 0 -373.1 179.7
AL 4 1 ug AL 1 1 ug -88.7 84.8 -1.0 1 0.1 0 -356.8 179.5
AL 4 1 ug AL 2 1 ug -302.9 84.8 -3.6 0.0 0.1 1 -571.1 -34.7
AL 4 1 ug AL 3 1 ug -12.5 87.4 -0.1 1 0.1 0 -288.9 263.9

DOTAP/Chol  2 ug   
DOTAP/Chol 1

ug
226.9 87.4 2.6

0.5 0.1 0
-49.5 503.4

DOTAP/Chol 2 ug AL 1 1 ug 235.0 84.8 2.8 0.3 0.1 0 -33.2 503.2
DOTAP/Chol 2 ug AL 2 1 ug 20.8 84.8 0.2 1 0.1 0 -247.4 288.9
DOTAP/Chol 2 ug AL 3 1 ug 311.2 87.4 3.6 0.0 0.1 1 34.8 587.6
DOTAP/Chol 2 ug AL 4 1 ug 323.7 84.8 3.8 0.0 0.1 1 55.5 591.8
AL 1 2 ug DOTAP/Chol 1 ug 476.4 87.4 5.5 2.5E-5 0.1 1 200.0 752.8

AL 1 2 ug AL 1 1 ug 484.4 84.8 5.7 8.6E-6 0.1 1 216.3 752.6
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AL 1 2 ug AL 2 1 ug 270.2 84.8 3.2 0.1 0.1 1 2.1 538.4
AL 1 2 ug AL 3 1 ug 560.6 87.4 6.4 4.5E-7 0.1 1 284.2 837.1
AL 1 2 ug AL 4 1 ug 573.1 84.8 6.8 1.0E-7 0.1 1 304.9 841.3

AL 1 2 ug DOTAP/Chol 2 ug 249.4 84.8 2.9 0.2 0.1 0 -18.7 517.6
AL 2 2 ug DOTAP/Chol 1 ug 1041.8 87.4 11.9 1.3E-17 0.1 1 765.4 1318.3

AL 2 2 ug AL 1 1 ug 1049.9 84.8 12.4 1.9E-18 0.1 1 781.7 1318.1
AL 2 2 ug AL 2 1 ug 835.7 84.8 9.9 1.1E-13 0.1 1 567.5 1103.8
AL 2 2 ug AL 3 1 ug 1126.1 87.4 12.9 2.3E-19 0.1 1 849.7 1402.5
AL 2 2 ug AL 4 1 ug 1138.6 84.8 13.4 2.5E-20 0.1 1 870.4 1406.7

AL 2 2 ug DOTAP/Chol 2 ug 814.9 84.8 9.6 3.2E-13 0.1 1 546.7 1083.1
AL 2 2 ug AL 1 2 ug 565.4 84.8 6.7 1.5E-7 0.1 1 297.3 833.6

AL 3 2 ug DOTAP/Chol 1 ug -170.2 87.4 -1.9 1 0.1 0 -446.6 106.3
AL 3 2 ug AL 1 1 ug -162.1 84.8 -1.9 1 0.1 0 -430.3 106.1
AL 3 2 ug AL 2 1 ug -376.3 84.8 -4.4 0.0 0.1 1 -644.5 -108.2
AL 3 2 ug AL 3 1 ug -85.9 87.4 -1.0 1 0.1 0 -362.3 190.5
AL 3 2 ug AL 4 1 ug -73.4 84.8 -0.9 1 0.1 0 -341.6 194.7

AL 3 2 ug DOTAP/Chol 2 ug -397.1 84.8 -4.7 5.3E-4 0.1 1 -665.3 -128.9
AL 3 2 ug AL 1 2 ug -646.6 84.8 -7.6 2.2E-9 0.1 1 -914.7 -378.4
AL 3 2 ug AL 2 2 ug -1212.0 84.8 -14.3 7.6E-22 0.1 1 -1480.2 -943.8

AL 4 2 ug DOTAP/Chol 1 ug -166.7 87.4 -1.9 1 0.1 0 -443.1 109.7
AL 4 2 ug AL 1 1 ug -158.7 84.8 -1.9 1 0.1 0 -426.8 109.5
AL 4 2 ug AL 2 1 ug -372.9 84.8 -4.4 0.0 0.1 1 -641.1 -104.7
AL 4 2 ug AL 3 1 ug -82.5 87.4 -0.9 1 0.1 0 -358.9 193.9
AL 4 2 ug AL 4 1 ug -70.0 84.8 -0.8 1 0.1 0 -338.2 198.2

AL 4 2 ug DOTAP/Chol 2 ug -393.7 84.8 -4.6 6.1E-4 0.1 1 -661.8 -125.5
AL 4 2 ug AL 1 2 ug -643.1 84.8 -7.6 2.7E-9 0.1 1 -911.3 -374.9
AL 4 2 ug AL 2 2 ug -1208.6 84.8 -14.3 9.0E-22 0.1 1 -1476.7 -940.4
AL 4 2 ug AL 3 2 ug 3.4 84.8 0.0 1 0.1 0 -264.7 271.6

2.3.5 ANOVA Table for MFI (p < 0.001)
Table S16: Descriptive statistics for the one way ANOVA for MFI (p < 0.001). AL 1 corresponds to AL-A10, AL 2 
corresponds to AL-A12, AL 3 corresponds to AL-B10, and AL 4 corresponds to AL-B12.

N Analysis N Missing Mean Standard Deviation SE of Mean
DOTAP/Chol 1 ug 8 1 417.5 21.4 7.6

AL 1 1 ug 9 0 409.4 40.0 13.3
AL 2 1 ug 9 0 623.6 152.2 50.7
AL 3 1 ug 8 1 333.3 23.6 8.3
AL 4 1 ug 9 0 320.8 78.8 26.3

DOTAP/Chol 2 ug 9 0 644.4 107.2 35.7
AL 1 2 ug 9 0 893.9 167.7 55.9
AL 2 2 ug 9 0 1459.3 478.0 159.3
AL 3 2 ug 9 0 247.3 103.9 34.6
AL 4 2 ug 9 0 250.8 67.1 22.4

Table S17: Overall ANOVA table for the one way ANOVA for MFI (p < 0.001). Null Hypothesis: The means of all 
levels are equal. Alternative Hypothesis: The means of one or more levels are different. At the 0.001 level, the 
population means are significantly different.

DF Sum of Squares Mean Square F Value Prob>F
Model 9 1.1E7 1.3E6 39.2 0
Error 78 2.5E6 32335.8
Total 87 1.4E7
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Table S18: Fit statistics for the one way ANOVA for MFI (p < 0.001).

R-Square Coeff Var Root MSE Data Mean
0.819 0.319 179.822 564.239

Table S19: Means comparison Bonferroni test for one way ANOVA for MFI (p < 0.001). Sig equals 1 indicates 
that the difference of the means is significant at the 0.001 level. Sig equals 0 indicates that the difference of the 
means is not significant at the 0.001 level. AL 1 corresponds to AL-A10, AL 2 corresponds to AL-A12, AL 3 
corresponds to AL-B10, and AL 4 corresponds to AL-B12.

MeanDiff SEM t Value Prob Alpha Sig LCL UCL
AL 1 1 ug DOTAP/Chol 1 ug -8.1 87.4 -0.1 1 0.001 0 -402.5 386.4
AL 2 1 ug DOTAP/Chol 1 ug 206.2 87.4 2.4 0.9 0.001 0 -188.2 600.6

AL 2 1 ug AL 1 1 ug 214.2 84.8 2.5 0.6 0.001 0 -168.4 596.9
AL 3 1 ug DOTAP/Chol 1 ug -84.3 89.9 -0.9 1 0.001 0 -490.1 321.6

AL 3 1 ug AL 1 1 ug -76.2 87.4 -0.9 1 0.001 0 -470.6 318.2
AL 3 1 ug AL 2 1 ug -290.4 87.4 -3.3 0.1 0.001 0 -684.8 104.0

AL 4 1 ug DOTAP/Chol 1 ug -96.7 87.4 -1.1 1 0.001 0 -491.1 297.7
AL 4 1 ug AL 1 1 ug -88.7 84.8 -1.0 1 0.001 0 -471.3 294.0
AL 4 1 ug AL 2 1 ug -302.9 84.8 -3.6 0.0 0.001 0 -685.5 79.7
AL 4 1 ug AL 3 1 ug -12.5 87.4 -0.1 1 0.001 0 -406.9 381.9

DOTAP/Chol  2 ug   
DOTAP/Chol 1

ug
226.9 87.4 2.6

0.5 0.001 0
-167.5 621.4

DOTAP/Chol 2 ug AL 1 1 ug 235.0 84.8 2.8 0.3 0.001 0 -147.6 617.6
DOTAP/Chol 2 ug AL 2 1 ug 20.8 84.8 0.2 1 0.001 0 -361.9 403.4
DOTAP/Chol 2 ug AL 3 1 ug 311.2 87.4 3.6 0.0 0.001 0 -83.2 705.6
DOTAP/Chol 2 ug AL 4 1 ug 323.7 84.8 3.8 0.0 0.001 0 -59.0 706.3
AL 1 2 ug DOTAP/Chol 1 ug 476.4 87.4 5.5 2.5E-5 0.001 1 82.0 870.8

AL 1 2 ug AL 1 1 ug 484.4 84.8 5.7 8.6E-6 0.001 1 101.8 867.1
AL 1 2 ug AL 2 1 ug 270.2 84.8 3.2 0.1 0.001 0 -112.4 652.9
AL 1 2 ug AL 3 1 ug 560.6 87.4 6.4 4.5E-7 0.001 1 166.2 955.1
AL 1 2 ug AL 4 1 ug 573.1 84.8 6.8 1.0E-7 0.001 1 190.5 955.7

AL 1 2 ug DOTAP/Chol 2 ug 249.4 84.8 2.9 0.2 0.001 0 -133.2 632.1
AL 2 2 ug DOTAP/Chol 1 ug 1041.8 87.4 11.9 1.3E-17 0.001 1 647.4 1436.2

AL 2 2 ug AL 1 1 ug 1049.9 84.8 12.4 1.9E-18 0.001 1 667.3 1432.5
AL 2 2 ug AL 2 1 ug 835.7 84.8 9.9 1.1E-13 0.001 1 453.0 1218.3
AL 2 2 ug AL 3 1 ug 1126.1 87.4 12.9 2.3E-19 0.001 1 731.7 1520.5
AL 2 2 ug AL 4 1 ug 1138.6 84.8 13.4 2.5E-20 0.001 1 755.9 1521.2

AL 2 2 ug DOTAP/Chol 2 ug 814.9 84.8 9.6 3.2E-13 0.001 1 432.3 1197.5
AL 2 2 ug AL 1 2 ug 565.4 84.8 6.7 1.5E-7 0.001 1 182.8 948.1

AL 3 2 ug DOTAP/Chol 1 ug -170.2 87.4 -1.9 1 0.001 0 -564.6 224.2
AL 3 2 ug AL 1 1 ug -162.1 84.8 -1.9 1 0.001 0 -544.7 220.5
AL 3 2 ug AL 2 1 ug -376.3 84.8 -4.4 0.0 0.001 0 -759.0 6.3
AL 3 2 ug AL 3 1 ug -85.9 87.4 -1.0 1 0.001 0 -480.3 308.5
AL 3 2 ug AL 4 1 ug -73.4 84.8 -0.9 1 0.001 0 -456.1 309.2

AL 3 2 ug DOTAP/Chol 2 ug -397.1 84.8 -4.7 5.3E-4 0.001 1 -779.7 -14.5
AL 3 2 ug AL 1 2 ug -646.6 84.8 -7.6 2.2E-9 0.001 1 -1029.2 -263.9
AL 3 2 ug AL 2 2 ug -1212.0 84.8 -14.3 7.6E-22 0.001 1 -1594.6 -829.4

AL 4 2 ug DOTAP/Chol 1 ug -166.7 87.4 -1.9 1 0.001 0 -561.1 227.7
AL 4 2 ug AL 1 1 ug -158.7 84.8 -1.9 1 0.001 0 -541.3 224.0
AL 4 2 ug AL 2 1 ug -372.9 84.8 -4.4 0.0 0.001 0 -755.5 9.7
AL 4 2 ug AL 3 1 ug -82.5 87.4 -0.9 1 0.001 0 -476.9 311.9
AL 4 2 ug AL 4 1 ug -70.0 84.8 -0.8 1 0.001 0 -452.6 312.6

AL 4 2 ug DOTAP/Chol 2 ug -393.7 84.8 -4.6 6.1E-4 0.001 1 -776.3 -11.0
AL 4 2 ug AL 1 2 ug -643.1 84.8 -7.6 2.7E-9 0.001 1 -1025.7 -260.5
AL 4 2 ug AL 2 2 ug -1208.6 84.8 -14.3 9.0E-22 0.001 1 -1591.2 -825.9
AL 4 2 ug AL 3 2 ug 3.4 84.8 0.0 1 0.001 0 -379.2 386.1
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2.3.6 Outlier Detection
Table S 20: Outlier detection for GFP at 1µg/mL DNA and a lipid-to-DNA ratio of 1. Outliers (red) were defined 
as values larger than the upper fence or lower than the lower fence and were excluded from analysis.Upper 
fence is defined by Q3 + 1.5x interquartile range (IQR) and lower fence is defined by Q1 – 1.5x IQR. Only one 
oulier could be identified.

Control DOTAP:chol AL-A10 AL-B10 AL-A12 AL-B12
0.12 0.12 6.52 6.52 8.28 8.28 4.90 4.90 5.25 5.25 4.05 4.05
0.06 0.06 4.74 4.74 6.14 6.14 4.05 4.05 7.18 7.18 8.42 8.42
0.12 0.12 6.75 6.75 8.17 8.17 9.01 9.01 15.20 15.20 9.65 9.65

 5.98 5.98 11.50 11.50 4.28 4.28 6.34 6.34 6.34 6.34
 5.26 5.26 6.72 6.72 2.27 2.27 12.50 12.50 4.83 4.83
 6.52 6.52 7.95 7.95 5.76 5.76 15.60 15.60 9.67 9.67
 10.5  8.32 8.32 3.07 3.07 9.67 9.67 4.88 4.88
 5.78 5.78 5.00 5.00 3.16 3.16 12.60 12.60 6.66 6.66
 6.54 6.54 9.23 9.23 5.66 5.66 16.10 16.10 13.8 13.8

            
Q1 0.06 Q1 5.52 Q1 6.43 Q1 3.12 Q1 6.76 Q1 4.86
Q3 0.12 Q3 6.65 Q3 8.78 Q3 5.71 Q3 15.4 Q3 9.66
IQR 0.06 IQR 1.13 IQR 2.35 IQR 2.60 IQR 8.64 IQR 4.81
Upper Fence 0.21 Upper Fence 8.33 Upper Fence 12.29 Upper Fence 9.60 Upper Fence 28.36 Upper Fence 16.87
Lower Fence -0.03 Lower Fence 3.83 Lower Fence 2.91 Lower Fence -0.78 Lower Fence -6.20 Lower Fence -2.35
Median 0.12 Median 6.25 Median 8.17 Median 4.28 Median 12.5 Median 6.66
Average 0.10 Average 6.01 Average 7.92 Average 4.68 Average 11.16 Average 7.59
S.D. 0.03 S.D. 0.67 S.D. 1.76 S.D. 1.89 S.D. 3.95 S.D. 2.94
RSD 28.85 RSD 11.13 RSD 22.27 RSD 40.37 RSD 35.41 RSD 38.73
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Table S21: Outlier detection for GFP at 2µg/mL DNA and a lipid-to-DNA ratio of 1. Outliers (red) were defined 
as values larger than the upper fence or lower than the lower fence and were excluded from analysis.Upper 
fence is defined by Q3 + 1.5x interquartile range (IQR) and lower fence is defined by Q1 – 1.5x IQR. No outlier 
could be identified.

Control DOTAP:chol AL-A10 AL-B10 AL-A12 AL-B12
0.10 0.10 10.60 10.60 19.50 19.50 11.20 11.20 17.30 17.30 9.78 9.78
0.11 0.11 16.20 16.20 33.50 33.50 7.91 7.91 45.20 45.20 7.43 7.43
0.09 0.09 12.60 12.60 33.40 33.40 8.00 8.00 44.50 44.50 12.70 12.70

 10.60 10.60 16.70 16.70 7.92 7.92 22.00 22.00 3.99 3.99
 17.00 17.00 32.70 32.70 9.37 9.37 43.00 43.00 6.41 6.41
 16.30 16.30 37.10 37.10 8.74 8.74 53.00 53.00 4.93 4.93
 11.30 11.30 17.40 17.40 11.70 11.70 23.80 23.80 5.23 5.23
 19.10 19.10 32.80 32.80 22.20 22.20 44.60 44.60 5.91 5.91
 15.40 15.40 34.00 34.00 16.00 16.00 42.10 42.10 4.43 4.43
            
Q1 0.09 Q1 10.95 Q1 18.45 Q1 7.96 Q1 22.90 Q1 4.68
Q3 0.11 Q3 16.65 Q3 33.75 Q3 13.85 Q3 44.90 Q3 8.61
IQR 0.02 IQR 5.70 IQR 15.30 IQR 5.89 IQR 22.00 IQR 3.93
Upper Fence 0.14 Upper Fence 25.20 Upper Fence 56.70 Upper Fence 22.69 Upper Fence 77.90 Upper Fence 14.49
Lower Fence 0.06 Lower Fence 2.40 Lower Fence -4.50 Lower Fence -0.87 Lower Fence -10.10 Lower Fence -1.21
Median 0.10 Median 15.40 Median 32.80 Median 9.37 Median 43.00 Median 5.91
Average 0.10 Average 14.34 Average 28.57 Average 11.45 Average 37.28 Average 6.76
S.D. 0.01 S.D. 2.95 S.D. 7.69 S.D. 4.53 S.D. 11.95 S.D. 2.68
RSD 9.12 RSD 20.58 RSD 26.93 RSD 39.60 RSD 32.07 RSD 39.62

Table S22: Outlier detection for MFI at 1µg/mL DNA and a lipid-to-DNA ratio of 1. Outliers (red) were defined 
as values larger than the upper fence or lower than the lower fence and were excluded from analysis.Upper 
fence is defined by Q3 + 1.5x interquartile range (IQR) and lower fence is defined by Q1 – 1.5x IQR. Only two 
ouliers could be identified.

Control DOTAP:chol AL-A10 AL-B10 AL-A12 AL-B12
182 182 409 409 379 379 333 333 424 424 294 294
127 127 398 398 395 395 354 354 451 451 290 290
147 147 461 461 426 426 420  819 819 328 328

 425 425 430 430 344 344 451 451 277 277
 401 401 477 477 313 313 582 582 291 291
 407 407 402 402 329 329 752 752 438 438
 596  392 392 291 291 714 714 224 224
 405 405 340 340 335 335 653 653 281 281
 434 434 444 444 367 367 767 767 464 464
            
Q1 127 Q1 403 Q1 385.5 Q1 321 Q1 451 Q1 279
Q3 182 Q3 447.5 Q3 437 Q3 360.5 Q3 759.5 Q3 383
IQR 55 IQR 44.5 IQR 51.5 IQR 39.5 IQR 308.5 IQR 104
Upper
Fence 264.50

Upper
Fence 514.25

Upper
Fence 514.25

Upper
Fence 419.75

Upper
Fence 1222.25

Upper
Fence 539.00

Lower
Fence 44.50

Lower
Fence 336.25

Lower
Fence 308.25

Lower
Fence 261.75

Lower
Fence -11.75

Lower
Fence 123.00

Median 147 Median 408 Median 402 Median 334 Median 653 Median 291
Average 152.00 Average 417.50 Average 409.44 Average 333.25 Average 623.67 Average 320.78
S.D. 22.73 S.D. 20.04 S.D. 37.67 S.D. 22.08 S.D. 143.53 S.D. 74.33
RSD 14.95 RSD 4.80 RSD 9.20 RSD 6.63 RSD 23.01 RSD 23.17
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Table S 23: Outlier detection for MFI at 2µg/mL DNA and a lipid-to-DNA ratio of 1. Outliers (red) were defined 
as values larger than the upper fence or lower than the lower fence and were excluded from analysis.Upper 
fence is defined by Q3 + 1.5x interquartile range (IQR) and lower fence is defined by Q1 – 1.5x IQR. No outlier 
could be identified.

Control DOTAP:chol AL-A10 AL-B10 AL-A12 AL-B12

132 132 489 489 816 816 212 212 745 745 303 303

133 133 663 663 966 966 151 151 1972 1972 153 153

148 148 570 570 937 937 151 151 1658 1658 164 164

 531 531 694 694 308 308 968 968 238 238

 733 733 1063 1063 151 151 1492 1492 209 209

 753 753 956 956 164 164 2283 2283 253 253

 564 564 577 577 317 317 1155 1155 304 304

 774 774 1082 1082 427 427 1437 1437 354 354

 723 723 954 954 345 345 1424 1424 279 279
            

Q1 132 Q1 547.5 Q1 755 Q1 151 Q1 1061.5 Q1 186.5

Q3 148 Q3 743 Q3 1014.5 Q3 331 Q3 1815 Q3 303.5

IQR 16 IQR 195.5 IQR 259.5 IQR 180 IQR 753.5 IQR 117
Upper
Fence 172.00

Upper
Fence 1036.25

Upper
Fence 1403.75

Upper
Fence 601.00

Upper
Fence 2945.25

Upper
Fence 479.00

Lower
Fence 108.00

Lower
Fence 254.25

Lower
Fence 365.75

Lower
Fence -119.00

Lower
Fence -68.75

Lower
Fence 11.00

Median 133 Median 663 Median 954 Median 212 Median 1437 Median 253

Average 137.67 Average 644.44 Average 893.89 Average 247.33 Average 1459.33 Average 250.78

S.D. 7.32 S.D. 101.09 S.D. 158.10 S.D. 97.97 S.D. 450.66 S.D. 63.26

RSD 5.32 RSD 15.69 RSD 17.69 RSD 39.61 RSD 30.88 RSD 25.23
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5.2.1 Chapter 2.1

Characterization and Optimization of Lipoplexes: How to standard-

ize Assays and avoid Pitfalls
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dovit Zweifel, Hiu-Man Grisch-Chan, Beat Thöny, Jörg Huwyler

Manuscript ready for submission.

Highlights: Interactions between DNA and nanoparticles are still poorly un-

derstood to this day. Usually, DNA and lipid-based nanoparticles are combined

based on calculations and applied to cultured cells or animal models assum-

ing that the calculations reflect the actual conditions. In our opinion, this

approach is flawed because losses during preparation cannot be accounted

for. In this publication, we propose the application of fluorescence cross-

correlation spectroscopy (FCCS) to determine the interactions between DNA

and nanoparticles. The results showed that the interactions are qualitatively

and quantitatively different among the three used transfection reagents. We

therefore recommend that interactions between DNA and nanoparticles should

be determined for each individual formulation to reduce artifacts and to draw

conclusions based on actual data rather than calculations.
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Abstract 

Gene therapy aims to introduce nucleic acids into cells. Besides viral delivery, one of the most common 
approaches to achieve this is the use of lipid-based nanoparticles. Nucleic acids and nanoparticles are 
combined based on defined mixing ratios and it is generally assumed that the calculated 
concentrations are identical to the actual concentrations in the preparation prior to application. 
Herein, we apply fluorescence cross-correlation spectroscopy (FCCS) to quantify nucleic acid and 
nanoparticle interactions. Using FCCS, we could show that calculated concentrations do not necessarily 
reflect actual concentrations. The disparity was higher for a commercial formulation with unknown 
composition compared to self-prepared formulations. We conclude that comparisons between 
formulations may be misleading if they are solely based on theoretical assumptions and not on 
experimental data. We therefore recommend investigating interactions between nanoparticles and 
nucleic acids for each formulation individually to avoid this common pitfall in non-viral gene delivery. 

 

 

Introduction 

Gene therapy represents an attractive therapeutic option to treat various diseases. However, many 
aspects of molecular mechanisms involved in successful transfection of target tissues are still poorly 
understood.1,2 In the field of lipid-based non-viral gene delivery, efforts are ongoing to identify lipid 
or lipid-like molecules, which can be used to promote successful transfer of nucleic acids into cells. 
Despite some setbacks, many formulations that promote high gene delivery efficiencies both in vitro 
and in vivo were developed in the recent years.3–7 In many instances, researchers did thereby use an 
empiric approach to optimize lipid based formulations. In addition to formulations developed in the 
academic environment several private companies entered the marked with ready-to-use 
formulations (such as formulations of the Lipofectamine family) that can act as a reference system to 
compare different formulations with each other.1,8,9 These commercial transfection reagents have 
been used by thousands of researchers so far and still see widespread application as standard 
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formulations for in vitro trials despite the fact that their precise composition is not disclosed.10–13 
Therefore, as a pragmatic approach, nucleic acids and transfection reagent are diluted separately in 
an appropriate buffer, combined, incubated to allow for spontaneous complexation, and finally 
added to target cells. It is generally assumed, that the formed lipoplexes (complexes of lipid-based 
transfection reagent and nucleic acid) contain the calculated amount of added ingredients. 
Furthermore, mixing ratios between different components of the system are believed to be precisely 
defined and key to a further optimization of the experimental system.14,15 In our opinion, this 
procedure leads to artefacts because the formation of lipoplexes can be influenced by many factors 
such as the type of nucleic acid,16 the type of lipid based constituents and the used amounts of 
lipoplexes.17–19 There are some publications in which the amount of delivered nucleic acid per cell is 
quantified via PCR.20–24 However, in most cases researchers just assume that the calculated amount 
of nucleic acids or lipoplexes used corresponds to actual quantities delivered to the target cells. We 
believe that the outlined approach is flawed. Transfection efficiency is not solely a function of the 
amount of DNA added. Furthermore, mixing ratios of all components of the used systems should be 
experimentally confirmed since we cannot exclude unspecific binding of lipids or lipoplexes to 
surfaces.  

It was therefore the aim of the present project to develop a fluorescence-based method that would 
allow us to investigate DNA – nanoparticle interactions. Fluorescence cross-correlation spectroscopy 
(FCCS) was thereby identified as a promising approach to study nucleic acid-nanoparticle interactions 
and lipoplex formation.25 In contrast to quantitative PCR methods, flow cytometry, or confocal 
microscopy, a quantitative assessment of DNA and particle interactions is possible by this method. 
Using FCCS, the diffusion dynamics of labeled particles within a confined confocal volume can be 
monitored. Based on diffusion times and signal amplitudes, the size and concentration of particles 
can be determined [ref]. Moreover, FCCS experiments can provide valuable insights into DNA binding 
patterns and amounts of labeled reagents. As a model system, small minicircle DNA (1.4 kb) and 
conventional parental plasmid DNA (5.4 kb) was used. Both DNA moieties were complexed with a 
cationic lipid (1,2-dioleoyl-3-trimethylammonium-propane, DOTAP) formulation, an ionizable lipid 
dilinoleylmethyl-4-dimethylaminobutyrate (DLin-MC3-DMA) formulation, as well as with a 
commercially available transfection reagent (Lipofectamine 3000). A design of experiment (DoE) 
approach was chosen to obtain data about gene delivery efficiency and transgene expression levels. 
The results of the FCCS measurements provided new insights in the mechanisms of interaction 
between DNA and lipid nanoparticles and allowed us to identify potential sources of artefacts. 

 

 

Materials and Methods 

Nanoparticle preparation 

Lipofectamine 3000 (Invitrogen, Life Technologies, Zug, Switzerland) was used as provided by the 
manufacturer. DOTAP:cholesterol nanoparticles were both, extruded and prepared using 
microfluidics, whereas DLin-MC3-DMA nanoparticles were prepared employing a microfluidics 
approach only (NanoAssemblr, Precision Nanosystems, Vancouver, Canada) because extrusion was 
not possible with the used settings. 

Extrusion 

DOTAP (Corden Pharma Switzerland LLC, Liestal, Switzerland) and cholesterol (Sigma-Aldrich Co, St. 
Louis, MO, USA) were combined at a 1:1 ratio (mol%) using the respective ethanolic stock solutions. 
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The lipid film was then dried using nitrogen. Afterwards, the dried lipid film was subjected to vacuum 
for at least 48 h. At the day of extrusion, the dried lipid film was rehydrated with 5% glucose (Roth 
AG, Switzerland) solution at constant stirring and heating to 60 °C for 10 min. The rehydrated lipid 
film was then vortexed for 30 s and subjected to 5 freeze-thaw cycles (5 min each) using dry ice and a 
water bath (60 °C). After freeze-thaw, the lipid film was left for 3 h and was subsequently extruded 
15 times through a 100 nm polycarbonate membrane (Whatman Nuclepore Track-Etched 
Membranes, GE Healthcare Life Sciences, Buckinghamshire, UK) using a hand extruder (Avanti Mini 
Extruder, Avanti Polar Lipids Inc, AL, USA). The size and the PDI of the resulting nanoparticles were 
determined using a DLS (Delsa Nano C Particle Analyzer, Beckman Coulter, Inc, Indianapolis, IN, 
USA)and extrusion was repeated if necessary to obtain nanoparticles with a size range of 90 – 110 
nm and a PDI > 0.2. 

Microfluidics 

DOTAP and cholesterol (1:1), or DLin-MC3-DMA, cholesterol, and DOPC were combined at a ratio of 
5:4:1 (mol%) from their ethanolic stock solutions. The lipid film was again dried using nitrogen and 
vacuum as described for DOTAP/cholesterol nanopartiles. At the day of nanoparticle preparation, the 
lipid components were redissolved in a given volume of ethanol and loaded into a syringe. Using the 
NanoAssemblr, the lipid fraction was combined with 5% glucose solution (DOTAP:chol) or 20 mM 
acetate buffer pH 4.0 (DLin-MC3-DMA) at a 1:3 ratio in a microfluidic cartridge. The resulting 
nanoparticles’ size and PDI was determined using a DLS and the nanoparticles were subjected to 
dialysis overnight against 20 mM acetate buffer pH 4.0 (5% glucose in the case of DOTAP:chol) to 
remove the remaining ethanol. The resulting nanoparticles were used for transfection experiments. 
A pH below 4.0 was mandatory because DLin-MC3-DMA-based nanoparticles aggregated and 
precipitated in higher pH media due to the lacking stabilizing effect of PEG.26 

Nanoparticle/DNA complex preparation 

Nanoparticle/DNA complexes were prepared in 5% glucose solution. Lipofectamine 3000 was 
combined with DNA at indicated ratios according to the manufacturer’s protocol. DOTAP:cholesterol 
and DLin-MC3-DMA nanoparticles were diluted in separate tubes as was DNA. The diluted samples 
were vortexed and spinned down for a short time frame and the content of the tube containing the 
diluted DNA was added to the tube containing the diluted nanoparticles. The resulting 
nanoparticle/DNA formulations were again vortexed and spinned down quickly and left for 30 min 
for complex maturation. After complex maturation, the samples were added to the cells. 

Transfection 

All cell lines were seeded in poly-D-lysine-coated 24-well plates (TPP Tissue Culture Testplate 24, TPP 
Techno Plastic Products AG, Trasadingen, Switzerland) at a seeding density of 5 x 104 cells per well. 
Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich Co, St. Louis, 
MO, USA), supplemented with 10% fetal calf serum (FCS, BioConcept, Allschwil, Switzerland), as well 
as penicillin (100 units/mL), and streptomycin (100 µg/mL) (both from Sigma-Aldrich Co, St. Louis, 
MO, USA). The total volume of medium was 1 mL. Cells were then left to attach and grow for 24 h in 
humidified 5% CO2 at 37 °C. The prepared nanoparticle/DNA formulations (total volume of 50 µL) 
were then added to the cells. The cells were incubated with the nanoparticle/DNA formulations for 
indicated time frames without changing the medium. 

Flow cytometry 

The cells were washed with 1 mL D-PBS (Sigma-Aldrich Co, St. Louis, MO, USA) and detached at 
indicated timepoints using 200 µL 0.25% Trypsin/EDTA (Invitrogen, Life Technologies, Zug, 
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Switzerland). The cells were collected and centrifuged for 5min at 200 x g. Excess medium was 
removed by aspiration and the cell pellet was resuspended in FACS buffer (D-PBS supplemented with 
1% FCS, 0.5% EDTA, and 0.5% sodium azide, Sigma-Aldrich Co, St. Louis, MO, USA), transferred to 
FACS tubes and stored on ice. Flow cytometry was done using a FACS Canto II flow cytometer (Becton 
Dickinson, San Jose, CA) and the stopping gate was 10.000 cells. The cells were gated to obtain 
singlets and the percentage of GFP-positive cells (transfection efficiency) and the median 
fluorescence intensity (transgene expression, MFI) were recorded after excitation at 488 nm. The 
fluorescence signal of cells expressing GFP was detected in fluorescence channel FL1 (505LP – 
530/30).. Further analysis of the obtained data was done using FlowJo Vx software (TreeStar, 
Ashland, OR, USA). 

Design of experiment (DoE) 

To screen minicircle DNA and parental plasmid DNA for transfection efficiency and transgene 
expression, a design of experiment (DoE) approach was applied. A full factorial (2 level) interaction 
model design was set up using the software MODDE v. 9.0.0.0. The design consisted of the three 
factors DNA concentration, lipid-to-DNA ratio, and the type of DNA molecule (minicircle DNA vs. 
parental plasmid DNA) and the two responses transfection efficiency (%GFP positive cells) and 
transgene expression (MFI). A total of 30 experimental runs per model was carried out to collect the 
data necessary to generate the model. Models were generated for each cell line and transfection 
reagent. The resulting data was log transformed where necessary (see supporting information Table 
S1) and data points with deviations ≥±3 SD in the normal probability plot of the Y-residuals were 
excluded (see supporting information Table S1). Interaction terms were kept to a minimum and were 
sequentially excluded to increase the model fit and predictability. 

Cytotoxicity 

Cytotoxicity of lipid nanoparticles alone and lipid nanoparticles combined with DNA was determined 
by means of MTT assay. Briefly, 50000 cells per mL were seeded in a 96-well plate (TPP Tissue Culture 
Testplate 96F, TPP Techno Plastic Products AG, Trasadingen, Switzerland) which was previously 
treated with poly-D-lysine. The final volume of the medium containing the cells was 200 µL per well 
resulting in 10000 cells seeded per well. After 24 hours, cells were treated with either nanoparticles 
alone or nanocomplexes comprising of LNPs and DNA at indicated concentrations. 24 hours later, the 
medium was aspirated and replaced by medium containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT, Carl Roth, Karlsruhe, Germany). After an incubation period 
of 2 hours (37°C, 5% CO2), the medium containing the MTT reagent was aspirated. The insoluble 
formazan crystals formed within the cells were solubilized using a mixture of 3% SDS in H2O and 40 
mM HCl in isopropanol (1:6, V/V). The plate was then placed on a shaker for 2 hours to completely 
dissolve the formazan crystals. Following solubilization, absorption was measured using a 96-well 
plate reader (SpectraMax M2e Microplate Reader, Molecular Devices LLC, San Jose, CA, USA) at 570 
nm (formazan signal) and 670 nm (background).  

Transmission electron microscopy (TEM) 

To acquire TEM images of the nanocomplexes, samples were prepared on copper grids. Briefly, the 
sample was put on the grip for 1 min and stained twice with 2% uranylacetate solution. Afterwards, 
the grid was washed twice with ddH2O and left at RT for 24 hours until completely dried. TEM images 
were then acquired on a CM-100 electron microscope (Philips, Eindhoven, Netherlands). 
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Fluorescence cross-correlation spectroscopy (FCCS) 

Labeling of LNPs was done by inclusion of 0.1 mol-% of 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI) in the formulation prior to extrusion. For 
Lipofectamine 3000, DiI was added in the same amount to the ready-to-use formulation. No 
purification step was taken because first, the DiI dye is highly fluorescent in lipophilic environments 
whereas it shows only weak fluorescence in hydrophilic environments27, and second, free dye can be 
easily distinguished from dye bound to nanoparticles in FCCS measurements. DNA was labeled using 
the Cy5 Label IT® kit according to the manufacturer’s protocol. The labeled DNA sample was 
subsequently purified using the purification columns provided with the kit. FCCS measurements were 
carried out according to the procedurde described by Zelmer et al. on an Olympus IX73 inverted 
microscope equipped with a 1.2 N.A. water-immersion 60× superapochromat objective (UplanSApo; 
Olympus).28 Statistical evaluation of FCCS results was carried out using OriginPro 2018 (64-bit) SR1 
b9.5.1.195 (Academic) (OriginLab Corporation, Northampton, MA, USA). 

 

Results and Discussion 

Design of experiment (DoE) and Cytotoxicity 

To get a basic understanding of gene delivery efficiencies for different formulations, we employed a 
design of experiment (DoE) approach to determine the transfection efficiency and the amount of 
expressed transgene. The DNA concentration, the lipid-to-DNA ratio, and the type of plasmid 
(minicircle DNA vs. parental plasmid DNA) were set as the factors. The influence of those factors on 
the two responses transfection efficiency (%GFP positive cells) and transgene expression (MFI) was 
investigated using the software MODDE. As transfection reagents, we used a formulation containing 
a cationic lipid (DOTAP), one formulation containing an ionizable lipid (DLin-MC3-DMA), and a 
commercial transfection reagent (Lipofectamine 3000). The results for DOTAP:chol showed that 
extruded DOTAP:chol nanoparticles were associated with higher transfection efficiencies and 
transgene expression levels than DOTAP:chol nanoparticles manufactured by microfluidics. 
Therefore, the extruded nanoparticles were used for the generation of DoE data. For DLin-MC3-DMA 
however, extrusion was not possible due to precipitation of the lipid nanoparticles during the 
extrusion process. This observation can be a consequence of the negative surface charge of 
polycarbonate membranes at pH 4 that leads to absorption of positively charged DLin-MC3-DMA to 
the membrane surface.29 Therefore, for DLin-MC3-DMA the microfluidics approach was used to 
prepare the nanoparticles. The obtained data allowed for generation of a DoE model using the 
software MODDE v.9.0. The resulting models showed high R2 and Q2 values (see Table 1), which were 
higher than expected for transfection experiments. Values above 0.5 for both parameters are 
acceptable and indicative of high predictability. With two exceptions (the MFI model for 
Lipofectamine 3000 in Hep3B cells and the GFP model for Lipofectamine 3000 in HuH7 cells), all R2 
values were above 0.65 and all Q2 values were above 0.5. This indicates that the models reflect the 
actual data well and that they possess a good prediction precision. The low model validity observed 
for DOTAP and DLin-MC3-DMA and the response median fluorescence intensity in HuH7 cells (Figure 
S5, FigureS11) can be explained by the high reproducibility, leading to the validity term turning to 
negative values.30 The models for Lipofectamine 3000 were characterized by a generally lower R2 and 
Q2 values compared to the other transfection reagents. 
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Table 1: Multiple correlation coefficients (R2) and cross-validated R2 (Q2) of the generated models. The table 
depicts the R2 values («goodness of fit») and the Q2 values («predictive ability of the model») for the models 
generated for each cell line and transfection reagent. All results for the different cell lines and transfection 
reagents were fitted using partial least squares projection (PLS). Generally, a Q2 value close to the R2 value is 
indicative of a good model. R2 and Q2 values should be >0.5 for a good model. All models were generated from 
n=3 independent experiments. 

Response: Reagent: Cell line: Fitting 
method: 

R2: Q2: 

%GFP positive cells DOTAP Hep3B PLS 0.869652 0.772024 
  HepG2 PLS 0.913302 0.871974 
  HuH7 PLS 0.99553 0.958856 
 DLin-MC3-DNA Hep3B PLS 0.980955 0.962263 
  HepG2 PLS 0.963826 0.923392 
  HuH7 PLS 0.991396 0.947793 
 Lipofetamine 3000 Hep3B PLS 0.655348 0.503689 
  HepG2 PLS 0.776626 0.69747 
  HuH7 PLS 0.628769 0.466982 
Median fluorescence intensity DOTAP Hep3B PLS 0.827971 0.754755 
  HepG2 PLS 0.824154 0.749751 
  HuH7 PLS 0.963571 0.946782 
 DLin-MC3-DNA Hep3B PLS 0.750443 0.649015 
  HepG2 PLS 0.830935 0.74788 
  HuH7 PLS 0.974343 0.930003 
 Lipofetamine 3000 Hep3B PLS 0.294765 0.0180769 
  HepG2 PLS 0.785215 0.712894 
  HuH7 PLS 0.948028 0.858936 

 

A representation of the resulting contour plots (in HuH7 cells) is shown in Figure 1. Using minicircle 
DNA, the highest transfection efficiencies were observed using DLin-MC3-DMA, followed by 
Lipofectamine 3000. This observation was consistent across all investigated cell lines (see Supporting 
Information Fig. S2 - Fig. S18). Nanoparticles based on DLin-MC3-DMA exhibited a remarkable 
efficiency in transfecting all investigated cell lines using minicircle DNA with almost 100% of the cells 
expressing GFP (at 2 µg/mL DNA concentration). High efficiencies using this compound were already 
shown previously for siRNA and in a clinical setting.31–34 In addition to that, our results demonstrate 
the usefulness of DLin-MC3-DMA-based nanoparticles for the delivery of small DNA moieties. 
However, despite the very high transfection efficiencies, the subsequent transgene expression was 
lower compared to Lipofectamine 3000 which showed the highest transgene expression levels (up to 
22000 RFU) across all cell lines. Still, except for Hep3B cells, DLin-MC3-DMA showed higher transgene 
expression levels (up to 3000 RFU) than DOTAP:chol. Therefore, DLin-MC3-DMA can be regarded as 
efficient transfection reagent for small DNA molecules. When using the parental plasmid DNA, 
however, both the transfection efficiency and the transgene expression following DLin-MC3-DMA-
mediated gene delivery dropped drastically. The larger parental plasmid DNA was not delivered 
successfully (up to 1.25% GFP positive cells) and did not elicit a marked gene expression (<300 RFU). 
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Figure 1: Comparison of the transfection efficiency of the employed nucleic acids and cytotoxicity of the applied 
transfection reagents in HuH7 cells. The figure displays the transfection efficiency of minicircle DNA (top row) and parental 
plasmid DNA (bottom row) as 2D contour plots generated by MODDE using the data of a design of experiment (DoE) in the 
blue box. With all employed transfection reagents, minicircle DNA is associated with markedly increased efficiency 
compared to parental plasmid DNA. The green box displays the cytotoxicity of the employed compounds. A concentration 
of 4 µM corresponds to the setting of 0.5 µg/mL DNA and a lipid-to-DNA ratio of 1µL/µg while the highest amount of lipid 
applied at 2 µg/mL DNA and a lipid-to-DNA ratio of 4µL/µg resulted in a final concentration of 64 µM. The highest level (128 
µM) was not included in DoE runs but in cytotoxicity determination to better assess the cytotoxic potential of the used 
transfection reagents. The formulation containing DLin-MC3-DMA improved most following replacement of parental 
plasmid DNA. Lipofectamine was the least affected transfection reagent. Moreover, the DLin-MC3-DMA formulation 
showed the lowest cytotoxic potential of all employed transfection reagents. Data represented in the transfection box (blue 
box) is based on a model generated by MODDE using the data obtained during the DoE experiments (n = 3). The data in the 
cytotoxicity box (green box) is based on the average of six parallel measurements conducted in three independent 
experiments. 

Consequently, DLin-MC3-DMA is highly sensitive to plasmid size. A possible explanation for this 
observation is the fact that DLin-MC3-DMA was optimized for delivery of siRNA leading to suboptimal 
interactions with large nucleic acids. A less distinct drop in efficiency was also observed for 
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DOTAP:Chol but not for Lipofectamine 3000. It is noteworthy that the transgene expression levels of 
Lipofectamine 3000 were far higher than those of DOTAP:cholesterol and DLin-MC3-DMA. 
Lipofectamine 3000 (except for in HepG2 cells) and DLin-MC3-DMA showed a marked influence of 
the dose of DNA with higher doses leading to higher percent transfected cells and transgene 
expression. The lipid-to-DNA ratio showed a less pronounced influence on the responses. In contrast 
to this, for DOTAP, a high lipid-to-DNA ratio is important for a high percentage of transfected cells, 
whereas a high dose of DNA is important for high transgene expression levels. 

Besides transfection efficiency and transgene expression capabilities, nanoparticulate gene delivery 
systems also need to be well tolerated by cells and therefore, show a low cytotoxicity. A comparison 
between the cytotoxicity (determined by MTT assay) of nanoparticles and of nanoparticles 
complexed with DNA did not show significant differences. This suggests that the cytotoxicity depends 
on lipid moieties and cannot be attenuated by complexed DNA molecules. The cytotoxic potential of 
all three transfection reagents is shown in Figure 1. Both, DLin-MC3-DMA and Lipofectamine 3000 
were well-tolerated up to lipid nanoparticle concentrations of 64 µM. It is noteworthy that this 
concentration was not exceeded in any experiment and the 128 µM data point was only included to 
extend the tested dose-range beyond the experimental range of the DoE. DOTAP:cholesterol 
nanoparticles were also well-tolerated up to a concentration of 16 µM but showed a distinct 
cytotoxic potential at higher concentrations. Especially in the setting employing a high dose of DNA in 
combination with a high lipid-to-DNA ratio, DOTAP:cholesterol shows a lower cellular survival than 
DLin-MC3-DMA, and Lipofectamine 3000.  

 

DNA in lipid nanoparticles quantification 

A possible explanation for the improved performance of minicircle DNA might be the number of 
plasmids delivered to cells. A rough calculation based on number of base pairs implies that 1 µg of 
minicircle DNA contains approximately 3.8 times more individual DNA molecules compared to 
parental plasmid DNA. If we perform experiments based on a µg/mL DNA amount and add a fixed 
amount of lipid nanoparticles to our DNA sample, it would be tempting to assume that minicircle 
DNA-based lipoplexes led to higher transfection efficiencies simply due to the fact that there are 
more DNA molecules present compared to parental plasmid DNA-based lipoplexes. 

To improve our understanding of the properties of nanoparticles derived from either minicircle DNA 
or parental plasmid DNA, fluorescence cross-correlation spectroscopy (FCCS) was applied. FCCS 
experiments were conducted on Cy5-labeled plasmid samples, DiI-labeled nanoparticle samples, and 
the lipoplexes obtained after combination of plasmids and nanoparticles. Each fluorescence 
correlation curve is the average of three measurements and curves are lifetime corrected. The 
resulting molecular brightness (count per molecule) levels were used to normalize the number of 
DNA molecules per nanoparticle. The results of the fluorescence lifetime measurements are shown in 
Table 1 and the autocorrelation curves (ACFs) of DNA molecules alone and nanoparticles alone are 
shown in Figure S19 and Figure S20. First, FCCS data suggests that the DNA samples are clean, i.e., 
there is no extra phase from the free dye, which was true for parental plasmid DNA as well as 
minicircle DNA. According to calculations, pure minicircle DNA samples (1.4 kb) should have almost 
four-fold higher molarity than parental plasmid DNA (5.4 kb). However, our measurements revealed 
1.9 nM and 0.9 nM concentrations for both plasmids, respectively. This discrepancy can be explained 
by two experimental shortcomings. First, recovery of DNA was incomplete after fluorescence labeling 
(155 µg/ml and 393 µg/ml recovered concentrations for minicircle DNA and plasmid DNA, 
respectively). Second, losses of DNA during complex formation leading to an additional loss of 
plasmid DNA but not minicircle DNA. Thus, final concentrations of DNA in the experiment were much 
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smaller than expected. This emphasizes the need to carefully monitor DNA concentrations at all 
stages of the experiment. It is tempting to speculate that DNA losses are caused by unspecific 
adsorption of DNA-containing lipoplexes to surfaces. Interestingly, both effects seem to depend on 
plasmid size and cannot readily be explained. 

Due to the differences between calculated and experimental DNA concentrations in our experiments, 
we had to question our initial assumption of a uniform mode of interaction between DNA molecules 
of different size and lipoplexes. Indeed, Cy5 lifetime measurements revealed that lipoplexes using 
DOTAP and DLin-MC3-DMA show a prolongation of Cy5 τ1 lifetimes. On the other hand, τ2  is reduced, 
pointing to a larger exposure or to the sensing of the different chemical environments of DOTAP and 
DLin-MC3-DMA. The τ1 and τ2 shifts for Lipofectamine 3000 interactions are qualitatively and 
quantitatively different, with both values shifting to shorter lifetimes. This is indicative for a different 
mode of interaction with DNA. 

Table 2: Results of the fluorescence lifetime measurement obtained by fluorescence correlation 
spectroscopy (FCS). 

Sample: Fluorophore: τ1 fluorescence 
lifetime [ns]: 

τ2 fluorescence 
lifetime [ns]: 

Minicircle DNA Cy5 0.842 ± 0.006 1.994 ± 0.006 
Minicircle DNA/DOTAP Cy5 0.922 ± 0.009 1.803 ± 0.007 
Minicircle DNA/DLin-MC3-DMA Cy5 0.931 ± 0.006 1.746 ± 0.004 
Minicircle DNA/Lipofectamine 3000 Cy5 0.577 ± 0.008 1.510 ± 0.012 
Parental plasmid Cy5 0.835 ± 0.005 1.950 ± 0.011 
Parental plasmid/DOTAP Cy5 0.919 ± 0.009 1.752 ± 0.006 
Parental plasmid/DLin-MC3-DMA Cy5 0.850 ± 0.010 1.707 ± 0.004 
Parental plasmid/Lipofectamine 3000 Cy5 0.574 ± 0.005 1.404 ± 0.007 
DOTAP DiI 0.921 ± 0.011 1.650 ± 0.029 
DOTAP/minicircle DNA DiI 0.785 ± 0.009 1.416 ± 0.016 
DOTAP/parental plasmid DiI 0.780 ± 0.004 1.480 ± 0.011 
DLin-MC3-DMA DiI 0.856 ± 0.005 1.680 ± 0.013 
DLin-MC3-DMA/minicircle DNA DiI 0.792 ± 0.007 1.760 ± 0.013 
DLin-MC3-DMA/parental plasmid DiI 0.793 ± 0.005 1.806 ± 0.009 
Lipofectamine 3000 DiI 0.705 ± 0.011 1.540 ± 0.043 
Lipofectamine 3000/minicircle DNA DiI 0.454 ± 0.008 1.410 ± 0.049 
Lipofectamine 3000/parental plasmid DiI 0.461 ± 0.007 1.390 ± 0.035 

 

Lifetime measurements for DiI vary as well among the different formulations. The interaction of 
nanoparticles with DNA led to shifts in both measured lifetimes of DiI and are probably influenced by 
the change in the chemical potential in the surrounding of the nanoparticle and/or the 
rearrangements of molecules within the nanoparticle. In particular, shifts in τ1 lifetimes towards 
shorter lifetimes suggests displacement of DiI by DNA. Shifts in the τ2 lifetime are related to changes 
in chemical compositions and membrane rearrangement. 
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Figure 2: Autocorrelation functions (ACFs) for labeled DNA and nanoparticle samples following fluorescence cross-
correlation spectroscopy (FCCS) measurements. The picture depicts the ACFs of DiI-labeled nanoparticles (red) and either 
Cy5-labeled mcDNA or Cy5-labeled ppDNA (blue) and the associated cross-correlation functions (black) obtained after FCCS 
measurements. The plots depict the results for the combination of DOTAP with either mcDNA (A) or ppDNA (B), DLin-MC3-
DMA with either mcDNA (C) or ppDNA (D), and Lipofectamine 3000 with either mcDNA (E) or ppDNA (F). FCCS 
measurements for DOTAP indicate that at the given concentration, most (approx. 80%) of the nanoparticles are involved in 
interactions with DNA. DOTAP/DNA nanoparticles appear to be the most stable sample and the binding stoichiometry is 
approximately 2:1 (DNA:DOTAP) for both plasmid types. For DLin-MC3-DMA, basically all nanoparticles interact with DNA 
irrespective of the type of DNA and for both plasmid types, single DNA molecules interact with multiple nanoparticles. In 
contrast to this, DNA and Lipofectamine 3000 are mainly unbound, again irrespective of the type of DNA. The results 
indicate again for both types of plasmids that several DNA molecules interact with one nanoparticle. (n=3)  

The results of the FCCS measurements are displayed in Figure 3 and allow us to calculate not only the 
fractions of bound and unbound particles (both nanoparticles and DNA molecules) but also the 
binding stoichiometry of the involved molecules. To our knowledge, these results are unique in that 
binding stoichiometries of nanoparticles for gene delivery were only calculated but not measured so 
far. The most stable nanoparticle/DNA interaction was found with DOTAP nanoparticles. The 
concentration ratio between bound partners and free species (i.e., [NP-DNA]/[NP], and [NP-
DNA]/[DNA]) can be determined in a first approximation by GComplex(0)/GDNA(0) and GComplex(0)/GNP(0), 
respectively. We conclude that at the given concentration, approximately 80% of the DNA is involved 
in interactions with DOTAP nanoparticles. This observation in combination with the brightness levels 
indicate a binding stoichiometry of approximately 2:1 (DNA:DOTAP) for both plasmids. FCCS 
measurements for DLin-MC3-DMA revealed that basically all of MC3 is involved in the interaction 
with DNA. Similar amounts of minicircle DNA or parental plasmid interact with individual DLin-MC3-
DMA nanoparticles. This together with the brightness levels suggests that a single DNA molecule 
interacts with multiple DLin-MC3-DMA nanoparticles with a stoichiometry of approximately 0.2:1 
(DNA:DLin-MC3-DMA). However, the FCCS measurements also showed that large aggregates were 
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formed during the measurement of DLin-MC3-DMA-based nanoparticles. Surprisingly, FCCS 
measurements showed that DNA is not bound to Lipofectamine 3000. There is only a small difference 
in binding preference with respect to DNA size. This together with the brightness levels suggests that 
a single Lipofectamine 3000 nanoparticle interacts (albeit weakly) with multiple DNA molecules, 
irrespective of the type of DNA molecule. The binding stoichiometry for Lipofectamine 3000 was 
calculated to be around 6:1 (DNA:Lipofectamine 3000). We conclude that neither the binding 
stoichiometries, nor the extent of DNA binding correlate with transfection efficiency. These findings 
confirm microscopic observation (i.e. formation of large agglomerates), that Lipofectamine 3000 co-
precipiates with DNA triggering unspecific uptake into target cells. 

To determine the number of DNA molecules per nanoparticle, the brightness of individual samples 
(i.e.,DNA molecules, nanoparticles) was normalized and compared to the brightness values of the 
mixtures (i.e., DNA/nanoparticle complexes). The results of these calculations are shown in Figure 3. 
First, the average number of plasmids in the confocal volume was determined for each combination 
of DNA and LNP (Number of Plasmids). For DOTAP and DLin-MC3-DMA, the number of minicircle 
DNA in the confocal volume was slightly higher compared to the number of parental plasmid DNA. 
This finding was expected, although to a larger extent, because the minicircle DNA preparation 
should contain more DNA molecules than its parental plasmid counterpart. Moreover, the average 
number of DNA molecules in the confocal volume was comparable for both preparations. However, 
we did not see a 4-fold difference in the number of DNA molecules in the confocal volume, which is 
in contrast to what calculations might suggest. For Lipofectamine 3000, the number of minicircle 
DNA was lower compared to the number of parental plasmid DNA (Figure 3). This finding is 
counterintuitive. There is a possibility that DNA/LF3000 complexes interact with or attach to 
surfaces, therefore being depleted during FCCS measurements. An indication for this hypothesis 
could be the lower number of nanoparticles in the confocal volume observed for Lipofectamine 3000 
nanoparticles alone. In fact, Lipofectamine 3000-based nanoparticles often formed aggregates (see 
above). These aggregates will sediment faster than smaller nanoparticles and might therefore lead to 
sample depletion during the measurement. A similar pattern was observed for the average number 
of nanoparticles in the confocal volume (Number of Nanoparticles). The number of nanoparticles in 
the confocal volume was again higher for nanoparticles containing minicircle DNA than for 
nanoparticles containing parental plasmid DNA in DOTAP and DLin-MC3-DMA (Figure 4). However, 
the number of lipid nanoparticles in the confocal volume was approximately 10 times higher for DLin-
MC3-DMA than for DOTAP, explaining the approximately tenfold difference in binding 
stoichiometries observed in FCS measurements. Here again, Lipofectamine 3000-based nanoparticles 
were associated with smaller numbers of nanoparticles when complexed with minicircle DNA as 
compared to parental plasmid DNA. These results confirm the initial approximations with respect to 
the binding stoichiometry. 

We conclude from these experiments (Figure 4) that the number of plasmids per nanoparticle varies 
considerably between formulations: the number of plasmids per nanoparticle was approximately 2.7 
for DOTAP, 0.19 for DLin-MC3-DMA, and 5.8 for Lipofectamine 3000. However, irrespective of DNA 
size, the same number of DNA molecules is bound to nanoparticles. Consequently, the higher 
efficiency of minicircle DNA cannot be attributed to a higher number of DNA molecules delivered to 
the cells but must be influenced by more favorable properties of minicircle DNA when it comes to 
transfection efficiency (e.g. cytoplasmic mobility,35–37 reduced epigenetic silencing due to a lack of 
bacterial backbone structures,38–40 or enhanced nuclear translocation41,42). Indeed, Cy5-labeled 
minicircle DNA and Cy5-labeled parental plasmid DNA have different calculated hydrodynamic radii 
of approximately 55 nm and 100 nm, respectively (Supporting Information Figure S19). In line with 
this observation, Lukacs et al. showed that diffusion through the cytoplasm is highly restricted for 
larger DNA molecules compared with smaller ones.37  
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Figure 3: Quantification of plasmid molecules and nanoparticles in the confocal volume. The figure shows the number of 
plasmids and the number of nanoparticles in the confocal volume as well as the number of DNA molecules per 
nanoparticle. The panel on the left shows that the number of plasmids in the confocal volume is comparable following 
application of either minicircle DNA or parental plasmid DNA for DOTAP-based lipoplexes. Here are slightly more minicircle 
DNA molecules than parental plasmid DNA molecules in the confocal volume for DLin-MC3-DMA, while the opposite was 
observed for Lipofectamine 3000. The same observations as for DNA were also made for the number of nanoparticles in the 
confocal volume (middle panel). Therefore, the number of plasmids per nanoparticle is equal for preparations using 
minicircle DNA or parental plasmid DNA (right panel). Generally, the quantities were similar for the same formulation 
complexed with the two plasmids but differed largely between the three transfection reagents. 

Results of the FCCS measurements allowed us to normalize the transfection efficiency and the 
transgene expression to the determined number of DNA molecules per volume unit (Figure 4). It is 
evident that normalization of experimental data is mandatory. This should be done using 
experimental data and not just calculated correction factors. Normalization based on calculated 
values is highly biased and would inevitably lead to misinterpretation of data. In particular, the 
superiority of minicircle DNA in combination with any transfection reagent could only be 
demonstrated using appropriate normalization procedures as recommended by this work.  
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Figure 4: Improvement of transfection efficiency when using minicircle DNA instead of parental plasmid DNA before and 
after normalization to DNA concentration determined by FCCS. The figure shows the enhanced transfection efficiency 
following application of minicircle DNA compared to parental plasmid DNA for the three employed transfection reagents. 
The upper panel shows the improvement based on the results of the DoE, whereas the middle panel shows the 
improvement after normalization to the number of plasmids in the confocal volume determined by FCCS. Additionally, 
confocal images acquired at the settings of highest efficiency as determined by DoE are displayed for all three transfection 
reagents and both plasmids. Generally, the application of minicircle DNA improves transfection efficiency (%GFP positive 
cells) and transgene expression (mean fluorescence intensity, MFI) in all settings and with all transfection reagents by at 
least 1.4-fold. Both, DOTAP, and DLin-MC3-DMA profit most from the use of minicircle DNA with respect to transfection 
efficiency, and, in the case of DLin-MC3-DMA, also transgene expression. 
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Conclusion 

Interactions between DNA molecules and nanoparticles seem to be more complex than anticipated. 
By applying FCCS we successfully implemented a fluorescence-based method to investigate such 
interactions. The results showed that assumptions based on calculations do not necessarily reflect 
the actual conditions. Furthermore, DNA/nanoparticle interactions are strongly dependent on the 
nanoparticle formulation whereas the size of the DNA molecule has only a minor influence. 
Consequently, comparisons between DNA molecules of different size, and especially between 
different formulations are not meaningful if these interactions are not determined for the applied 
formulations. Ideally such interactions are determined for each individual formulation because we 
could not identify a general trend that is true for all three formulations. Finally, in a comparison 
accounting for these observations, minicircle DNA in combination with different transfection 
reagents promotes higher transfection efficiencies and transgene expression levels compared to 
parental plasmid DNA when the number of delivered plasmids, and therefore also the number of 
delivered expression cassettes, is equal.  
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Table S1: Transformations and exclusions of the DoE models. 

Reagent: Cell line: Response: Transformation: Exclusions (±SD): 
DOTAP Hep3B %GFP log none 
  MFI log none 
 HepG2 %GFP log none 
  MFI none none 
 HuH7 %GFP log Exp. 27 (-3.0 SD) 
  MFI log none 
DLin-MC3-DMA Hep3B %GFP log none 
  MFI log none 
 HepG2 %GFP log Exp. 28 (-3.5 SD) 
  MFI log Exp. 28 (-4.0 SD) 
 HuH7 %GFP log none 
  MFI log none 
Lipofectamine 3000 Hep3B %GFP none none 
  MFI none none 
 HepG2 %GFP none none 
  MFI none none 
 HuH7 %GFP none none 
  MFI log Exp. 2 & 6 (+3.0 SD) 
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Figure S1: Model-related plots for DOTAP:cholesterol in Hep3B cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.869652, Q2 = 0.772024, Model validity = 0.99072, Reproducibility = 
0.813567. (A, median fluorescence intensity): R2 = 0.827971, Q2 = 0.754755, Model validity = 0.898522, Reproducibility = 
0.7853. 
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Table S2: Anova table for transfection efficiency (%GFP positive cells) using DOTAP:cholesterol in Hep3B cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 30 20.2797 0.675991    
Constant 1 4.18185 4.18185    
       
Total Corrected 29 16.0979 0.555099   0.74505 
Regression 6 13.9995 2.33326 25.5751 0 1.5275 
Residual 23 2.09833 0.0912318   0.302046 

       
Lack of Fit 3 0.0285525 0.00951751 0.0919665 0.964 0.0975577 
(Model Error)       
Pure Error 20 2.06978 0.103489   0.321697 
(Replicate Error)       
       
 N = 30 Q2 = 0.772 Cond. no. = 4.25  
 DF = 23 R2 = 0.87 RSD = 0.302  
 Comp. = 1 R2 Adj. = 0.836    

 

Table S3: Anova table for transgene expression (median fluorescence intensity) using DOTAP:cholesterol in Hep3B cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 217.482 7.24941    
Constant 1 214.947 214.947    
       
Total Corrected 29 2.53539 0.0874271   0.295681 
Regression 4 2.09922 0.524806 30.081 0 0.724435 
Residual 25 0.43616 0.0174464   0.132085 

       
Lack of Fit 5 0.0607486 0.0121497 0.647274 0.667 0.110226 
(Model Error)       
Pure Error 20 0.375412 0.0187706   0.137006 
(Replicate Error)       
       
 N = 30 Q2 = 0.755 Cond. no. = 1.099  
 DF = 25 R2 = 0.828 RSD = 0.1321  
 Comp. = 1 R2 Adj. = 0.8    
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Figure S2: Predictive contour plots for DOTAP:cholesterol in Hep3B cells. The graphic shows the predictive contour plots 
for minicircle DNA (A, B) and parental plasmid DNA (C, D) in Hep3B cells using DOTAP:cholesterol. For both types of DNA, 
the transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S3: Model-related plots for DOTAP:cholesterol in HepG2 cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.913302, Q2 = 0.871974, Model validity = 0.893959, Reproducibility = 
0.88812. (A, median fluorescence intensity): R2 = 0.824154, Q2 = 0.749751, Model validity = 0.92165, Reproducibility = 
0.768489. 
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Table S4: Anova table for transfection efficiency (%GFP positive cells) using DOTAP:cholesterol in HepG2 cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 30 22.0245 0.734149    
Constant 1 0.496636 0.496636    
       
Total Corrected 29 21.5278 0.742339   0.861591 
Regression 5 19.6614 3.93228 50.5647 0 1.983 
Residual 24 1.86641 0.0777673   0.278868 

       
Lack of Fit 4 0.205351 0.0513378 0.618132 0.655 0.226579 
(Model Error)       
Pure Error 20 1.66106 0.0830532   0.288189 
(Replicate Error)       
       
 N = 30 Q2 = 0.872 Cond. no. = 4.25  
 DF = 24 R2 = 0.913 RSD = 0.2789  
 Comp. = 1 R2 Adj. = 0.895    

 

Table S5: Anova table for transgene expression (median fluorescence intensity) using DOTAP:cholesterol in HepG2 cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 1.30E+07 432406    
Constant 1 9.68E+06 9.68E+06    
       
Total Corrected 29 3.29E+06 113607   337.056 
Regression 5 2.72E+06 543051 22.4966 0 736.92 
Residual 24 579341 24139.2   155.368 

       
Lack of Fit 4 53316.3 13329.1 0.506785 0.731 115.452 
(Model Error)       
Pure Error 20 526025 26301.2   162.177 
(Replicate Error)       
       
 N = 30 Q2 = 0.75 Cond. no. = 1.118  
 DF = 24 R2 = 0.824 RSD = 155.4  
 Comp. = 1 R2 Adj. = 0.788    
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Figure S4: Predictive contour plots for DOTAP:cholesterol in HepG2 cells. The graphic shows the predictive contour plots 
for minicircle DNA (A, B) and parental plasmid DNA (C, D) in HepG2 cells using DOTAP:cholesterol. For both types of DNA, 
the transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S5: Model-related plots for DOTAP:cholesterol in HuH7 cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.99553, Q2 = 0.958856, Model validity = 0.363658, Reproducibility = 
0.995353. (A, median fluorescence intensity): R2 = 0.963571, Q2 = 0.946782, Model validity = -0.2, Reproducibility = 
0.97954. 
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Table S6: Anova table for transfection efficiency (%GFP positive cells) using DOTAP:cholesterol in HuH7 cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 29 18.7052 0.645005    
Constant 1 4.50048 4.50048    
       
Total Corrected 28 14.2047 0.50731   0.712257 
Regression 6 14.1412 2.35686 816.694 0 1.53521 
Residual 22 0.0634889 0.00288586   0.0537202 

       
Lack of Fit 3 0.0187001 0.00623337 2.64428 0.079 0.0789517 
(Model Error)       
Pure Error 19 0.0447887 0.0023573   0.0485521 
(Replicate Error)       
       
 N = 29 Q2 = 0.959 Cond. no. = 4.187  
 DF = 22 R2 = 0.996 RSD = 0.05372  
 Comp. = 2 R2 Adj. = 0.994    

 

Table S7: Anova table for transgene expression (median fluorescence intensity) using DOTAP:cholesterol in HuH7 cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 201.996 6.73321    
Constant 1 199.058 199.058    
       
Total Corrected 29 2.93829 0.10132   0.318309 
Regression 5 2.83126 0.566251 126.965 0 0.752497 
Residual 24 0.107038 0.00445991   0.0667825 

       
Lack of Fit 4 0.0655766 0.0163942 7.9082 0.001 0.12804 
(Model Error)       
Pure Error 20 0.0414612 0.00207306   0.0455308 
(Replicate Error)       
       
 N = 30 Q2 = 0.947 Cond. no. = 4.25  
 DF = 24 R2 = 0.964 RSD = 0.06678  
 Comp. = 1 R2 Adj. = 0.956    
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Figure S6: Predictive contour plots for DOTAP:cholesterol in HuH7 cells. The graphic shows the predictive contour plots for 
minicircle DNA (A, B) and parental plasmid DNA (C, D) in HuH7 cells using DOTAP:cholesterol. For both types of DNA, the 
transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S7: Model-related plots for DLin-MC3-DMA in Hep3B cells. The figure shows the summary of the generated model 
(A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.980955, Q2 = 0.962263, Model validity = 0.974032, Reproducibility = 
0.975009. (A, median fluorescence intensity): R2 = 0.750443, Q2 = 0.649015, Model validity = 0.998922, Reproducibility = 
0.641428. 
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Table S8: Anova table for transfection efficiency (%GFP positive cells) using DLin-MC3-DMA in Hep3B cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 30 52.5419 1.75139    
Constant 1 17.0383 17.0383    
       
Total Corrected 29 35.5036 1.22426   1.10646 
Regression 3 34.8274 11.6091 446.39 0 3.40722 
Residual 26 0.676174 0.0260067   0.161266 

       
Lack of Fit 6 0.0642684 0.0107114 0.350099 0.901 0.103496 
(Model Error)       
Pure Error 20 0.611906 0.0305953   0.174915 
(Replicate Error)       
       
 N = 30 Q2 = 0.962 Cond. no. = 1.017  
 DF = 26 R2 = 0.981 RSD = 0.1613  
 Comp. = 1 R2 Adj. = 0.979    

 

Table S9: Anova table for transgene expression (median fluorescence intensity) using DLin-MC3-DMA in Hep3B cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 187.408 6.24692    
Constant 1 182.401 182.401    
       
Total Corrected 29 5.00687 0.172651   0.415512 
Regression 5 3.75737 0.751474 14.4341 0 0.866876 
Residual 24 1.2495 0.0520624   0.228172 

       
Lack of Fit 4 0.0113467 0.00283667 0.0458211 0.996 0.0532604 
(Model Error)       
Pure Error 20 1.23815 0.0619076   0.248812 
(Replicate Error)       
       
 N = 30 Q2 = 0.649 Cond. no. = 4.25  
 DF = 24 R2 = 0.75 RSD = 0.2282  
 Comp. = 1 R2 Adj. = 0.698    
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Figure S8: Predictive contour plots for DLin-MC3-DMA in Hep3B cells. The graphic shows the predictive contour plots for 
minicircle DNA (A, B) and parental plasmid DNA (C, D) in Hep3B cells using DLin-MC3-DMA. For both types of DNA, the 
transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S9: Model-related plots for DLin-MC3-DMA in HepG2 cells. The figure shows the summary of the generated model 
(A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.963826, Q2 = 0.923392, Model validity = 0.365639, Reproducibility = 
0.967122. (A, median fluorescence intensity): R2 = 0.830935, Q2 = 0.74788, Model validity = 0.845028, Reproducibility = 
0.786867. 
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Table S10: Anova table for transfection efficiency (%GFP positive cells) using DLin-MC3-DMA in HepG2 cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 29 57.8048 1.99327    
Constant 1 9.99406 9.99406    
       
Total Corrected 28 47.8108 1.70753   1.30672 
Regression 4 46.0813 11.5203 159.866 0 3.39416 
Residual 24 1.7295 0.0720626   0.268445 

       
Lack of Fit 5 0.662853 0.132571 2.36146 0.079 0.364103 
(Model Error)       
Pure Error 19 1.06665 0.0561394   0.236938 
(Replicate Error)       
       
 N = 29 Q2 = 0.923 Cond. no. = 4.178  
 DF = 24 R2 = 0.964 RSD = 0.2684  
 Comp. = 2 R2 Adj. = 0.958    

 

Table S11: Anova table for transgene expression (median fluorescence intensity) using DLin-MC3-DMA in HepG2 cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 29 210.127 7.24575    
Constant 1 203.329 203.329    
       
Total Corrected 28 6.79755 0.24277   0.492716 
Regression 5 5.64832 1.12966 22.6084 0 1.06286 
Residual 23 1.14923 0.0499665   0.223532 

       
Lack of Fit 4 0.166128 0.0415319 0.80267 0.538 0.203794 
(Model Error)       
Pure Error 19 0.983101 0.0517422   0.227469 
(Replicate Error)       
       
 N = 29 Q2 = 0.748 Cond. no. = 1.118  
 DF = 23 R2 = 0.831 RSD = 0.2235  
 Comp. = 2 R2 Adj. = 0.794    
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Figure S10: Predictive contour plots for DLin-MC3-DMA in HepG2 cells. The graphic shows the predictive contour plots for 
minicircle DNA (A, B) and parental plasmid DNA (C, D) in HepG2 cells using DLin-MC3-DMA. For both types of DNA, the 
transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S11: Model-related plots for DLin-MC3-DMA in HuH7 cells. The figure shows the summary of the generated model 
(A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.991396, Q2 = 0.947793, Model validity = 0.8502, Reproducibility = 
0.988746. (A, median fluorescence intensity): R2 = 0.974343, Q2 = 0.930003, Model validity = -0.2, Reproducibility = 
0.979949. 
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Table S12: Anova table for transfection efficiency (%GFP positive cells) using DLin-MC3-DMA in HuH7 cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 30 50.9587 1.69862    
Constant 1 20.2024 20.2024    
       
Total Corrected 29 30.7563 1.06056   1.02984 
Regression 6 30.4917 5.08195 441.698 0 2.25432 
Residual 23 0.264626 0.0115055   0.107264 

       
Lack of Fit 3 0.0259094 0.00863648 0.723577 0.55 0.0929327 
(Model Error)       
Pure Error 20 0.238716 0.0119358   0.109251 
(Replicate Error)       
       
 N = 30 Q2 = 0.948 Cond. no. = 4.25  
 DF = 23 R2 = 0.991 RSD = 0.1073  
 Comp. = 1 R2 Adj. = 0.989    

 

Table S13: Anova table for transgene expression (median fluorescence intensity) using DLin-MC3-DMA in HuH7 cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 222.46 7.41532    
Constant 1 215.07 215.07    
       
Total Corrected 29 7.38931 0.254804   0.504781 
Regression 7 7.19972 1.02853 119.35 0 1.01417 
Residual 22 0.18959 0.00861774   0.0928318 

       
Lack of Fit 2 0.0874066 0.0437033 8.55386 0.002 0.209053 
(Model Error)       
Pure Error 20 0.102184 0.00510919   0.0714786 
(Replicate Error)       
       
 N = 30 Q2 = 0.93 Cond. no. = 4.25  
 DF = 22 R2 = 0.974 RSD = 0.09283  
 Comp. = 1 R2 Adj. = 0.966    
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Figure S12: Predictive contour plots for DLin-MC3-DMA in HuH7 cells. The graphic shows the predictive contour plots for 
minicircle DNA (A, B) and parental plasmid DNA (C, D) in HuH7 cells using DLin-MC3-DMA. For both types of DNA, the 
transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S13: Model-related plots for Lipofectamine 3000 in Hep3B cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.655348, Q2 = 0.503689, Model validity = 0.976539, Reproducibility = 
0.532411. (A, median fluorescence intensity): R2 = 0.294765, Q2 = 0.0180769, Model validity = 0.832221, Reproducibility = 
0.125645. 
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Table S14: Anova table for transfection efficiency (%GFP positive cells) using Lipofectamine 3000 in Hep3B cells. 

%GFP positive DF SS MS 
(variance) F p SD 

Total 30 33654.3 1121.81    
Constant 1 27949 27949    
       
Total Corrected 29 5705.35 196.736   14.0263 
Regression 5 3738.99 747.797 9.12708 0 27.3459 
Residual 24 1966.36 81.9317   9.05162 

       
Lack of Fit 4 91.1168 22.7792 0.242946 0.911 4.77276 
(Model Error)       
Pure Error 20 1875.24 93.7623   9.68309 
(Replicate Error)       
       
 N = 30 Q2 = 0.504 Cond. no. = 4.25  
 DF = 24 R2 = 0.655 RSD = 9.052  
 Comp. = 1 R2 Adj. = 0.584    

 

Table S15: Anova table for transgene expression (median fluorescence intensity) using Lipofectamine 3000 in Hep3B 
cells. 

Mean fluorescence 
intensity DF SS MS 

(variance) F p SD 

Total 30 1.86E+08 6.20E+06    
Constant 1 1.47E+08 1.47E+08    
       
Total Corrected 29 3.91E+07 1.35E+06   1161.79 
Regression 5 1.15E+07 2.31E+06 2.00624 0.114 1519.07 
Residual 24 2.76E+07 1.15E+06   1072.48 

       
Lack of Fit 4 4.00E+06 1.00E+06 0.847689 0.512 1000.21 
(Model Error)       
Pure Error 20 2.36E+07 1.18E+06   1086.35 
(Replicate Error)       
       
 N = 30 Q2 = 0.018 Cond. no. = 4.25  
 DF = 24 R2 = 0.295 RSD = 1072  
 Comp. = 1 R2 Adj. = 0.148    

 

133



 

Figure S14: Predictive contour plots for Lipofectamine 3000 in Hep3B cells. The graphic shows the predictive contour plots 
for minicircle DNA (A, B) and parental plasmid DNA (C, D) in Hep3B cells using Lipofectamine 3000. For both types of DNA, 
the transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S15: Model-related plots for Lipofectamine 3000 in HepG2 cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.963826, Q2 = 0.923392, Model validity = 0.365639, Reproducibility = 
0.967122. (A, median fluorescence intensity): R2 = 0.785215, Q2 = 0.712894, Model validity = 0.811978, Reproducibility = 
0.724596. 
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Table S16: Anova table for transfection efficiency (%GFP positive cells) using Lipofectamine 3000 in HepG2 cells. 

%GFP positive DF SS MS (variance) F p SD 
Total 30 18999.5 633.316    
Constant 1 15460.5 15460.5    
       
Total Corrected 29 3538.97 122.033   11.0469 
Regression 6 2748.45 458.076 13.3277 0 21.4027 
Residual 23 790.514 34.3702   5.86261 

       
Lack of Fit 3 9.06396 3.02132 0.077326 0.972 1.73819 
(Model Error)       
Pure Error 20 781.45 39.0725   6.2508 
(Replicate Error)       
       
 N = 30 Q2 = 0.697 Cond. no. = 1.118  
 DF = 23 R2 = 0.777 RSD = 5.863  
 Comp. = 2 R2 Adj. = 0.718    

 

Table S17: Anova table for transgene expression (median fluorescence intensity) using Lipofectamine 3000 in HepG2 
cells. 

Mean fluorescence 
intensity DF SS MS (variance) F p SD 

Total 30 6.87E+08 2.29E+07    
Constant 1 5.42E+08 5.42E+08    
       
Total Corrected 29 1.44E+08 4.98E+06   2232.21 
Regression 6 1.13E+08 1.89E+07 14.014 0 4348.62 
Residual 23 3.10E+07 1.35E+06   1161.64 

       
Lack of Fit 3 3.59E+06 1.20E+06 0.872292 0.472 1094.08 
(Model Error)       
Pure Error 20 2.74E+07 1.37E+06   1171.44 
(Replicate Error)       
       
 N = 30 Q2 = 0.713 Cond. no. = 1.118  
 DF = 23 R2 = 0.785 RSD = 1162  
 Comp. = 2 R2 Adj. = 0.729    
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Figure S16: Predictive contour plots for Lipofectamine 3000 in HepG2 cells. The graphic shows the predictive contour plots 
for minicircle DNA (A, B) and parental plasmid DNA (C, D) in HepG2 cells using Lipofectamine 3000. For both types of DNA, 
the transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S17: Model-related plots for Lipofectamine 3000 in HuH7 cells. The figure shows the summary of the generated 
model (A), the scaled and centered coefficents plot (B), the residuals N-plot (C), and the observed vs. predicted plot for the 
generated model. (A, %GFP positive cells): R2 = 0.628769, Q2 = 0.466982, Model validity = 0.824377, Reproducibility = 
0.520949. (A, median fluorescence intensity): R2 = 0.948028, Q2 = 0.858936, Model validity = 0.461581, Reproducibility = 
0.943364. 
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Table S18: Anova table for transfection efficiency (%GFP positive cells) using Lipofectamine 3000 in HuH7 cells. 

%GFP positive DF SS MS (variance) F p SD 
Total 30 72664.7 2422.16    
Constant 1 65613.6 65613.6    
       
Total Corrected 29 7051.11 243.142   15.593 
Regression 6 4433.52 738.92 6.49268 0 27.1831 
Residual 23 2617.59 113.808   10.6681 

       
Lack of Fit 3 288.042 96.014 0.824315 0.496 9.79867 
(Model Error)       
Pure Error 20 2329.55 116.477   10.7925 
(Replicate Error)       
       
 N = 30 Q2 = 0.467 Cond. no. = 4.25  
 DF = 23 R2 = 0.629 RSD = 10.67  
 Comp. = 1 R2 Adj. = 0.532    

 

Table S19: Anova table for transgene expression (median fluorescence intensity) using Lipofectamine 3000 in HuH7 cells. 

Mean fluorescence 
intensity DF SS MS (variance) F p SD 

Total 28 415.716 14.847    
Constant 1 411.436 411.436    
       
Total Corrected 27 4.27994 0.158516   0.398141 
Regression 6 4.0575 0.67625 63.8442 0 0.822344 
Residual 21 0.222436 0.0105922   0.102918 

       
Lack of Fit 3 0.0608363 0.0202788 2.25878 0.116 0.142404 
(Model Error)       
Pure Error 18 0.1616 0.00897776   0.094751 
(Replicate Error)       
       
 N = 28 Q2 = 0.859 Cond. no. = 1.208  
 DF = 21 R2 = 0.948 RSD = 0.1029  
 Comp. = 2 R2 Adj. = 0.933    
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Figure S18: Predictive contour plots for Lipofectamine 3000 in HuH7 cells. The graphic shows the predictive contour plots 
for minicircle DNA (A, B) and parental plasmid DNA (C, D) in HuH7 cells using Lipofectamine 3000. For both types of DNA, 
the transfection efficiency (A, C) by means of %GFP positive cells and the transgene expression (B, D) by means of median 
fluorescence intensity are provided. 
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Figure S19: Autocorrelation functions (ACFs) for minicircle DNA (A) and parental plasmid DNA (B). 
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Figure S20: Autocorrelation functions (ACFs) for DOTAP (A), DLin-MC3-DMA (B), and Lipofectamine 3000 (C) lipid 
nanoparticles. 
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doi: 10.7554/eLife.42276.

Highlights: Nanoparticles with prolonged blood circulation time often do not

accumulate in the target tissue to a sufficient amount. To increase accumula-

tion in specific tissues or uptake into specific cell populations, a targeting strat-

egy is needed. In this study, we demonstrate that modification of lipid-based

nanoparticles with a targeting peptide derived from the hepatitis B virus large

envelope protein (HBVpreS) enables specific uptake into hepatocytes via the

sodium-taurocholate cotransporting polypeptide (NTCP). Selection of formu-

lations with favorable pharmacokinetics and high targeting capacity was done

using the zebrafish embryo animal model. Optimized formulations showed ac-

tive NTCP-mediated targeting and cellular uptake into hepatocytes of mice

confirming the hepatotropic nature of these targeted nanoparticles.
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Abstract Active targeting and specific drug delivery to parenchymal liver cells is a promising

strategy to treat various liver disorders. Here, we modified synthetic lipid-based nanoparticles with

targeting peptides derived from the hepatitis B virus large envelope protein (HBVpreS) to

specifically target the sodium-taurocholate cotransporting polypeptide (NTCP; SLC10A1) on the

sinusoidal membrane of hepatocytes. Physicochemical properties of targeted nanoparticles were

optimized and NTCP-specific, ligand-dependent binding and internalization was confirmed in vitro.

The pharmacokinetics and targeting capacity of selected lead formulations was investigated in vivo

using the emerging zebrafish screening model. Liposomal nanoparticles modified with 0.25 mol%

of a short myristoylated HBV derived peptide, that is Myr-HBVpreS2-31, showed an optimal

balance between systemic circulation, avoidance of blood clearance, and targeting capacity.

Pronounced liver enrichment, active NTCP-mediated targeting of hepatocytes and efficient cellular

internalization were confirmed in mice by 111In gamma scintigraphy and fluorescence microscopy

demonstrating the potential use of our hepatotropic, ligand-modified nanoparticles.

DOI: https://doi.org/10.7554/eLife.42276.001

Introduction
The design of hepatotropic drug carriers is of great interest for the treatment of various liver

disorders (Williams et al., 2014; Poelstra et al., 2012; Reddy and Couvreur, 2011). In particular if

cell-type specific delivery of macromolecular therapeutic agents, selective targeting of parenchymal

liver cells and internalization is needed. Previously, hepatocyte targeted nanoparticles have been

developed exploiting endogenous and exogenous targeting ligand-based mechanisms using glycan,

protein or antibody modifications of the nanoparticle surface (Akinc et al., 2010; Akinc et al., 2009;

Barrett et al., 2014; Detampel et al., 2014; Witzigmann et al., 2016a). Most established systems

for liver-specific drug delivery rely on targeting the hepatic asialoglycoprotein (ASGPR) or low den-

sity lipoprotein (LDLR) receptors. However, studies investigating alternative targeting strategies

based on other hepatocyte-specific receptors are limited. In this respect, a promising alternative

might be offered by the hepatitis B virus (HBV), which shows a pronounced efficacy to infect the

human liver due to its strong affinity to hepatocytes. Less than 10 virus particles have been shown to
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be sufficient to efficiently target hepatocytes of chimpanzees resulting in a pathogenic HBV

infection (Asabe et al., 2009). The reason for its extraordinary liver tropism is a highly specific amino

acid sequence in the large HBV envelope protein (i.e. HBVpreS1 domain), which is essential for tar-

get receptor recognition (Meier et al., 2013; Schieck et al., 2013). For decades, the specific target

of HBV on the sinusoidal membrane of hepatocytes was unknown until in 2012 the interaction with

the human sodium-taurocholate cotransporting polypeptide (NTCP/SLC10A1) was

identified (Yan et al., 2012). Subsequently, Urban and colleagues performed a fine mapping of the

HBVpreS sequence to identify the amino acids responsible for efficient binding (Schulze et al.,

2010; Ni et al., 2014; Schieck et al., 2013). As a result, the first HBV/HDV entry inhibitor, a myris-

toylated peptide named Myrcludex B, was developed and successfully introduced in clinics (currently

phase II clinical trials) (Blank et al., 2016; Urban et al., 2014). Myrcludex B binds with high affinity

and specificity to human NTCP on the sinusoidal membrane of hepatocytes thereby blocking bind-

ing of virus particles to their target cells.

Based on these findings, the question arises whether Myrcludex B might serve as a targeting

ligand to design a hepatotropic, NTCP-specific nanoparticle. In recent years, several groups have

therefore attempted to develop targeting strategies based on HBV envelope proteins, for example

recombinant HBV envelope protein particles (bio-nanocapsules) or HBV preS1-derived functionalized

liposomes (Liu et al., 2016; Somiya et al., 2016; Somiya et al., 2015; Zhang et al., 2015;

Zhang et al., 2014). However, the nanoparticulate drug delivery systems developed had physico-

chemical properties (e.g. size, colloidal stability, and immunogenic potential), which were sub-opti-

mal for efficient in vivo targeting of hepatocytes. Especially the size of the nano-formulations

presented a limitation. Most developed formulations had sizes above the average diameter of

hepatic fenestrations in healthy humans (i.e. 100 nm) (Wisse et al., 2008) thereby limiting the pas-

sage through liver fenestrations and consequently the access to the space of Disse and the sinusoi-

dal membrane of hepatocytes. Notably, the liver fenestrae diameter of rodents show high species

and strain differences ranging from around 100 nm to 160 nm, possibly explaining positive liver tar-

geting of published formulations (Braet and Wisse, 2002; Steffan et al., 1987; Wisse et al., 2008).

In addition, a nanoparticle size above 100 nm triggers phagocytosis by cells of the reticuloendothe-

lial system (i.e. hepatic Kupffer cells and spleen macrophages) resulting in rapid blood

clearance (Kettiger et al., 2013). Both factors significantly decrease the likelihood of reaching the

parenchymal liver tissue and increase the risk for potential off-target effects in untargeted tissues.

Surface properties are another important characteristic of nanoparticles. The surface charge (i.e. z

potential) should be slightly negative (Xiao et al., 2011) to prevent sequestration of particles in the

lung (i.e. due to a positive charge) (Ishiwata et al., 2000) or rapid clearance by cells expressing scav-

enger receptors (i.e. due to an excessive negative charge) (Rothkopf et al., 2005). According to the

classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloids, a neutral charge has to be

avoided to prevent particle agglomeration. In addition to surface charge, steric stabilization by

PEGylation mediates long circulating properties and prevents opsonization (Karmali and Simberg,

2011; Milla et al., 2012).

It was the aim of the present study to design and optimize a nanoparticle based on liposomes

combined with derivatives of Myrcludex B to efficiently target hepatocytes while minimizing interac-

tions with off-target cell types. Optimization of physicochemical properties of the nanoparticles

included size and charge optimization and steric shielding by PEGylation. Derivatives of Myrcludex B

were selected based on target binding, cellular uptake and their impact on the colloidal stability of

nanoparticles. For the lipid membrane composition, we used a FDA and EMA approved multi-com-

ponent lipid formulation based on Doxil (i.e. liposomal formulation of

doxorubicin) (Barenholz, 2012). To design an optimal targeted system, several Myrcludex B deriva-

tives with variations in the peptide sequence or fatty acid modification were covalently linked to the

distal end of PEG-lipids. NTCP-specific and ligand-dependent uptake was confirmed in vitro using

human liver-derived cell lines. Recently, Shan et al. reported huge discrepancies between in vitro sys-

tems and rodent experiments during the development of targeted nanomedicines (Shan et al.,

2015). Therefore, we used the zebrafish as a complementary in vivo screening model based on our

previous work (Sieber et al., 2019b; Campbell et al., 2018; Einfalt et al., 2018; Sieber et al.,

2017). We assessed the effect of nanoparticles‘ ligand type and ligand density on their pharmacoki-

netics. To this end, human-derived cell lines lacking or expressing the human NTCP (hNTCP,

SLC10A1) were xenotransplanted into zebrafish embryos prior to systemic administration of
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nanoparticles. Finally, tissue distribution of dual-labeled nanoparticles was qualitatively (fluores-

cence-based) and quantitatively (radionuclide-based) investigated in vivo in mice to demonstrate the

targeting potential of our hepatotropic nanoparticle platform in higher vertebrates.

Results and discussion

Design and characterization of a hepatotropic nanoparticle for NTCP-
specific targeting
The aim of our study was the design of a hepatotropic, targeting ligand-modified nanoparticle. To

this end, the surface of liposomal nanoparticles was modified using targeting peptides or lipopepti-

des derived from the preS1 domain of the HBV large envelope protein (Figure 1A). Based on a pre-

vious screening of 26 HBVpreS peptide variants, we selected Myrcludex B, the first HBV entry

inhibitor (Blank et al., 2016; Bogomolov et al., 2016), and five additional Myrcludex B-derived pep-

tides to evaluate the influence of amino acid sequence variations or acyl chain modifications on tar-

geting efficiency and thereby optimize our hepatotropic nanoparticle. All Myrcludex B derived (lipo)

peptides were synthesized in high yields and purity by standard solid phase peptide synthesis using

Fmoc-chemistry (Schieck et al., 2013; Schieck et al., 2010; Müller et al., 2013). Lipopeptides were

N-terminally modified with the fatty acids myristic acid (saturated C14) or capric acid (saturated

C10), since our previous studies have shown that fatty acid modification is key for mediating interac-

tions with target cells. C-termini of synthesized targeting (lipo)peptides were modified with cysteine

residues to allow conjugation to the distal end of PEGylated phospholipids (DSPE-PEG2000-Malei-

mide) integrated into sterically stabilized liposomes. Coupling was achieved by a chemically reactive

maleimide, giving rise to a metabolically stable thioether bond suitable for applications in living

organisms (Figure 1A). Successful conjugation of Myrcludex B to lipid-based nanoparticles was dem-

onstrated by fluorescence correlation spectroscopy using Myrcludex B-Atto488. The autocorrelation

curve of nanoparticle conjugated peptides showed a significant shift to longer diffusion times as

compared to the free peptide, with average diffusion times of td = 1639 ms and td = 192 ms, respec-

tively (Figure 1—figure supplement 1).

Liposome membrane partition coefficients of mono fatty acid modifications are orders of magni-

tudes lower as compared to di-lipid anchors. (Sauer et al., 2006) Therefore, the distearoyl anchor of

DSPE results in a stable incorporation of the PEGylated phospholipid-targeting ligand conjugate in

the lipid bilayer of liposomes (membrane partition coefficient >103 mM�1), whereas the PEG linker

offers a flexibility to the distally tethered lipopeptides to extend away from the liposome surface. In

addition, a thermodynamically favorable backward bending insertion of the acyl chain into the lipo-

somal membrane is possible. A slight change in transition temperature evaluated by pressure pertur-

bation calorimetry and differential scanning calorimetry confirmed this hypothesis (data not shown).

The formulation yield of modified nanoparticles after purification was dependent on the conjugated

Myrcludex B derived (lipo)peptide with preS2�48 > Myr-preS2�31 > Myr-preS2-48A � Myr-

preS2�48 > Cap-preS2-48.

Light scattering and electron microscopy verified that all nanoparticles, that Myrcludex B-derived

peptide conjugated liposomes (modified without or with C14 acyl moiety) had a spherical morphol-

ogy with a small size around 90 nm, narrow size distribution (that is PDI <0.2), and a slightly negative

zeta potential (Figure 1B, Table 1). Only a small increase in the hydrodynamic size of about 2 nm

was observed after conjugation of Myrcludex B-derived peptides (Table 1). The zeta potential of

nanoparticles remained negative due to a negative net charge of Myrcludex B-derived lipopeptides

at physiological pH. Thus, the physicochemical properties of nanoparticles were not significantly

influenced by the surface modification with HBVpreS derived lipopeptides containing C14 acyl

chains. Exceptions were nanoparticles modified with Cap-preS2-48, which had an average diameter

of 134.28 nm and a PDI of 0.24 (Figure 1B, Table 1).

It is tempting to speculate, that the C10 acyl chain of Cap-preS2-48 interfered with liposome

membrane stability. As compared to longer acyl chains the backward bending insertion of C10 acyl

chains into intra-liposomal membranes is less stable, thus promoting faster dissociation and possible

interactions with neighboring liposomes due to re-association with inter-liposomal membranes. This

was also indicated by formation of aggregates resulting in shorter storage stability (data not shown).

Previously published studies reporting a rapid partitioning of shorter lipid anchors from liposomal
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Figure 1. Hepatotropic nanoparticles based on liposomes modified with Myrcludex B-derived peptides for NTCP-specific targeting. (A) Schematic

representation of peptides derived from Hepatitis B virus (HBV) large envelope protein including the first entry inhibitor, Myrcludex B. Different

peptides were conjugated via thiol function to the distal end of PEG chains integrated in the nanoparticle structure using maleimide chemistry. The

most important amino acid sequence (9-15) for NTCP-specific binding is highlighted in green color in each lipopeptide. (B) Representative transmission

Figure 1 continued on next page
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Figure 1 continued

electron microscopy images of different Myrcludex B-derived lipopeptide conjugated nanoparticles. Scale bar = 100 nm. (C) Uptake of Myrcludex

B-modified nanoparticles into human cells with variable NTCP expression levels. Nanoparticles have a dual fluorescent label, that is lipophilic

membrane label (DiI, red) and hydrophilic payload incorporation (carboxyfluorescein, green). Representative confocal laser scanning microscopy

maximum intensity projections for Myr-preS2-48 modified nanoparticles after 30 min are shown. Dotted lines indicate cell membranes. Blue signal:

Hoechst stain of cell nuclei. Scale bar = 10 mm. (D) Flow cytometry analysis of uptake rate into non-hepatic HeLa cells, liver derived HepG2 cells and

SLC10A1 overexpressing HepG2 cells. Increasing concentrations of nanoparticles (CDiI) modified with different Myrcludex B-derived peptides were

evaluated. Relative mean fluorescence intensities (MFI) of DiI signals normalized to untreated cells are given. All values are shown as mean ± SD of

biological replicates (n � 3 independent experiments). Numerical data for all graphs are shown in Figure 1—source data 1.

DOI: https://doi.org/10.7554/eLife.42276.002

The following source data and figure supplements are available for figure 1:

Source data 1. Characterization of hepatotropic nanoparticles.

DOI: https://doi.org/10.7554/eLife.42276.012

Figure supplement 1. Characterization of hepatotropic nanoparticles based on liposomes modified with Myrcludex B (Myr-preS2-48) using

fluorescence correlation spectroscopy.

DOI: https://doi.org/10.7554/eLife.42276.003

Figure supplement 2. Assessment of cytocompatibility of nanoparticles modified with different Myrcludex B derived peptides using non-hepatic HeLa

cells (HeLa WT), liver-derived wildtype HepG2 cells (HepG2 WT) and HepG2 cells overexpressing the human NTCP (HepG2 SLC10A1) by MTT assay.

DOI: https://doi.org/10.7554/eLife.42276.004

Figure supplement 3. Concentration dependent fluorescence self-quenching of 5 (6)-carboxyfluorescein.

DOI: https://doi.org/10.7554/eLife.42276.005

Figure supplement 4. Flow cytometry analysis of nanoparticle uptake rate into non-hepatic HeLa cells, liver-derived HepG2 cells and SLC10A1

overexpressing HepG2 cells.

DOI: https://doi.org/10.7554/eLife.42276.006

Figure supplement 5. Uptake of Myrcludex B-modified nanoparticles into HuH7 liver-derived cells deficient (HuH7 WT) or overexpressing SLC10A1

(HuH7 SLC10A1).

DOI: https://doi.org/10.7554/eLife.42276.007

Figure supplement 6. Time-dependent internalization of Myr-preS2-31 modified nanoparticles into SLC10A1 overexpressing HepG2 cells.

DOI: https://doi.org/10.7554/eLife.42276.008

Figure supplement 7. Time-dependent internalization and toxicity of propidium iodide loaded nanoparticles into SLC10A1 overexpressing HepG2

cells.

DOI: https://doi.org/10.7554/eLife.42276.009

Figure supplement 8. Time-dependent internalization and toxicity of doxorubicin loaded nanoparticles into SLC10A1 overexpressing HepG2 cells.

DOI: https://doi.org/10.7554/eLife.42276.010

Figure supplement 9. Activity of DNA loaded lipid nanoparticles (LNP).

DOI: https://doi.org/10.7554/eLife.42276.011

Table 1. Physicochemical characteristics of nanoparticles with different surface modifications.

Hydrodynamic size [nm], polydispersity index (PDI), and zeta potential [mV] were analyzed using

dynamic and electrophoretic light scattering. All values are shown as mean ± SD of n � 3 indepen-

dent experiments. Numerical data for all nanoparticles are shown in Table 1—source data 1..

Surface modification Size [nm] ± SD PDI ± SD Zeta potential [mV] ± SD

PEG 88.53 ± 5.89 0.05 ± 0.01 �5.93 ± 0.63

preS2-48 90.74 ± 5.83 0.06 ± 0.02 �3.34 ± 1.38

Myr-preS2-48 A 90.77 ± 4.98 0.06 ± 0.04 �13.35 ± 3.08

Myr-preS2-31 89.10 ± 4.38 0.10 ± 0.02 �9.82 ± 0.87

Cap-preS2-48 134.28 ± 36.23 0.24 ± 0.04 �8.39 ± 1.13

Myr-preS2-48 92.21 ± 6.78 0.12 ± 0.08 �10.70 ± 4.25

DOI: https://doi.org/10.7554/eLife.42276.013

The following source data is available for Table 1:

Source data 1. Physicochemical characterization of nanoparticles.

DOI: https://doi.org/10.7554/eLife.42276.014
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vesicles support our observation of unfavorable liposome interactions for Cap-preS2-

48 (Sauer et al., 2006; Webb et al., 1998).

Cellular uptake and viability
Next, we investigated the biocompatibility and targeting capacity of our ligand-modified nanopar-

ticles in a panel of three different cell lines in vitro, that is non-hepatic HeLa cells devoid of SLC10A1

(negative control), liver-derived wild type HepG2 cells (HepG2 WT, hepatocyte control cell line with

no detectable SLC10A1 expression based on PCR) and HepG2 cells overexpressing the human

NTCP (HepG2 SLC10A1). We used lentiviral transduced cells overexpressing SLC10A1 as a positive

control to confirm the specificity of our system since human liver derived cell lines such as HepG2

and HuH7 down-regulated NTCP during oncogenic transformation (i.e. NTCP expression levels are

significantly decreased in hepatocellular carcinoma) (Lempp et al., 2016). In all cell lines, nanopar-

ticles showed a high cytocompatibility up to the highest tested lipid concentration of 8 mM, which is

far beyond liposome blood concentrations achievable in a clinical setting (Figure 1—figure supple-

ment 2 demonstrating no decrease of cell viability using the MTT assay) (Barpe et al., 2010).

In vitro uptake studies revealed that Myrcludex B-modified nanoparticles were rapidly internalized

within 30 min into liver-derived HepG2 cell lines whereas no binding or cellular uptake was observed

in non-hepatic HeLa cells (Figure 1C, representative confocal laser scanning microscopy images for

Myr-preS2-48 modified nanoparticles). Both the liposomal nanoparticle (DiI signal) and the encapsu-

lated payload (carboxyfluorescein (CF) signal), were detected intracellularly. Notably, CF was encap-

sulated into our nanoparticles at a fluorescence self-quenching concentration (i.e. 60 mM,

Figure 1—figure supplement 3). Thus, CF fluorescence increases significantly after overcoming the

Förster critical transfer distances, that is release of CF from nanoparticles into surrounding

environment (Chen and Knutson, 1988). Specific uptake of nanoparticles with NTCP-binding com-

ponent preS-peptide was enhanced with increasing SLC10A1 expression levels (Figure 1C,D and

Figure 1—figure supplement 4) demonstrating a high target specificity (i.e. HeLa WT <HepG2

SLC10A1). Surprisingly, the highest DiI signal (and not CF signal) in HeLa cells was observed with

PEGylated nanoparticles. It is tempting to speculate that nanoparticle modification with Myrcludex

B-derived lipopeptides decreases the interaction with negatively charged cell membranes of

SLC10A1-deficient cells (e.g. HeLa) due to a negative net charge of lipopeptides at physiological pH

and thus increased electrostatic repulsion. Uptake studies with a different liver-derived cell line

(HuH7) comparing wild type and SLC10A1 overexpressing cells confirmed the SLC10A1 specific

interaction. Overexpression of SLC10A1 again resulted in a strong enrichment of cellular uptake rul-

ing out an involvement of cell-line specific artifacts (Figure 1—figure supplement 5).

In order to demonstrate the potential application of Myr-preS2-31 modified nanoparticles as

drug delivery system, we successfully incorporated small molecular payloads as well as larger com-

pounds into nanoparticles payloads (i.e. propidium iodide, doxorubicin, FITC-labeled peptide, DNA

vector) to enhance their internalization into NTCP expressing cells (Figure 1—figure supplements

6, 7, 8 and 9). Indeed, time-dependent uptake studies confirmed the rapid binding and internaliza-

tion process of Myr-preS2-31 modified nanoparticles (Figure 1—figure supplements 6, 7 and 8). Of

note, propidium iodide is a cell membrane impermeable drug. Thus, NTCP-targeted nanoparticles

enabled internalization into cells and successful release into cytosol indicated by nuclear counterstain

(Figure 1—figure supplement 7). To investigate the potential application of NTCP-targeted lipid

nanoparticles as gene delivery systems, we encapsulated a DNA vector coding for GFP into lipid

nanoparticles based on a clinically approved lipid composition and modified with Myr-preS2-31.

High content screening analysis demonstrated that modification of nanoparticles with Myr-preS2-31

significantly increases the transfection of NTCP expressing cells (Figure 1—figure supplement 9).

These experiments highlight future applications of the developed carriers and serve as a starting

point for future extended in vivo studies in different species and disease models.

Competition of NTCP-specific cellular binding and uptake of targeting
ligand-modified nanoparticles
To confirm specificity of NTCP interactions with Myrcludex B derived ligands, we used pre-incuba-

tions with free Myrcludex B-Atto565 to competitively inhibit nanoparticle binding and cellular uptake

(Figure 2A). Fluorescently labeled Myrcludex B can be considered to be a suitable blocking agent
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Figure 2. NTCP-specific and ligand-dependent uptake of Myrcludex B-derived lipopeptide conjugated nanoparticles into liver-derived cells in vitro. (A)

Competitive inhibition study of Myrcludex B (MyrB)-conjugated nanoparticle uptake (carboxyfluorescein payload, green signal) into HepG2 SLC10A1

already after 30 min. Free Atto-565 labeled Myrcludex B (red signal) was added after (left panel) or before (middle panel) nanoparticle. Uptake studies

at lower temperature (T#, 4˚C, right panel) were performed to demonstrate energy-dependent process of nanoparticle internalization. Representative

confocal laser scanning microscopy images are shown. Blue signal: Hoechst stain of cell nuclei. Scale bar = 10 mm. (B) Quantification of nanoparticle

uptake in absence or presence of free Myrcludex B dependent on different Myrcludex B derived peptide modification. All values are shown as

mean ± SD of biological replicates (n = 3 independent experiments). **p<0.01. (C) Uptake study of nanoparticles (membrane dye, DiI, red signal)

loaded with carboxyfluorescein (green signal) into HepG2 SLC10A1 without, mixed or covalently modified with Atto-633 conjugated Myr-preS2-31

(yellow signal). Myr-preS2-31-K-Atto633 is covalently linked to surface via stable thioether bond (right panel). Representative confocal laser scanning

microscopy images are shown. Blue signal: Hoechst stain of cell nuclei. Scale bar = 10 mm. (D) Concentration (CLipid) dependent uptake of nanoparticles

modified with different amounts of Myr-preS2-31 analyzed by flow cytometry and based on CF signal. All values are shown as mean ± SD of biological

replicates (n = 4 independent experiments). *p<0.05, **p<0.01, ***p<0.001. Numerical data for all graphs are shown in Figure 2—source data 1.

DOI: https://doi.org/10.7554/eLife.42276.015

The following source data and figure supplements are available for figure 2:

Source data 1. Influence of ligand on cellular interactions.

DOI: https://doi.org/10.7554/eLife.42276.021

Figure supplement 1. NTCP-dependent uptake mechanism of nanoparticles.

DOI: https://doi.org/10.7554/eLife.42276.016

Figure supplement 2. Uptake of Myrcludex B-modified nanoparticles into HeLa cells transfected with empty vector (pEF6 Ctrl), Slc10a1 or SLC10A1.

DOI: https://doi.org/10.7554/eLife.42276.017

Figure supplement 3. Influence of glycosaminoglycans (GAGs) on Myrcludex B binding.

Figure 2 continued on next page
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since its binding to NTCP expressing HepG2 SLC10A1 cells results in a significant shift in fluores-

cence signal as compared to control cells (data not shown). Uptake inhibition of nanoparticles modi-

fied with Myr-preS2-31, Cap-preS2-48, and Myr-preS2-48 by free Myrcludex B-fluorescein was

confirmed by flow cytometry (Figure 2B). In contrast, the uptake of Myr-preS2-48A modified nano-

particles was not significantly inhibited by free Myrcludex B, due to the non-specific amino acid

sequence (see difference in essential amino acid sequence highlighted in Figure 1A). By incubation

of cells in presence of NaN3 or at low temperature (i.e. 4˚C), we confirmed that the uptake of NTCP

targeted nanoparticles is an energy-dependent process (Figure 2A). These results demonstrate that

hepatotropism of nanoparticles is mediated by NTCP and that the cellular uptake of the carrier is an

active and energy-dependent process.

Selection of the optimal hepatotropic Myrcludex B-derived lipopeptide
After evaluating the formulation yield, physicochemical characteristics (i.e. storage/colloidal stability,

hydrodynamic diameter, size distribution, zeta potential) and the targeting capacity of our NTCP-

specific nanoparticles in vitro, we identified Myr-preS2-48 and Myr-preS2-31 as lead structures and

used these for further investigations. This choice was based on the following observations:

First, only nanoparticles modified with lipopeptides but not peptides without conjugated fatty

acid (e.g. preS2-48) can bind to NTCP. This set of experiments confirmed that the acyl modification

of peptides on nanoparticles‘ surface is a crucial prerequisite for hepatocyte binding as reported

recently for free peptides (Meier et al., 2013; Schieck et al., 2013). Only acyl modified peptides

increased nanoparticle binding and internalization. Second, liposomes decorated with peptides con-

jugated to capric acid had a reduced colloidal stability. Their storage stability was limited due to par-

ticle aggregation. Furthermore, their size of around 134 nm exceeds the diameter of liver sinusoid

fenestrations presumably limiting their access to the space of Disse. Third, Myr-preS2-48A modified

nanoparticles were excluded due to poor NTCP specificity as demonstrated by the lack of binding

competition by free Myrcludex B. In addition, the uptake of these nanoparticles was independent of

NTCP expression levels and even higher in HepG2 wild type cells (Figure 1D).

Mechanistic studies on NTCP mediated cellular binding and
internalization
In order to demonstrate the importance of covalent peptide attachment, we used a triple fluores-

cence labeling strategy (Figure 2C). The targeting ligand Myrcludex B was labeled with Atto633, the

liposomal phospholipid bilayer was labeled with DiI, and the aqueous cargo payload of nanoparticles

consisted of CF. Myr-preS2-31-K-Atto633 was labeled at an additionally introduced lysine at position

2, in order to still allow conjugation to the nanoparticle surface by the terminal cysteine. Recently,

we have shown that additional N-terminal amino acids do not interfere with specific liver enrichment

(for comparison Myr-preS�11-48) (Schieck et al., 2013).

First, CF-loaded, DiI-labeled nanoparticles were incubated with Myr-preS2-31-K-Atto633 and

purified using size exclusion chromatography to remove free targeting ligand. Cell experiments con-

firmed successful removal of free Myr-preS2-31-K-Atto633 (no signal on cell membrane) and as

expected no uptake of PEGylated nanoparticles. As a control, we added a mixture of free Myr-

preS2-31-K-Atto633 and PEGylated nanoparticles to HepG2 SLC10A1 cells without prior purifica-

tion. Notably, a strong fluorescence signal on the cell membrane was observed due to specific bind-

ing of free Myr-preS2-31-K-Atto633 to SLC10A1 indicating specific targeting despite an additional

N-terminal amino acid. Free Myr-preS2-31-K-Atto633 did not interact with PEGylated nanoparticles

Figure 2 continued

DOI: https://doi.org/10.7554/eLife.42276.018

Figure supplement 4. Uptake of nanoparticles into HepG2 WT cells in absence or presence of heparan sulfate.

DOI: https://doi.org/10.7554/eLife.42276.019

Figure supplement 5. Ligand density dependent uptake of Myrcludex B-modified nanoparticles loaded with carboxyfluorescein (payload, green).

DOI: https://doi.org/10.7554/eLife.42276.020
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and thus did not trigger nanoparticle entry into HepG2 SLC10A1 cells. Finally, we covalently linked

the Myr-preS2-31-K-Atto633 to the nanoparticle surface by Michael addition of the distal cysteine

residue to maleimide-functionalized PEGylated phospholipids integrated in the nanoparticle struc-

ture. A strong cellular binding and uptake of Myr-preS2-31-K-Atto633 modified nanoparticles was

observed already within 1 h.

Interestingly, nanoparticles including their payload entered the target cell whereas the targeting

ligand remained on the cell surface. Since Myrcludex B has a remarkably high affinity to the NTCP

(KD of 67 nM) (Meier et al., 2013), it is tempting to speculate that the targeting ligand is retained

by NTCP on the cell surface while the dissociated liposome payload is internalized and further proc-

essed by a yet unknown mechanism. Of note, intracellular CF signals were considerably higher when

compared to DiI signals. This might also indicate liposome dissociation and perhaps loss of DiI dur-

ing the internalization process. Uptake experiments using pharmacological pathway inhibitors sug-

gested a partially clathrin-dependent and caveolin-independent mechanism, which differs from the

process of phagocytosis and micropinocytosis (Figure 2—figure supplement 1). Intriguingly, addi-

tional factors besides NTCP binding seem to contribute to this process. Non-hepatic HeLa cells

transduced with mouse NTCP (mNtcp; Slc10a1) or SLC10A1 can bind Myrcludex B-modified nano-

particles. However, binding is reduced as compared to binding in hepatic cell lines and no uptake is

observed (Figure 2—figure supplement 2). Thus, additional hepatic cell dependent factors seem to

play a role for efficient binding and internalization. Indeed, Verrier et al. reported recently that glypi-

can five expression is an important co-factor for HBV entry (Verrier et al., 2016). Notably, uptake

experiments using psgA745 cells (CHO xylosyltransferase mutants) overexpressing NTCP showed

that binding of Myrcludex B alone is not influenced by glycosaminoglycans (Figure 2—figure sup-

plement 3). In sharp contrast, binding of nanoparticles could be partially inhibited in HepG2 WT

cells using heparan sulfate suggesting an involvement of glycosaminoglycans in the binding and sub-

sequent internalization process of nanoparticles for hepatic cells (Figure 2—figure supplement 4).

Therefore, it will be an important step for the design of next-generation carrier systems to elucidate

such co-factors in detail and adapt the nano-sized delivery system accordingly.

To demonstrate concentration-dependent nanoparticle uptake of Myr-preS2-31 and investigate

the effect of ligand density, qualitative and quantitative fluorescence techniques were used

(Figure 2D). Therefore, we performed in vitro experiments using nanoparticles with variable

amounts of coupled Myr-preS2-31 (0 mol% - 0.5 mol% initial maleimide functionalities on nanoparti-

cle surface). With increasing targeting ligand concentration, a significant increase in cellular uptake

was observed (Figure 2D, Figure 2—figure supplement 5). Notably, we identified a threshold value

of at least 0.25 mol% for efficient cell binding by qualitative confocal imaging as well as quantitative

flow cytometry experiments (Figure 2D, Figure 2—figure supplement 5). Below this value, no

uptake was observed, whereas above 0.25 mol% cellular binding was improved. Stoichiometric esti-

mations assuming a bilayer thickness of 5 nm, a phosphatidylcholine headgroup area of 0.71 nm2

and an equal distribution of DSPE-PEG in the outer and inner nanoparticle membrane result in

157 ± 16, 79 ± 8, or 39 ± 4 maleimide moieties per liposome capable for lipopeptide conjugation

corresponding to 0.5 mol%, 0.25 mol%, or 0.125 mol%, respectively (Maurer et al., 2001). Thus, a

minimum of 80 functional maleimide moieties per nanoparticle is necessary for efficient cellular tar-

geting after Myr-preS2-31 conjugation.

In vivo systemic circulation in the zebrafish vertebrate model
Since in vitro experimental models are not able to mimic the physiological complexity of nano-bio

interactions at an organ level, we screened in the next step the effect of ligand density on pharmaco-

kinetics of nanoparticles in vivo for Myr-preS2-48 and Myr-preS2-31 (Figure 3). Recently, we have

reported that the zebrafish is a valuable pre-clinical tool to assess the systemic circulation and blood

clearance of nanoparticulate drug delivery systems in vivo (Sieber et al., 2017; Campbell et al.,

2018; Sieber et al., 2019b; Park, 2017; Yin et al., 2018; Sieber et al., 2019a).

Thus, we injected DiI labeled nanoparticles modified with different amounts of targeting ligand

(0.125 mol% - 1.0 mol%) into the duct of Cuvier of transgenic kdrl:EGFPs843 zebrafish embryos

which express GFP in the vasculature endothelial cells. Already 1 h post injection, a clear qualitative

difference in circulation characteristics of tested nanoparticles was detected. With increasing ligand

density on the nanoparticle surface, the systemic circulation of nanoparticles decreased for both

peptides (Figure 3) indicating that ligand modification of nanoparticles interferes with the shielding
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properties of PEG. Increased blood clearance was thereby paralleled by accumulation in the poste-

rior caudal vein region. The observed binding pattern did not match a stabilin-2 scavenger receptor

dependent nanoparticle clearance, which would be indicative for interactions with mammalian liver

sinusoidal endothelial cells (LSECs) (Campbell et al., 2018). More likely a sequestration by macro-

phages is responsible for this clearance mechanism corresponding to an accumulation in the spleen

of rodents (Sieber et al., 2019b).

Figure 3. Systemic circulation of Myrcludex B-derived lipopeptide conjugated nanoparticles in vivo in the zebrafish model. Nanoparticles were

modified with different amounts of (A) Myr-preS2-48 or (B) short Myr-preS2-31 and injected into transgenic zebrafish embryos expressing green

fluorescent protein in their vasculature endothelial cells (green signal). Membrane of nanoparticles was fluorescently labeled using DiI (red signal).

Representative confocal laser scanning microscopy images of tail region 1 hpost injection.

DOI: https://doi.org/10.7554/eLife.42276.022
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Interestingly, nanoparticles modified with the shorter targeting peptide, that is Myr-preS2-31,

showed increased systemic circulation (Figure 3B) as compared to Myr-preS2-48 modified nanopar-

ticles (Figure 3A) at similar ligand densities. Thus, Myr-preS2-31 modified nanoparticles were

selected for further investigations. However, nanoparticles modified with more than 0.5 mol% Myr-

preS2-31 were as well excluded from further evaluation due to their poor systemic circulation and

high clearance rate.

In vivo targeting ability in the zebrafish vertebrate model
In a next step, we investigated the targeting capacity of Myr-preS2-31 modified nanoparticles to

human cells in vivo in the zebrafish model (Figure 4). In recent years, several groups have used xeno-

grafted zebrafish for various investigations including the assessment of nanoparticles (Sieber et al.,

Figure 4. Targeting ability of Myr-preS2-31 conjugated nanoparticles in vivo in xenotransplanted zebrafish embryos. Nanoparticles were modified with

different amounts of Myr-preS2-31 and injected into wild type zebrafish embryos xenotransplanted with human, GFP expressing HEK293 cells (green

signal), (A) deficient or (B) expressing SLC10A1. Membrane of nanoparticles was fluorescently labeled using DiI (red signal). Yellow signals demonstrate

colocalization (i.e. binding and internalization) of nanoparticles with HEK293-GFP cells. Representative brightfield and fluorescence images of tail region

1 h post injection are shown. Quantitative analysis of nanoparticle binding to HEK293-GFP cells is represented by Pearson´s Correlation Coefficient

(PCC). All values are shown as box plots of biological replicates (n � 2 independent experiments). *p<0.05. Numerical data for all graphs are shown in

Figure 4—source data 1.

DOI: https://doi.org/10.7554/eLife.42276.023

The following source data and figure supplement are available for figure 4:

Source data 1. Targeting xenotransplanted cells in the zebrafish model.

DOI: https://doi.org/10.7554/eLife.42276.025

Figure supplement 1. Targeting ability of free Myrcludex B in vivo in xenotransplanted zebrafish embryos.

DOI: https://doi.org/10.7554/eLife.42276.024
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2019a; Evensen et al., 2016; Wertman et al., 2016; Brown et al., 2017; He et al., 2012; Lin et al.,

2017; Veinotte et al., 2014; Wagner et al., 2010). Despite anatomical differences with mammals,

zebrafish xenotransplantation models are an emerging preclinical tool offering several practical

advantages as compared to mouse xenografting models including prolific reproduction, facilitated

xenotransplantation (no immune rejection due to limited adaptive immune response), and optical

transparency enabling high throughput screening. For our study, we used HEK293 cells stably

expressing GFP for further genetic modification and establishment of

xenotransplants (Witzigmann et al., 2015b). HEK293-GFP cells were transiently transfected with

SLC10A1 to express the targeting factor for our hepatotropic nanoparticles. Wild type HEK293-GFP

without SLC10A1 served as control. Both cell lines were injected into ABC/TU wild type zebrafish

embryos to create human xenotranplants. The different nanoparticles were injected as soon as trans-

genic human cells stopped circulating and remained in the caudal vasculature tail region (i.e. after

approximately 1 h). Interestingly, a clear difference in targeting capacity dependent on SLC10A1

expression and ligand density was revealed. Whereas there was no significant difference in targeting

capacity at different ligand densities for SLC10A1-deficient HEK293-GFP cells (Figure 4A), a signifi-

cant increase in binding to HEK293-GFP cells was observed if SLC10A1 was overexpressed as the

nanoparticles could bind specifically and be readily internalized (Figure 4B). Most importantly, this

was only valid for nanoparticles modified with 0.25 mol% Myr-preS2-31 (Figure 4, quantitative analy-

sis). This illustrates that ligand density highly influences the balance between systemic circulation,

systemic clearance rate and targeting efficiency of our liposome-based nanoparticles.

Nanoparticles modified with ligand densities below 0.25 mol% show a favorable systemic circula-

tion but have an insufficient targeting ability. This also confirms our observations in vitro, where

nanoparticles with a ligand density below 0.25 mol% did not significantly bind to HepG2 SLC10A1

cells. In sharp contrast, nanoparticles modified with higher Myr-preS2-31 targeting ligand densities

(i.e. 0.5 mol%) have increased targeting ability in vitro. However, decreased systemic circulation and

a high clearance rate under in vivo conditions counteract the advantage of higher ligand densities.

Nanoparticles modified with 0.25 mol% Myr-preS2-31 have the highest targeting efficiency due to

an ideal balance between target affinity and long circulation time in vivo. It should be noted that

nanoparticles are internalized by target cells (Figure 4B) whereas free Myrcludex B apparently binds

with high affinity to target cells but is not internalized (Figure 4—figure supplement 1). This phe-

nomenon was recently observed by our team in rodents (data not shown) and was also reported

from clinical trials in humans.

In vivo liver targeting of Myr-preS2-31 conjugated nanoparticles in mice
To elucidate the influence of ligand density on hepatotropism of our nanoparticles in vivo in mam-

mals, we evaluated the pharmacokinetic properties of Myr-preS2-31 conjugated nanoparticles in

mice. For this set of experiments, we used a dual labeling approach. The radioactive nuclide indium-

111 (111In) was used for whole-body imaging and biodistribution studies whereas fluorescence label-

ing with DiI was used to evaluate intra-organ nanoparticle distribution. Importantly, we incorporated

DTPA-conjugated DSPE into the lipid bilayer to chelate 111In on the surface of nanoparticles. This

radiolabeling strategy has distinct advantages as compared to other labeling techniques or loading

of 111In-oxine into nanoparticles (van der Geest et al., 2015). First, this radiolabeling method is

robust, fast (within 45 min) and efficient with labeling efficiencies above 90%. Notably, free 111In was

easily removed from nanoparticle formulations prior to injection using size exclusion chromatogra-

phy (NAP-5 columns). Second, DTPA-DSPE enables retention of 111In in serum for at least 48 h at 37˚

C (>98% label retention) demonstrating the high stability necessary for in vivo studies of nanoparti-

culate drug delivery systems (van der Geest et al., 2015). Third, free 111In is rapidly eliminated via

kidneys and excreted in the urine as shown previously (Harrington et al., 2000; Shih et al., 2017).

This offers an easy assessment to differentiate between non-bound and nanoparticle bound 111In.

Four different lipid-based nanoparticles were prepared and injected intravenously into the tail

vein of mice, that is PEGylated liposomes (negative control) and nanoparticles modified with 0.125

mol%, 0.25 mol% and 0.5 mol% Myr-preS2-31. Plasma and organs were harvested to perform a

quantitative biodistribution analysis ex vivo 1 h post injection (Figure 5A). PEGylated nanoparticles

showed the typical biodistribution of sterically stabilized nanoparticles with a strong signal in the

blood (Figure 5A). Myr-preS2-31 conjugated liposomes demonstrated different biodistribution pat-

terns depending on ligand density (Figure 5A). Modification of nanoparticles with 0.125 mol% Myr-
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Figure 5. In vivo biodistribution and liver targeting of Myr-preS2-31 conjugated nanoparticles in mice. Nanoparticles were modified with different

amounts of Myr-preS2-31 and labeled with radioactive 111In and fluorescent membrane dye (DiI, red signal). (A) Quantitative biodistribution studies

were performed 1 h post injection. Radioactivity of each organ was determined with a g-counter and the percentage of injected dose (%ID) per organ

was calculated. B = blood, H = heart, Lu = lung, Li = liver, S = spleen, K = kidney. All values are shown as mean ± SD of biological replicates (n = 4

independent experiments). Numerical data for all graphs are shown in Figure 5—source data 1. (B) Fluorescence imaging (FI) of nanoparticles (DiI, red

signal) in liver cryo-sections. Blue signal: Hoechst stain of cell nuclei. Scale bar = 100 mm. (C) Immunohistochemistry (IHC) of Myr-preS2-31 (red signal) in

the liver sections 1 h after intravenous injection. Mice liver sections were stained with anti-Myr-preS2-31 antibody (MA18/7). Blue signals represent cell

nuclei. Arrows indicate distinct localized accumulations.

DOI: https://doi.org/10.7554/eLife.42276.026

The following source data and figure supplements are available for figure 5:

Source data 1. Biodistribution in mice.

DOI: https://doi.org/10.7554/eLife.42276.036

Figure supplement 1. In vivo biodistribution and liver targeting of Myr-preS2-31 conjugated nanoparticles in mice.

DOI: https://doi.org/10.7554/eLife.42276.027

Figure supplement 2. In vivo biodistribution and ex vivo organ distribution of PEGylated nanoparticles in mice.

DOI: https://doi.org/10.7554/eLife.42276.028

Figure supplement 3. In vivo biodistribution and ex vivo organ distribution of nanoparticles with elevated Myr-preS2-31 modification.

DOI: https://doi.org/10.7554/eLife.42276.029

Figure supplement 4. Organ biodistribution of different nanoparticles in rats.

DOI: https://doi.org/10.7554/eLife.42276.030

Figure supplement 5. Organ ratios of ex vivo biodistribution analysis in mice.

DOI: https://doi.org/10.7554/eLife.42276.031

Figure supplement 6. Intra-organ distribution of Myr-preS2-31-modified nanoparticles in spleen and kidney in vivo in mice dependent on ligand

density.

DOI: https://doi.org/10.7554/eLife.42276.032

Figure supplement 7. Liver targeting of Myr-preS2-31 conjugated nanoparticles in mice.

DOI: https://doi.org/10.7554/eLife.42276.033

Figure supplement 8. Specific binding of Myr-preS2-31 conjugated nanoparticles to sinusoidal membrane of hepatocytes.

DOI: https://doi.org/10.7554/eLife.42276.034

Figure supplement 9. Biodistribution of nanoparticles modified with 0.5 mol% Myr-preS2-31 in mice.

DOI: https://doi.org/10.7554/eLife.42276.035
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preS2-31 did not alter the systemic circulation significantly (i.e. high blood pool signal). Only a minor

increase in liver accumulation was observed as compared to ligand-lacking PEGylated nanoparticles

(Figure 5A).

Interestingly, nanoparticles modified with 0.25 mol% Myr-preS2-31 significantly enriched binding

to the liver (Figure 5A). Further increase in ligand density (0.5 mol%) resulted in an increase in

spleen accumulation, that is enhanced clearance by cells of the reticuloendothelial system

(Figure 5A). Of note, none of the nanoparticle formulation resulted in an elimination via kidneys

demonstrating the high stability and retention of the DTPA-DSPE chelated 111In.

Planar gamma scintigraphy imaging of injected mice and harvested organs at various time points

(15 min and 60 min) confirmed these observations (Figure 5—figure supplements 1, 2 and 3). PEGy-

lated nanoparticles demonstrated the typical systemic circulation with a strong signal in highly per-

fused organs, for example heart (Figure 5—figure supplements 1 and 2). Modification of

nanoparticles with 0.25 mol% Myr-preS2-31 significantly increased the liver accumulation. Interest-

ingly, further increase in Myr-preS2-31 modification (�0.25 mol%) resulted in dominant location of

radioactivity in an elongated structure in the far-left part of the abdomen under the liver, which was

identified as the spleen (Figure 5—figure supplement 1). In order to confirm this observation, we

injected mice with excessive Myr-preS2-31 modified nanoparticles (>0.5 mol%) and performed a pla-

nar imaging (Figure 5—figure supplement 3). Indeed, elevated Myr-preS2-31 modification resulted

in an exclusive spleen accumulation, that is enhanced clearance by cells of the reticuloendothelial

system. In order to exclude species specific effects, we also performed a planar gamma scintigraphy

imaging of harvested organs from injected rats (Figure 5—figure supplement 4). Again, elevated

Myr-preS2-31 modification has negative impacts on liver accumulation.

In order to highlight the ligand-density dependent hepatotropism, we calculated ratios between

the blood pool and important organs, that is liver (i.e. target organ), spleen (i.e. clearance organ),

and kidney (i.e. control organ since nanoparticle bound 111In should not show renal excretion) (Fig-

ure 5—figure supplement 5). Indeed, Myr-preS2-31 modification �0.25 mol% resulted in increased

liver/spleen-to-blood ratios. Strikingly, nanoparticles modified with 0.25 mol% Myr-preS2-31 demon-

strated a significant increase in the liver-to-kidney ratio confirming our conclusions from the zebrafish

model, that 0.25 mol% Myr-preS2-31 is the optimal ligand density (Figure 4B).

The biodistribution studies were combined with fluorescence imaging of nanoparticle distribution

(Figure 5B, Figure 5—figure supplement 6) and immunohistochemistry of Myr-preS2-31 distribu-

tion (Figure 5C, Figure 5—figure supplements 6–9) in liver, spleen, and kidney (i.e. nanoparticles

and Myr-preS2-31 should not show renal excretion). PEGylated nanoparticles showed a weak fluores-

cent signal in the liver (Figure 5B). Importantly, these signals were not associated with the sinusoidal

membrane of hepatocytes but arose from the high hepatic blood supply (Figure 5—figure supple-

ment 8). No signals were observed in spleen and kidney (Figure 5—figure supplement 6). Modifica-

tion of nanoparticles with 0.125 mol% Myr-preS2-31 did not result in significantly increased liver

levels. A marginal binding of nanoparticles to hepatocyte membrane was visually observed

(Figure 5B,C). This supports our hypothesis that a threshold level of targeting ligand density present

on the nanoparticle surface is necessary for successful targeting. Importantly, strong signals for

nanoparticles modified with 0.25 mol% Myr-preS2-31 were observed on the basolateral membrane

of parenchymal liver cells (Figure 5B,C) demonstrating the strong hepatotropism of our nanopar-

ticles. Further increasing the ligand density (i.e. 0.5 mol%) was detrimental and resulted in a diffuse

hepatic staining pattern. Nanoparticles and their payload were detected as punctuated signals in

the whole liver and did not show a specific membrane staining (Figure 5B, Figure 5—figure supple-

ment 9). Myr-preS2-31 was detected in distinct localized areas only (Figure 5C). We conclude that

nanoparticles modified with excessive Myr-preS2-31 densities (0.5 mol%) are rapidly cleared by liver

resident macrophages, i.e. Kupffer cells. Subsequent re-distribution phenomena result in an unspe-

cific nanoparticle signal in the whole liver.

Competition of NTCP-specific uptake into mouse hepatocytes in vivo
Since nanoparticles modified with 0.25 mol% Myr-preS2-31 allowed highly efficient liver targeting,

we next investigated the NTCP specificity and the internalization process (Figure 6A). Therefore, we

injected either labeled nanoparticles alone or together with free unlabeled Myrcludex B into mice

(Figure 6B). Co-injection of Myrcludex B resulted in a clear decrease in liver enrichment by competi-

tive inhibition of NTCP-binding as demonstrated by a change of signal.
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Figure 6. NTCP-specific uptake of Myr-preS2-31 conjugated nanoparticles into hepatocytes in vivo in mice. (A) Schematic representation of NTCP-

targeted nanoparticle binding to hepatocytes. Circulating nanoparticles pass the fenestrae of liver sinusoidal endothelial cells (LSEC) and subsequently

bind to the NTCP in the basolateral membrane of hepatocytes facing the space of Disse. Prior to Myr-preS2-31 mediated NTCP binding, the myristoyl

chain is inserted into the lipid bilayer. In close proximity to hepatocytes, acyl chain switches into cellular membrane due to high affinity of essential

Figure 6 continued on next page

Witzigmann et al. eLife 2019;8:e42276. DOI: https://doi.org/10.7554/eLife.42276 15 of 28

Research article Biochemistry and Chemical Biology Microbiology and Infectious Disease

158



To reveal the localization of nanoparticles, we performed a confocal microscopy analysis of liver

cryo-sections (Figure 6C). We stained liver cryo-sections using antibodies against Slc10a1 and Myr-

preS2-31 (MA 18/7). Interestingly, nanoparticles that were internalized into parenchymal liver cells

did not co-localize with Slc10a1 fluorescent signals. Myr-preS2-31 still colocalized with Slc10a1 sug-

gesting that the targeting ligand was separated from the nanoparticle during cellular internalization

as already observed in in vitro experiments. This phenomenon was confirmed by a colocalization

analysis (Figure 6C). The observed cellular uptake is a surprising finding since HBV possesses pro-

nounced host species specificity with regard to binding and infectivity. HBV binds to murine hepato-

cytes but cannot infect mice due to the lack of host cell dependency factors (Lempp et al., 2016).

Therefore, chimeric mice transplanted with primary human hepatocytes have been developed to

study anti-HBV drugs (Petersen et al., 2008; Lütgehetmann et al., 2012). In humans or chimpan-

zees only, HBV specifically binds to hepatocytes and subsequently infects the host.

Importantly, our NTCP-targeted nanoparticles apparently lack this species specificity. In contrast

to HBV, our hepatotropic nanoparticles specifically bind to mouse hepatocytes in a Slc10a1-depen-

dent manner and are subsequently internalized. The exact molecular interactions behind this inter-

nalization process will require additional studies to elucidate structural determinants important for

cellular uptake and to better understand viral entry mechanisms, which are still unknown (Glebe and

Urban, 2007).

Conclusions
In conclusion, the combination of in vitro investigations, the zebrafish model and in vivo experiments

in rodents offered a unique approach to optimize our targeting ligand modified nanoparticles. The

zebrafish model demonstrated to be an excellent tool to pre-screen various nanoparticle formula-

tions, to assess the effect of Myrcludex B modifications on their pharmacokinetics and biodistribu-

tion, and thus increase the accuracy of predictions for experiments in rodents. The developed

delivery systems can increase liver uptake levels, decrease accumulation in off-target tissues and at

the same time avoid clearance by the reticuloendothelial system by mimicking HBV targeting prop-

erties. Despite the fact that current liver targeting strategies such as ASGPR- or LDLR-targeted deliv-

ery systems have already demonstrated improved drug and gene delivery in various preclinical

models, these systems also suffer from certain drawbacks including complex synthesis of multivalent

glycans or strong evidence that a majority of endocytosed gene carriers is recycled back to the cell

exterior thereby reducing activity (Witzigmann et al., 2016a; Sahay et al., 2013). Due to the avail-

ability of efficient peptide manufacturing protocols, the proposed NTCP targeted delivery platform

is an alternative and promising approach which warrants further investigation. For future clinical

applications, optimized Myr-preS2-31 conjugated nanoparticles entrapping small molecule drugs,

nucleic acids or proteins need to be studied in appropriate animal models of disease. In particular,

we see a great potential for our nanoparticle targeting strategy in the field of metabolic diseases of

the liver.

Figure 6 continued

peptide sequence to NTCP binding site, thereby consolidating target transporter binding. (B) Nanoparticles were modified with 0.25 mol% of Myr-

preS2-31 and labeled with radioactive 111In and fluorescent membrane dye (DiI, red signal). Planar imaging of mice 1 h post-injection. Competitive

inhibition of liver binding by co-injection of free Myrcludex B clearly demonstrates NTCP-specific binding. Positions of liver and spleen are indicated by

small circles. (C) Immunofluorescence staining of nanoparticles (red signal), targeting ligand (Myr-preS2-31, green signal, antibody staining), and

Slc10a1 (cyan signal, antibody staining) in liver cryosections. Nuclei staining (blue signal) served as control for complete internalization; no overlap with

Slc10a1. Scale bar = 20 mm. Colocalization analysis with Slc10a1 is represented by Pearson´s Correlation Coefficient (PCC). All values are shown as box

plots of biological replicates (n = 3 independent experiments). *p<0.05. Numerical data for all graphs are shown in Figure 6—source data 1.

DOI: https://doi.org/10.7554/eLife.42276.037

The following source data is available for figure 6:

Source data 1. Internalization into hepatocytes.

DOI: https://doi.org/10.7554/eLife.42276.038
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Materials and methods

Key resources table

Reagent type (species)
or resource Designation Source or reference Identifiers

Additional
information

Cell line
(H. sapiens)

HepG2 WT DOI: 10.1111/
hepr.12599

RRID:CVCL_0027 Cell depository of
the Institute of Pathology
(University Hospital of
Basel, Switzerland)

Cell line
(H. sapiens)

HepG2 SLC10A1 DOI: 10.1053/j.gastro.
2013.12.024

RRID:CVCL_JY40 Prof. Dr. Stephan Urban
(University Hospital
Heidelberg)

Cell line
(H. sapiens)

HuH7 WT DOI: 10.1111/
hepr.12599

RRID:CVCL_0336 RIKEN Cell Bank
(Ibaraki, Japan)

Cell line
(H. sapiens)

HuH7 SLC10A1 DOI: 10.1053/j.gastro.
2013.12.024

Prof. Dr. Stephan Urban
(University Hospital
Heidelberg)

Cell line
(H. sapiens)

HeLa WT - RRID:CVCL_0030 Prof. Dr. Jörg Huwyler
(University of Basel)

Cell line
(H. sapiens)

HEK293-GFP DOI: 10.1021/
acsami.5b01684

Prof. Dr. Jörg Huwyler
(University of Basel)

Cell line
(Cricetulus griseus)

CHO DOI: 10.1021/
bi702258z

RRID:CVCL_0214 Prof. Dr. Joachim Seelig
(University of Basel)

Cell line
(Cricetulus griseus)

psgA745 DOI: 10.1021/
bi702258z

Prof. Dr. Joachim Seelig
(University of Basel)

Genetic reagent
(Danio rerio)

kdrl:EGFPs843
zebrafish

DOI: 10.1016/j.jconrel.
2017.08.023

https://zfin.org/
ZDB-TGCONSTRCT-
070117-47

Prof. Dr. Markus Affolter
(University of Basel)

Antibody anti-Myr-preS2-31
antibody (MA18/7)

- - Prof. Dr. Wolfram Gerlich
(Justus-Liebig-Universität
Gießen); monoclonal
human, 1:100 dilution

Antibody anti-Slc10a1
(anti-Ntcp)

- - Prof. Bruno Stieger
(University of Zurich);
polyclonal rabbit,
1:100 dilution

Antibody anti-FITC antibody Invitrogen -
ThermoFisher
Scientific

Catalog # 71–1900 polyclonal rabbit,
1:100 dilution

Software OriginPro 9.1
software

- RRID:SCR_014212 OriginLab
Corporation

Software FlowJo VX software - RRID:SCR_008520 TreeStar

Software ImageJ Fiji - RRID:SCR_002285 ImageJ

Synthesis of Myrcludex B-derived peptides
Different peptides were synthesized by fluorenylmethoxycarbonyl/t-butyl (Fmoc/tBu) solid-phase

synthesis using an Applied Biosystems 433A peptide synthesizer and modified with acyl chains as

described previously (Schieck et al., 2013). Atto fluorescence dyes were either linked to the distal

cysteine residue by maleimide chemistry or to the e-amino group of an additionally introduced

D-lysine at position two by NHS chemistry for mechanistic studies based on a triple fluorescence

labeling strategy. In contrast to all other amino acids of Myrcludex B-derived lipopeptides, a

D-amino acid was introduced in the latter case due to the chemical synthesis strategy used. Peptides

were purified using preparative reverse-phase high performance liquid chromatography (HPLC, LaP-

rep P110, VWR International GmbH) with a Reprosil-Gold 120 C18 4 mm column (Dr. Maisch GmbH)

and a variable gradient adapted to the peptides properties in a range of 100% H2O to 100% aceto-

nitrile, both containing 0.1% TFA. Peptide identity was verified using an analytical Agilent 1100

HPLC system equipped with a Chromolith Performance RP-C18e column (Merck KGaA) coupled to a

mass spectrometer (Exactive, Thermo Fisher Scientific).
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Preparation of hepatotropic nanoparticles
Hepatotropic nanoparticles based on liposomes were prepared using the film rehydration extrusion

method as described previously (Detampel et al., 2014). The lipid membrane composition of nano-

particles consisted of DSPC (Lipoid AG), cholesterol (Sigma-Aldrich), DSPE-PEG2000 (Lipoid AG) at

a molar ratio of 52.7:42.3:5. For the conjugation of HBV-derived peptides, DSPE-PEG2000 was

replaced by DSPE-PEG2000-maleimide (Avanti Polar Lipids) at indicated molar ratios. For fluores-

cence labeling of lipid membrane, 1 mol% DiI (Thermo Fisher Scientific) was added to the lipid com-

position replacing DSPC. For radioactive labeling with 111In, DSPC was replaced by 3 mol% DSPE-

DTPA (Avanti Polar Lipids). Desired ratios of lipids were mixed; a homogenous thin film was pre-

pared and dried using a Rotavapor A-134 (Büchi). Lipid films were rehydrated using 0.01 M PBS pH

7.2 containing 1 mM EDTA (Sigma-Aldrich) to prevent metal ion catalyzed maleimide oxidation. For

passive loading and fluorescence labeling of inner core, a 60 mM 5 (6)-carboxyfluorescein (Sigma-

Aldrich) solution (pH 7.4) was used for the rehydration step. At this concentration >98% of the fluo-

rescence is self-quenched (Figure 1—figure supplement 3). Resulting multilamellar vesicles were

subjected to five freeze-thaw cycles and extruded 11 times through a polycarbonate membrane

(Avanti Polar Lipids) with a pore size of 100 nm followed by 11 times through a polycarbonate mem-

brane with a 50 nm pore size 10˚C above transition temperature (i.e. 65˚C for DSPC-based formula-

tions). For functionalization with HBV-derived peptides, nanoparticles were mixed with peptides at

molar maleimide-to-cysteine ratio of 1:1 and incubated at RT overnight. To remove non-conjugated

peptides and/or free hydrophilic dye, size exclusion chromatography using a Sephadex G50 column

(GE Healthcare) eluted with 0.01 M PBS pH 7.4 was performed. The size exclusion chromatography

column was coupled to an UV detector to analyze recovery of nanoparticles based on peak areas.

Hepatotropic nanoparticles were concentrated to a final lipid concentration of 10 mM using Amicon

Ultra-4 centrifugal filter units with a 100 kDa molecular weight cut-off (Millipore). DiI and cholesterol

were used as marker lipids to quantify total lipid content. DiI content was quantified based on rela-

tive fluorescence signals as compared to liposome standards and in combination with Triton X-100

treatment to account for potential DiI self-quenching. Samples were excited at 561 nm and fluores-

cence signals were recorded using a Spectramax M2 microplate reader (Molecular Devices). The

cholesterol content was determined using the Cholesterol E cholesterol assay kit from Wako follow-

ing the manufacturer’s protocol.

Loading of compounds into hepatotropic nanoparticles
FITC-peptide loading
For passive loading of FITC-Ahx-yKKEEEK into nanoparticles, a 2 mg/mL FITC-peptide solution in a

mixture of PBS/DMSO/EtOH at pH 7.0 was used for the rehydration step of the homogenous lipid

film. Resulting multilamellar vesicles were processed as described in the Materials and methods

section.

Propidium iodide loading
For passive loading of propidium iodide into nanoparticles, a 10 mg/mL propidium iodide solution

in PBS was used for the rehydration step of the homogenous lipid film. Resulting multilamellar

vesicles were processed as described in the Materials and methods section including a final purifica-

tion step.

Doxorubicin loading
For loading of doxorubicin, an active drug loading strategy based on a citrate gradient was used as

previously described (Mayer et al., 1990). The homogenous lipid film was rehydrated using a 300

mM citrate buffer at pH 4.0 and multilamellar vesicles were processed as described in the

Materials and methods section. The pH of the external buffer solution was adjusted to pH 7.0 and

nanoparticles were incubated with 2 mg/mL doxorubicin at 65˚C for 15 min. Free doxorubicin was

removed by size exclusion chromatography.

DNA vector loading
Lipid nanoparticles entrapping DNA were prepared as previously described with

modifications (Kulkarni et al., 2019; Kulkarni et al., 2018; Kulkarni et al., 2017). Briefly, lipids
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(ionizable lipid, cholesterol, DSPC, DSPE-PEG2000, and DSPE-PEG2000-Maleimide at a molar ratio

of 50:39:10:0.75:0.25 mol%) were dissolved in ethanol at a total lipid concentration of 15 mM. The

DNA vector was dissolved in 25 mM sodium acetate (pH 4.0) at an N/P ratio of 6. After T-junction

mixing at a flow rate ratio of 3:1 v/v, the pH was neutralized using a 5x excess of D-PBS, the appro-

priate amount of Myr-preS2-31 was added, and the resulting suspension was dialyzed against D-PBS

to remove residual ethanol.

Physicochemical characterization of hepatotropic nanoparticles
Dynamic light scattering
Size and size distribution (polydispersity index, PDI) of nanoparticles were analyzed using a Delsa

Nano C Particle Analyzer (Beckman Coulter) equipped with a 658 nm laser. Samples were measured

in D-PBS at RT and a measurement angle of 165˚. Data were converted using the CONTIN particle

size distribution analysis (Delsa Nano V3.73/2.30, Beckman Coulter Inc).

Electrophoretic light scattering
Zeta potential of nanoparticles was analyzed using a Delsa Nano C Particle Analyzer. Samples were

measured in D-PBS at RT and a measurement angle of 15˚. Data were converted using the Smolu-

chowski equation (Delsa Nano V3.73/2.30).

Transmission electron microscopy
Size and morphology of nanoparticles were analyzed using transmission electron microscopy (TEM)

as described previously (Witzigmann et al., 2015a). In brief, samples were deposited on a 400-

mesh carbon-coated copper grid, negatively stained with 2% uranylacetate, and analyzed using a

CM-100 electron microscope operating at 80 kV (Philips).

Fluorescence correlation spectroscopy
Fluorescence correlation spectroscopy (FCS) analysis of nanoparticles was performed as described

previously (Uhl et al., 2017). In brief, Atto488, Myr-preS2-48-Atto488 and Myr-preS2-48-Atto488

conjugated nanoparticles were analyzed using an inverted confocal fluorescence laser scanning

microscope (Zeiss LSM 510-META/Confocor 2) equipped with a 40 � water immersion objective lens

(Zeiss C-Apochromat 40�, numerical aperture 1.2). Fluorescence intensity fluctuations were mea-

sured for three independent samples and each measurement was repeated 20–30 times. Autocorre-

lation functions were fitted using a two-component model and diffusion times were calculated.

Cell culture
Cell lines were purchased from ATCC or other recognized cell depositories (Institute of Pathology,

University Hospital of Basel, Switzerland and RIKEN Cell Bank, Ibaraki, Japan) who perform authenti-

cation and quality-control tests on all distribution lots of cell lines (Witzigmann et al., 2016b). In

addition, we performed authentication tests for all cell lines based on morphology check by micro-

scope. All human cell lines were cultured at 37˚C under 5% CO2 and saturated humidity in Dulbec-

co’s modified Eagle’s culture medium high glucose (DMEM, Sigma-Aldrich) supplemented with 10%

fetal calf serum (Amimed), penicillin (100 units/mL, Sigma-Aldrich), and streptomycin (100 mg/mL,

Sigma-Aldrich). Stable NTCP expressing liver derived cell lines, that is HepG2 SLC10A1 and HuH7

SLC10A1, were created by lentiviral transduction as published previously (Ni et al., 2014). For

uptake experiments, different cell lines were seeded at a density of 2.5 � 104 cells/cm2 and allowed

to adhere for 24 h. For confocal laser scanning microscopy experiments, cells were grown on poly-

D-lysine (Sigma-Aldrich) coated glass cover slips (#1.5, Menzel) or well plates (TPP).

Transfection of cell lines
For transient expression of the transporter, plasmids encoding for mNtcp (Slc10a1) or hNTCP

(SLC10A1) were generated, amplifying the coding sequence from commercially obtained mRNA

(Amsbio) by PCR. The following primers were used:

SLC10A1_for: 50-ATGGAGGCCCACAACGCGTCT-30,

SLC10A1_rev 50-CTAGGCTGTGCAAGGGGA-30;

Slc10a1_for 5‘-GTGTTCACTGGGTCGGAGGATG-‘3,
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Slc10a1_rev1 5‘-CAGGTCCAGAGCAAATACTCATAGGAG-‘3.

Subsequently the amplicons were ligated into pEF6-V5/HIS (Invitrogen), followed by sequence

verification (Microsynth). The resulting plasmids Slc10a1-pEF6 and SLC10A1-pEF6 and Lipofectamine

3000 (Sigma-Aldrich) were used for transfection of human cell lines. A standard transfection protocol

was developed as follows: Plasmid DNA and P3000 reagent were diluted in Opti-MEM (Sigma-

Aldrich) and rapidly mixed with Lipofectamine 3000 diluted Opti-MEM using a DNA-to-Lipofect-

amine 3000 w/V ratio of 3. After 5 min incubation, the transfection mix was added to adhered cells

at a plasmid DNA concentration of 1 mg/mL. Control cells were either transfected with empty pEF6

vector or treated with Opti-MEM alone.

Assessment of cytocompatibility of nanoparticles
To assess the cytocompatibility of nanoparticles modified with different Myrcludex B derived pepti-

des a MTT cell viability assay was performed. Wild type HeLa cells, liver-derived wild type HepG2

cells and HepG2 SLC10A1 were seeded and cultured as described above. Nanoparticles were added

to cells at final concentrations of 0.25 mM – 8 mM. After 24 h, MTT reagent (Sigma-Aldrich) was

added to cells for 4 h. Formazan dye crystals were solubilized for 2 h using a mixture containing 3%

(v/v) sodium dodecyl sulfate (Sigma-Aldrich) and 40 mM hydrochloric acid in isopropanol (Sigma-

Aldrich). Absorption of reduced MTT and background signals was measured using a Spectramax M2

microplate reader at 570 nm and 670 nm, respectively. Control cells treated with buffer were used

to calculate relative cell viability.

Uptake of nanoparticles in vitro
To assess the uptake rate and intracellular localization of nanoparticles, cell lines were incubated

with different concentrations of nanoparticles at 37˚C or 4˚C. Nanoparticles were loaded with 5 (6)-

carboxyfluorescein (payload) and/or incorporated DiI in their phospholipid-membrane. Myrcludex B

derived peptides were fluorescently labeled if necessary as indicated above. At the indicated time

points, confocal laser scanning microscopy or flow cytometry were used for qualitative and quantita-

tive analysis, respectively.

Competitive inhibition experiments in vitro
NTCP-specific uptake of nanoparticles was investigated by pre-incubation with 400 nM free Myrclu-

dex B fluorescently labeled with Atto-565 or Atto-488 as indicated.

Binding mechanism studies in vitro
The hepatic cell dependent binding mechanism of nanoparticles was investigated by pre-incubation

with 300 mg/mL heparin sulfate.

Uptake mechanism studies on NTCP mediated internalization in vitro
The uptake mechanism of nanoparticles into HepG2 SLC10A1 cells was investigated using different

pharmacological pathway inhibitors as described previously (Lunov et al., 2011). Cells were pre-

incubated using 100 mg/mL colchicine (micropinocytosis inhibitor), 10 mg/mL chlorpromazine (inhibi-

tor of clathrin-mediated endocytosis), or 25 mg/mL nystatine (inhibitor of caveolin-mediated endocy-

tosis) for 30 min before addition of nanoparticles.

Confocal laser scanning microscopy
At indicated time points, cell nuclei were counterstained for 5 min using 1.0 mg/mL Hoechst 33342

(Sigma-Aldrich), washed with PBS and embedded using ProLong Gold antifading reagent (Invitrogen

Life Technologies). For live cell imaging, cell nuclei were counterstained with Hoechst 33342, and if

indicated cell membranes were stained with Cell Mask Deep Red Plasma Membrane Stain (1.0 mg/

mL, Thermo Fisher Scientific) and NTCP was stained using fluorescently labeled Myrcludex B. Confo-

cal laser scanning microscopy analysis was performed using an Olympus FV-1000 inverted micro-

scope (Olympus Ltd.), equipped with a 60 � PlanApo N oil-immersion objective (numerical aperture

1.40).
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Flow cytometry analysis
To quantify the uptake rate of nanoparticles into non-hepatic and hepatic cell lines with different

NTCP expression levels, flow cytometry analysis was performed. Cells were detached using 0.25%

trypsin/EDTA (Sigma-Aldrich), washed twice with PBS and re-suspended in PBS containing 1% fetal

calf serum, 0.05% NaN3, and 2.5 mM EDTA. At least 10,000 cells per setting were analyzed using a

FACS Canto II flow cytometer (Becton Dickinson). Doublets were excluded and DiI or CF signals

were measured. Relative mean fluorescence intensities (MFI) of DiI or CF signals normalized to

untreated cells were calculated using Flow Jo VX software (TreeStar).

High-content screening
To quantify the transfection of HepG2 cells deficient or expressing NTCP using DNA loaded nano-

particles, high-content screening was performed as described previously.(Lin et al., 2013) Cells

were seeded in 96-well cell culture dishes, were allowed to adhere for 24 h, and treated with lipid

nanoparticles at a DNA concentration of 1.5 mg/mL. To assess the transfection efficacy using high-

content screening, cells were fixed with 3% paraformaldehyde 24 h post treatment and cell nuclei

were counterstained with Hoechst 33342. Plates were scanned and analyzed using a Cellomics Array-

Scan VTI (Thermo Scientific).

Zebrafish embryo culture
Zebrafish embryos (Danio rerio) are a well-established vertebrate screening model for engineered

nanomaterials (Campbell et al., 2018; Einfalt et al., 2018; Sieber et al., 2017). They were main-

tained in accordance with Swiss animal welfare regulations as described previously (Sieber et al.,

2017). In brief, eggs from wild type ABC/TU and transgenic kdrl:EGFPs843 adult zebrafish were

maintained in media at 28˚C. Formation of pigment cells was prevented by 1-phenyl 2-thiourea

(PTU, Sigma-Aldrich).

Injection of nanoparticles into zebrafish embryos
To assess the systemic circulation of nanoparticles, samples were injected into transgenic kdrl:

EGFPs843 zebrafish embryos (two dpf) as described previously (Sieber et al., 2017). In brief, cali-

brated volumes of 1 nL were injected into the duct of Cuvier of anesthetized and agarose-embed-

ded zebrafish embryos using a micromanipulator (Wagner Instrumentenbau KG), a pneumatic Pico

Pump PV830 (WPI), and a Leica S8APO microscope (Leica). The tail region of zebrafish embryos was

imaged 1 h post injection (hpi) using an Olympus FV-1000 inverted confocal laser scanning micro-

scope equipped with a 20 � UPlanSApo (numerical aperture 0.75) objective.

Targeting of xenotransplanted human cells in the zebrafish model
Human HEK293 cells deficient or overexpressing SLC10A1 were detached from 6-well cell culture

dishes using 1 mL pre-warmed DMEM, washed (5 min at 200 g) and resuspended in 10 mL DMEM.

Human cells (3 nL) were injected into the duct of Cuvier of ABC/TU zebrafish embryos. As soon as

transgenic human cells stopped circulating and remained in the caudal vasculature tail region (after

approximately two hpi), nanoparticles (1 nL) were injected as described above. Brightfield and fluo-

rescence images of the tail region were taken 1 hpi of nanoparticles.

Colocalization analysis. Binding of nanoparticles to HEK293 cells was analyzed using the JaCoP

plug-in Fiji. Therefore, Pearson´s Correlation Coefficient (PCC) was determined to assess the extent

of colocalization (Bolte and Cordelières, 2006).

Radioactive labeling of nanoparticles with 111In
Labeling of nanoparticles with 111In was performed with modifications as described

previously (van der Geest et al., 2015). Nanoparticles were prepared as described above in PBS at

a total lipid concentration of 60 mM (including 3 mol% DSPE-DTPA). Size exclusion chromatography

was used to exchange the buffer system to citrate buffered saline pH 5.4, fractions were pooled and

finally concentrated using Amicon Ultra-4 centrifugal filter units (100 kDa size exclusion). Nanopar-

ticles (30 mmol) were incubated with 40 ml of 111InCl3 (Mallinckrodt Pharmaceuticals) at 37˚C for 45

min using a thermocycler. After incubation, 111In labeled nanoparticles were purified using NAP-5
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columns (GE Healthcare) by elution with sterile saline (B. Braun Medical Inc). Fractions of 250 mL

were collected and activity of each fraction was determined.

Planar imaging of mice in vivo
All mice experiments were carried out in accordance with German legislation on animal welfare.

Female NMRI mice (6–8 weeks) were obtained from Janvier Laboratories. For planar imaging, mice

were anesthetized with Isoflurane (Baxter) and 111In labeled nanoparticles with a total activity of 8–

10 MBq (corresponding to 100 mL) were intravenously injected into the tail vein. Afterwards, the ani-

mals were placed in prone position (see Figure 5—figure supplements 2A and 3A) on a planar

gamma-imager (Biospace) equipped with a high energy collimator as described

previously (Müller et al., 2013; Wischnjow et al., 2016). Images were recorded at the indicated

time points with 10 min acquisition time.

Planar imaging of harvested organs from mice and rats ex vivo
For planar imaging of organs, animals were anesthetized with Isoflurane (Baxter) and 111In labeled

nanoparticles were intravenously injected into the tail vein. Animals were sacrificed 15 min or 1 h

post injection, organs were harvested and placed on a planar gamma-imager (Biospace) equipped

with a high energy collimator. Images were recorded at the indicated time points with 10 min acqui-

sition time.

Quantitative organ biodistribution of nanoparticles in mice ex vivo
For biodistribution studies, 111In labeled nanoparticles with a total activity of 1–2 MBq (correspond-

ing to 100 mL) were intravenously injected into the tail vein of wild type mice. Animals were sacrificed

(n = 3 per nanoparticle administration) 1 h post injection, organs were harvested and the radioactiv-

ity in each organ was measured with a Berthold LB 951G gamma counter. Each organ-associated

activity was related to the injected dose. The percentage of injected dose (%ID) per organ was calcu-

lated using standard values for organ weights (Mühlfeld et al., 2003).

Fluorescence imaging of nanoparticles in tissue cryo-sections
Nanoparticles incorporating 1 mol% DiI were intravenously injected into the tail vein of wildtype

mice. Animals were sacrificed 1 h post injection and organs were snap-frozen in liquid nitrogen.

Cryo-sections of 16 mm were mounted on Superfrost Plus Ultra microscope slides (Thermo Fisher Sci-

entific) and counterstained with Hoechst 33342 (2 mg/mL). Slides were embedded in Prolong Gold

Antifade Mountant (Thermo Fisher Scientific), sealed with nail polisher and analyzed using an Olym-

pus FV-1000 inverted confocal laser scanning microscope equipped with a 40x UPlanFL N oil-immer-

sion objective (numerical aperture 1.30).

Immunohistochemistry of targeting ligand in tissue sections
After intravenous tail vein injection of nanoparticles, the mice were euthanized, organs were har-

vested, rinsed with PBS and immediately placed in a 4% formaldehyde solution in PBS. After fixation

for 24 h, organs were dehydrated and embedded in paraffin. Sections of 5 mm thicknesses were cut

using a microtome MICROM HM 355, placed onto a microscope slide and dried at 37˚C. After dew-

axing and rehydration, epitope retrieval was performed. The primary antibody against Myr-preS2-31

(MA18/7, kind gift from Wolfram Gerlich) was added overnight at 4˚C, before incubation with the

secondary antibody. Finally, slides were counterstained with hemalum (Merck KGaA) for 10 min,

blued with tap water and mounted using Aquatex (Merck Millipore).

Immunofluorescence imaging of liver cryo-sections
Animals were sacrificed 3 h post injection of nanoparticles and liver cryo-sections (16 mm) were pre-

pared as described above. Slides were stained using primary antibodies against Myr-preS2-31

(MA18/7, 1:100 dilution) and Slc10a1 (provided by Prof. Bruno Stieger, University Zürich, 1:100 dilu-

tion). Finally, cell nuclei were counterstained with Hoechst 33342 (2 mg/mL) and analyzed by confocal

microscopy as described above.
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Statistical analysis
Statistical analysis for all experiments was performed by one-way analysis of variance (ANOVA) fol-

lowed by Bonferroni post-hoc test using OriginPro 9.1 software (OriginLab Corporation). Differences

between groups were considered to be statistically significant at the indicated p-values.
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Highlights: Prolonged blood circulation half-life time is a prerequisite for suc-

cessful nano-particle-based therapies. The most common approach to extend

blood circulation lifetime is the decoration of nanoparticles with polyethylene

glycol (PEG). However, immune reactions to PEG may significantly reduce

treatment efficiency, especially in the case of repeated administration. In this

study, we describe the synthesis and use of a possible alternative to PEG:

bisalkyl polysarcosine (BA-pSar). We show that BA-pSar can be synthesized

with defined chain lengths and low polydispersity. BA-pSar was successfully

incorporated into liposomal formulations and enhanced circulation behavior

while reducing macrophage recognition in a similar manner to PEG, as deter-

mined in the zebrafish embryo animal model. Moreover, BA-pSar can be end

group modified to reduce complement activation and thereby reduces immune

reactions compared to PEG.
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Thereby, one of the main goals of 
liposomes is to protect the entrapped drug 
while also reducing its off-site toxicity, as 
shown for multiple formulations.[5–8] To 
this end, increasing on-target tissue con-
centration is a key aspect which can be 
achieved both by nontargeted and targeted 
liposomes.[9–12] In this regard, a crucial point 
is the prolongation of systemic circulation 
lifetime. It is well-known that upon injec-
tion the majority of conventional (plain) 
liposomes are cleared rapidly from the 
blood stream by cells of the mononuclear 
phagocyte system.[13–15] To enhance circula-
tion times, a variety of approaches to modify 
the surface of liposomes emerged,[16–18] 
yet ultimately polyethylene glycol (PEG) 
established itself as gold standard in the 
early 1990s aiming at decreasing opsoniza-
tion.[19–21] PEGylation not only reduces but 
also alternates the recognition of nanopar-
ticles by complement factors and opsonins, 
resulting in a decreased nanoparticle recog-
nition and clearance by macrophages.[22,23] 
Manipulating opsonization, including the 
reduction of complement activation thus is 

one of the main goals in preventing rapid clearance.
Today, surface modifications of liposomes are mostly realized 

with amphiphilic lipid-polymer conjugates like 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-mPEG2k).[24,25] Despite the benefits and 
being considered mostly nonimmunogenic, phospholipid-PEG 
conjugates have also demonstrated some drawbacks over the 

Circulation lifetime is a crucial parameter for a successful therapy with nanopar-
ticles. Reduction and alteration of opsonization profiles by surface modification 
of nanoparticles is the main strategy to achieve this objective. In clinical set-
tings, PEGylation is the most relevant strategy to enhance blood circulation, yet 
it has drawbacks, including hypersensitivity reactions in some patients treated 
with PEGylated nanoparticles, which fuel the search for alternative strategies. 
In this work, lipopolysarcosine derivatives (BA-pSar, bisalkyl polysarcosine) 
with precise chain lengths and low polydispersity indices are synthesized, 
characterized, and incorporated into the bilayer of preformed liposomes via a 
post insertion technique. Successful incorporation of BA-pSar can be realized 
in a clinically relevant liposomal formulation. Furthermore, BA-pSar provides 
excellent surface charge shielding potential for charged liposomes and renders 
their surface neutral. Pharmacokinetic investigations in a zebrafish model show 
enhanced circulation properties and reduction in macrophage recognition, 
matching the behavior of PEGylated liposomes. Moreover, complement activa-
tion, which is a key factor in hypersensitivity reactions caused by PEGylated 
liposomes, can be reduced by modifying the surface of liposomes with an 
acetylated BA-pSar derivative. Hence, this study presents an alternative surface 
modification strategy with similar benefits as the established PEGylation of 
nanoparticles, but with the potential of reducing its drawbacks.
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1. Introduction

Nanomedicines have been investigated and used intensely 
over the past decades for several biomedical applications.[1] 
With numerous products already approved and a variety of 
preparations in clinical trials, liposomes are the most advanced 
and successful nanomedicine in clinic.[2–4]

Small 2019, 1904716
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last decade. Anti-PEG antibodies are a major concern regarding 
the clearance of intravenously administered liposomes modified 
with PEG,[26,27] frequently culminating in the rapid clearance of 
injected liposomes.[28,29] The occurrence of pre-existing anti-PEG 
antibodies even in healthy individuals has increased in everyday 
life due to exposure to PEG-containing products.[30] Besides this 
so-called accelerated blood clearance phenomenon, it transpired 
that both, the anchoring phospholipid and PEG itself are likely 
to cause specific and nonspecific[31] immune reactions. Such 
reactions are often caused by complement activation[32,33] and 
can lead to hypersensitivity reactions (HSRs) possibly triggering 
anaphylaxis.[34]

The negative charge at the phosphate group of DSPE-
PEG derivatives is predominantly linked to this complement 
induction.[35,36]

Conclusively, the development of alternative surface modifica-
tions offers an interesting possibility to circumvent the above-
mentioned limitations of PEG derivatives.[37–39] For this purpose, 
a multitude of hydrophilic materials has been proposed.[40–45]

In this work, we report the synthesis of the lipid-like amphi-
phile bisalkyl polysarcosine (BA-pSar) and its successful incor-
poration into the lipid bilayer of preformed liposomes. It was 
demonstrated earlier that pSar has properties similar to PEG, 
comprising high water-solubility, flexibility, and low immuno-
genicity in vitro,[46,47] making it a promising candidate for sur-
face modification of liposomes.[48] The aim of this study was 
to demonstrate that surface modification using pSar-lipopoly-
mers is a valuable strategy to increase circulation half-life of 
liposomes while also ensuring good biocompatibility (i.e., 
low complement activation). After synthesis, physicochemical 
properties of pSar-modified liposomes were compared with 
PEGylated and nonsurface-modified liposomes regarding their 
size, polydispersity, and zeta potential. To evaluate the extend of 
BA-pSar inserted into the bilayer, we determined the incorpo-
ration efficiency via high performance liquid chromatography 
(HPLC) with increasing amounts of BA-pSar added to pre-
formed liposomes using the post-insertion method.

In order to study the pharmacokinetics of liposomes with 
different surface modifications, we selected the zebrafish model 
as a validated in vivo tool to assess circulation properties and 
macrophage clearance.[49]

Addressing the occurrence of HSR, we also investigated 
the complement activation potential of liposomes modified 
with BA-pSar and an optimized acetylated derivative of pSar 
(pSar102Ac) with net-neutral charge.

2. Results and Discussion

2.1. Synthesis of Bisalkylated Lipopolysarcosine

One part of the present work was the synthesis of a bisalkylated 
polysarcosine. The synthesis (Scheme 1) was adapted and 
modified from the literature.[45] The sarcosine-N-carboxyanhy-
dride was synthesized and purified before the polymerization 
was started by the addition of the bisalkylamine. In contrast 
to monoalkylated pSar lipopolymers, solvent condition had to 
be adjusted due to the hydrophobicity of the initiator. Thus, 
poly merizations were performed in benzonitrile. After comple-
tion of the reaction, which was assured by Fourier-transform 
infrared spectroscopy, the polymer was precipitated in cold 
diethylether and purified via dialysis (Figure 1).

1H NMR experiments demonstrate that the deviation 
between obtained and calculated degrees of polymerization is 
below 10% (Table 1 and Figure 1A). In line with MALDI-TOF 
MS (matrix-assisted laser desorption/ionization-time of flight 
mass spectrometry) 1H DOSY (diffusion-ordered spectroscopy) 
NMR shows the presence of only one diffusing species con-
firming the absence of free initiator and water-initiated polymer 
(Figure 1B). The discrepancy between the molecular weights 
determined by HFIP-GPC (hexafluoro-2-isopropanol-gel per-
meation chromatography) and NMR can be explained with the 
uncommonly high values of polymethylmethacrylate (PMMA) 
in HFIP.[46]

The reported method is a simple way to vary lipopolymer 
architectures in a one-step polymerization. Moreover, poly-
sarcosine bears the potential for further end group modifi-
cation, due to the terminal amine end group (Scheme 1). To 
maintain the nonionic nature of the polymer, pSar end groups 
were acetylated with acetic anhydride in a post-polymerization 
manner without any influence on the molecular weight distri-
bution or chemical integrity of the polymer (Figure 2A,B). In 
addition, MALDI-ToF analysis of BA-pSar102 was performed 
and is displayed in Figure 2C. Despite severe mass discrimi-
nation, the spectrum reveals the full incorporation of the bis-
alkyl amine initiator (dioctadecylamine) without any detectable 
side products, i.e., initiation by traces of water or other impuri-
ties. Enlargement of the most intense peaks (Figure 2D) shows 
degrees of polymerization of Xn = 19,20 and sub-populations 
due to sodium and potassium ionization.

The second part of this work was focused on the incorpora-
tion of synthesized pSar derivatives into the lipid bilayer of 

Small 2019, 1904716

Scheme 1. Synthesis of BA-pSar102 based on nucleophilic ring opening polymerization of sarcosine NCA and formation of BA-pSar102Ac via end group 
modification (acetylation).
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liposomes and the comparison with DSPE-mPEG2k. There-
fore, BA-pSar102, BA-pSar102Ac, and DSPE-mPEG2k were used 
to modify the surface of preformed 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC)/cholesterol (Chol) liposomes. The 
lipid ratios were chosen to be similar to the formulation of 
an approved PEGylated liposome formulation, namely, Doxil. 
Doxil is composed of hydrogenated soya phosphatidylcholine, 
Chol, and DSPE-mPEG2k at a molar ratio of 57:38:5.[50]

2.2. Characterization of Liposomes

The hydrodynamic diameter and polydispersity index (PDI) of 
different liposome formulations were determined before and 
after purification of liposomes from noninserted lipopolymer 
conjugates using dynamic light scattering (DLS). Zeta poten-
tial was measured after purification. Results for size and PDI 
before and after post-insertion of lipopolymers followed by 
purification are displayed in Table 2. Within the estimated 
errors, results obtained for size and PDI were comparable for 
all preparations and did not change over the process of post-
insertion. Size was approximately 120 nm and PDI was ≤0.1, 
indicating homogenous size distributions for all formulations.

Figure 3 shows Cryo-TEM (cryogenic transmission electron 
microscopy) images displaying the morphology of representa-
tive liposomes which were selected for further in vitro and 
zebrafish experiments. Unmodified as well as surface-modified  
formulations show a narrow size distribution. Neither PEGyla-
tion nor modification with BA-pSar102 induced significant 
changes in liposomal morphology or size distribution. Cryo-TEM  

images are in good agreement with size values obtained by DLS 
measurements.

2.3. Zeta Potential of Liposomes

To assess the surface charge shielding potential of the different 
surface modifications, an additional set of liposomal formulations 
was prepared containing the cationic lipid 1,2-dioleoyl-3-trimethy-
lammonium-propane (DOTAP, 10 mol%) (Figure 4A). Measure-
ments of liposomes without DOTAP (Figure 4B) revealed only 
slight differences in zeta potential due to the neutral character 
of the formulation. Addition of DOTAP allowed to compare the 
influence on surface charge shielding of different formulations 
using zeta potential measurements. Notably, size characteris-
tics for all preparations were comparable (Supporting Informa-
tion, Figure S1). Unmodified liposomes showed a relatively high 
zeta potential of about +46 mV. In contrast, the zeta potential for 
liposomes modified with DSPE-mPEG2k and BA-pSar102 was 
reduced drastically, as already reported previously.[51] PEGylation 
resulted in a zeta potential of about −6 mV, whereas liposomes 
modified with pSar had a zeta potential around +9 mV, suggesting 
an effective shielding of charge. The slightly negative zeta poten-
tial for PEGylated liposomes on the one hand is probably due to 
the negative charge at the phosphate moiety of DSPE-mPEG2k. 
The slightly positive charge of BA-pSar102-modified liposomes on 
the other hand can be attributed to the terminal secondary amine 
of pSar, which is protonated at physiological pH. Measurements 
of liposomes modified with end-capped pSar (BA-pSar102Ac) 
displayed a zeta potential of around +2 mV. Since BA-pSar102Ac 

bears no charge, this suggests that an effective 
shielding of the positive charge introduced by 
DOTAP was achieved with this formulation.

2.4. Incorporation Efficiency

For all surface-modified liposomes, DSPE-
mPEG2k, BA-pSar102, and BA-pSar102Ac 
incorporation efficiency into the liposomal 
bilayer was monitored via HPLC.

Small 2019, 1904716

Figure 1. A) 1H NMR spectrum of BA-pSar102 in CDCl3 with assignment of peaks. B) DOSY NMR spectrum of BA-pSar102 in CDCl3.

Table 1. Synthesized sarcosine-based lipopolymers with an initial monomer to initiator ratio 
of M/I = 90, molecular weights and dispersity indices.

Polymer Initiator/end-group Mn (Calc)a)  
[kg mol−1]

Mn(GPC)b)  
[kg mol−1]

Mn(NMR)c)  
[kg mol−1]

PDI

BA-pSar102 DODA/H 6.9 38.5 7.8 1.2

BA-pSar102Ac DODA/Ac 7.0 38.7 7.8 1.2

a)Calculated molecular weight (based on M/I ratio); b)Determined by HFIP-GPC using PMMA-standards; 
c)Determined by 1H NMR via end-group analysis.
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In preliminary tests, different amounts of BA-pSar102 
(1–15 mol%) were dried from stock solutions, hydrated with 
preformed liposomes, and post-insertion into the liposomal 
bilayer was analyzed. Thereby, incorporation of at least 
4.5 mol% was achieved by hydrating 7.5 mol% dried BA-pSar102  
or BA-pSar102Ac with preformed liposomes. Excess conjugate 
was removed by ultrafiltration. These results correspond to an 
incorporation efficiency of approximately 60% of added conju-
gate. All further experiments therefore were conducted using 
the same setup, adding preformed liposomes to 7.5 mol% of 
dried BA-pSar102 or BA-pSar102Ac, respectively. When hydrating 
5 mol% of dried DSPE-mPEG2k in an analogous manner, 
complete incorporation was observed. Incorporation efficiency 
results obtained after purification are shown in Table 3.

In summary, BA-pSar102 and BA-pSar102Ac were successfully 
incorporated into the lipid bilayer, resulting in liposomes with 
a narrow size distribution. Liposomes modified with lipopoly-
sarcosines also showed effective surface charge shielding,  
comparable with findings for PEGylated liposomes. To further 
evaluate the potential use of BA-pSar102-modified liposomes, 
clearance by macrophages and circulation properties were 
investigated in vivo in the zebrafish model.

2.5. Assessment of Liposome Pharmacokinetics In Vivo

Fluorescently labeled liposomes with different surface modifi-
cations (i.e., DSPE-mPEG2k as positive control for stealth prop-
erties or BA-pSar102) and unmodified (conventional) liposomes 
(negative control) were injected into the blood circulation of 
zebrafish larvae. No acute signs of toxicity (i.e., denaturation 
of tissue fluids or yolk, heart failure) nor long-term effects 

including malformations or increased mortality were observed 
(data not shown), indicating the biocompatibility of all lipo-
some formulations including both surface modifications.

At 3 h post injection (hpi), all liposome formulations demon-
strated a diffusive fluorescence staining without accumulations 
in the posterior caudal vein (PCV) region (Figure 5). Recently, 
it has been shown that endothelial cells in the PCV express 
stabilin receptors which can scavenge liposomes and thereby 
prevent blood circulation.[52] However, an increased colocaliza-
tion (yellow) of conventional liposomes (red) and macrophages 
(green) was already detected at this time point indicating mac-
rophage clearance (white arrows, Figure 5).

A clear difference in circulation characteristics of different 
liposome formulations was observed 24 hpi (Figure 5). Unmod-
ified DSPC/Chol liposomes demonstrated decreased circulation 
properties indicated by a dotted staining pattern (i.e., clear-
ance by stabilin scavenger receptors). In contrast, both surface-
modified liposomes (i.e., DSPE-mPEG2k and BA-pSar102) still 
demonstrated a prolonged circulation lifetime.[53] Strikingly, 
macrophage clearance of unmodified liposomes increased sig-
nificantly as compared to surface-modified liposomes (indicated 
by yellow color of colocalization).[54] Both PEG and pSar pre-
vented macrophage clearance signifying their ability to confer a 
stealth effect to the liposomes (Figure 5). This can be explained 
by the advantageous properties of lipopolymer surface modi-
fication including decreased opsonization and steric stabiliza-
tion. In addition, this prevents time-dependent formation of 
aggregates via steric stabilization preferentially sequestered by 
macrophages. Conclusively, BA-pSar102-modified liposomes 
outperformed unmodified control liposomes (i.e., DSPC/Chol) 
with favorable pharmacokinetic characteristics—an improved 
blood circulation lifetime and a decreased macrophage clear-
ance. Moreover, BA-pSar102-modification of liposomes resulted 
in similar in vivo properties as DSPE-mPEG2k liposomes, 
which are considered as the gold standard for long circulating, 
stealth liposomes.

2.6. In Vitro Complement Activation

Figure 6 shows the elevated sC5b-9 levels after incubation of 
liposomes and controls with three individual serum samples. 
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Figure 2. A) Normalized HFIP-GPC traces of BA-pSar102 and BA-pSar102Ac. B) Enlarged HFIP-GPC traces of BA-pSar102 and BA-pSar102Ac for a better 
comparison. C) Normalized MALDI-ToF spectrum of BA-pSar102. D) Enlargement of the most intensive peaks of MALDI-ToF spectrum of BA-pSar102.

Table 2. Physicochemical characterization of liposomal formulations 
after purification. Values are means ± SD, n = 3.

Formulation Hydrodynamic diameter [nm] PDI

DSPC/Chol/DiI 107 ± 10 0.05 ± 0.02

DSPC/Chol/DiI/DSPE-mPEG2k 113 ± 9 0.06 ± 0.02

DSPC/Chol/DiI/BA-pSar102 123 ± 10 0.09 ± 0.02

DSPC/Chol/DiI/BA-pSar102Ac 130 ± 2 0.05 ± 0.02
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As expected there are variations in sC5b-9 levels in the sera 
of different donors, as can be seen for the negative control 
(HBS, HEPES buffered saline). Compared to HBS, PEGylated 
liposomes induced a 1.5- to 2.5-fold increase in comple-
ment activation (C activation) in all tested sera, which is in 
good accordance with values obtained from literature.[36] For 
BA-pSar102-modified liposomes, an increase in C activation 
was observed, resulting in 2.5- to 5-fold higher sC5b-9 levels 
as compared to HBS. Charged liposomes are known to elicit 
the complement system and cationic liposomes are known 

to do so via the alternative pathway.[55] Thus, C activation 
enhancement by BA-pSar102 compared to DSPE-mPEG2k 
comes as no surprise as the N-terminus of the polymeric chain 
bears a secondary amine, which is present in its ammonium 
salt form under physiological conditions. In a similar manner, 
the negative charge at the phosphate moiety of DSPE-PEG is 
well known to stimulate C activation.[35] In order to exploit the 
advantageous synthetic features of lipopolysarcosine, the opti-
mized end-capped BA-pSar102Ac derivative was incorporated 
into liposomes. Interestingly, BA-pSar102Ac-modified liposomes 
demonstrated improved properties with decreased complement 
activation. Compared to HBS only a 2.5-fold increase in sC5b-9 
levels in serum C, and only 1.5-fold increase in serum A and 
strikingly no increase in serum B was observed.

Our findings show that replacing the anchoring DSPE with 
dioctadecylamine and subsequent end-capping of pSar with a  
neutral acetyl moiety results in a significantly decreased C acti-
vation in two of the three tested sera when comparing DSPE-
mPEG2k with BA-pSar102Ac. This most likely is a result of omitting  
the charges both at the anchor (hydrophilic–hydrophobic 
interface) and the polymeric chain, as it was previously demon-
strated for free (nonliposomal incorporated) polymers.[47]

3. Conclusion

In this study, we present the one step synthesis of a lipopoly-
sarcosine derivative enabling controlled modification of 
liposomes to enhance systemic circulation. The controlled 
polymerization conditions allow for an accurate degree of 
polymerization resulting in the precise tailoring of pSar chain 
length while keeping polydispersity low. Due to the reactive 
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Figure 3. Cryo-TEM images showing the morphology of different liposomal formulations. A) DSPC/Chol/DiI, B) DSPC/Chol/DiI/DSPE-mPEG2k, and 
C) DSPC/Chol/DiI/BA-pSar102.

Figure 4. Surface charge shielding of liposomes. Zeta potential of dif-
ferent liposomal formulations containing A) 10 mol% DOTAP or B) no 
DOTAP. ● nonsurface-modified liposomes, ■ PEGylated liposomes, ▼ 
liposomes modified with BA-pSar102Ac, and ▲ liposomes modified with 
BA-pSar102. Symbols depict measured values, dashed lines show mean 
values ± SD, n = 3.

Table 3. Efficiency of conjugate insertion. Percent of incorporated 
polymer-conjugates determined by HPLC analysis after purification. 
Values are means ± SD, n = 3.

Formulation Incorporation efficiency [%]

DSPC/Chol/DiI/BA-pSar102 63 ± 6

DSPC/Chol/DiI/BA-pSar102Ac 57 ± 4

DSPC/Chol/DiI/DSPE-mPEG2k 96 ± 6
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amino group, further diversification can be achieved in a 
simple post-polymerization modification step without altering 
the polydispersity of the precursor polymer. Using this approach, 
the positive net charge of BA-pSar102 was omitted by acetylation 
of the terminal amine. Subsequently, we were able to success-
fully incorporate BA-pSar102 and BA-pSar102Ac into the lipid 
bilayer of preformed liposomes using post-insertion technique.

Liposome characterization including the determination of 
size and morphology revealed a monodisperse size distribution 
with mostly unilamellar vesicles. Zeta potential measurements 
of surface-modified liposomes demonstrated an effective 
shielding of surface charge. In contrary to modification with 
DSPE-mPEG2k and BA-pSar102, which still resulted in a slightly 
negative or positive zeta potential, BA-pSar102Ac-modified 

liposomes unveiled an almost net-neutral surface charge. 
Furthermore, the alternative hydrophobic anchor not only 
circumvents the negative charge that comes with the widely 
used DSPE-PEG derivatives but also provides sufficiently firm 
binding for the relatively large pSar chain into the bilayer. 
Moreover, BA-pSar-modified liposomes also featured pro-
longed circulation properties and decreased recognition by 
macrophages in the zebrafish model similar to PEGylated 
liposomes. Finally, liposome-mediated C activation could be 
reduced by modification of liposomes with an end-capped pSar 
derivative. All these results confirm that surface modification of 
liposomes with pSar or its derivatives is a promising alternative 
to well-established PEGylation strategies, especially in regard 
of reducing potential HSR. Equipped with an easily modifiable 
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Figure 5. Assessment of liposome pharmacokinetics in transgenic zebrafish. Conventional liposomes and liposomes surface-modified with DSPE-
mPEG2k or BA-pSar102 were injected into the blood circulation of zebrafish (2 days post fertilization). Confocal images of tail region were acquired 
3 and 24 hpi. White arrows indicate macrophage clearance of liposomes assessed by colocalization (yellow color) of green fluorescent macrophages 
(KAEDE) and fluorescently labeled liposomes (DiI, red). Quantitative analysis of macrophage clearance was performed using PCC. Values are  
means ± SD, n = 6. *p < 0.05 or **p < 0.01 (one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test) as compared to conventional 
liposomes composed of DSPC/Chol/DiI.
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end-group, incorporation of lipopolysarcosine and further func-
tionalization is also a promising option for the exploitation of 
active drug targeting or combination therapies.

4. Experimental Section

Materials: n-Hexane (Fischer Scientific, Waltham, USA) was 
distilled from Na/K. Benzonitrile was purchased from Sigma Aldrich 
(Steinheim, Germany), dried over CaH2, and freshly distilled prior to 
use. Tetrahydrofuran (THF) and toluene were purchased from Fischer 
Scientific (Waltham, USA), dried over Na, and freshly distilled prior to 
use. HFIP was purchased from Fluorochem (Hadfield Derbyshire, UK). 
Dioctadecylamine was purchased from Fluka (St. Gallen, Switzerland) 
and dried at 40 °C under vacuum (1 × 10−3 mbar) for 24 h. Diphosgene 
was purchased from Alfa Aesar (Ward Hill, MA, USA) and deuterated 
solvents from Deutero GmbH (Kastellaun, Germany).

DSPC and DSPE-mPEG2k were generously donated by Lipoid GmbH 
(Ludwigshafen, Germany). DOTAP was obtained from Merck (Darmstadt, 
Germany). 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate (DiI) was purchased from Invitrogen (Thermo Fisher 
Scientific, Waltham, USA). Chol was purchased from Sigma Aldrich 
(Steinheim, Germany). Other chemicals were purchased from Sigma-
Aldrich (Steinheim, Germany) and used as received unless stated 
otherwise. Human serum samples of ten healthy donors were obtained 
from the University Medical Center Freiburg. Sera were stored at a 
temperature of −80 °C until used.

Synthesis of Sarcosine N-Carboxyanhydride: A total of 14.92 g 
(167.4 mmol) sarcosine, dried under vacuum for 1 h, was weighed into a 
pre-dried, three-neck, round-bottom flask. A total of 300 mL of absolute 
THF was added under a steady flow of nitrogen, 16.2 mL (134 mmol) 
of diphosgene was added slowly via syringe, and the nitrogen stream 
was reduced. The colorless suspension was mildly refluxed for 3 h, 
yielding a clear solution. Afterward, a steady flow of dry nitrogen was led 
through the solution for another 3 h while the outlet was connected to 
two gas washing bottles filled with aqueous NaOH solution to neutralize 
phosgene. The solvent was evaporated under reduced pressure, yielding 
a brownish oil as a crude reaction product. The oil was dried under 
reduced pressure (1 × 10−3 mbar for 2 h) to obtain an amorphous 
solid, free of phosgene and HCl, confirmed by testing against a silver 
nitrate solution. The crude product was redissolved in 40 mL of THF 

and precipitated with 300 mL of dry n-hexane. The solution was cooled 
to −18 °C and stored for 18 h to complete precipitation. The solid was 
filtered under dry nitrogen atmosphere and dried in a stream of dry 
nitrogen for 60–90 min and afterward under high vacuum for 2 h in the 
sublimation apparatus. The crude product was sublimated at 85 °C and 
1 × 10−3 mbar. The product was collected from the sublimation apparatus 
in a glovebox on the same day. The purified product (110 mmol, 65% 
yield, colorless crystallites; melting point: 102–104 °C (lit: 102–105 °C)) 
was stored in a Schlenk tube at −80 °C.

1H NMR (300 MHz, CDCl3): δ/ppm = 4.22 (2H, s, –CH2–CO–), 2.86 
(3H, s, –CH3).

Synthesis of Polysarcosine: Sarcosine NCA was transferred into a pre-
dried Schlenk tube equipped with a stir bar under nitrogen counter flow 
and again flame-dried under high vacuum for 1 h. Subsequently, the NCA 
was dissolved in dry benzonitrile to yield a solution of 100 mg mL−1 with 
respect to the NCA. 1/n equivalent of dioctadecylamine was dispersed 
in pre-dried toluene and added to the NCA solution. The solution was 
stirred at room temperature and kept at a constant pressure of 1.25 bar 
of dry nitrogen via a schlenk line to prevent impurities from entering the 
reaction vessel while allowing CO2 to escape. Completion of the reaction 
was confirmed by Fourier transform infrared (FT-IR) spectroscopy 
(disappearance of the NCA related peaks (1853 and 1786 cm−1)). 
After completion of the reaction, the polymer was precipitated in 
cold diethylether and centrifuged (4500 rcf at 4 °C for 15 min). After 
discarding the liquid fraction, new ether was added and the polymer was 
resuspended in a sonication bath. The suspension was centrifuged again 
and the procedure was repeated. The polymer was dissolved in water, 
dialyzed against MilliQ water and lyophilized, obtaining a colorless, stiff 
and porous solid. The yield after purification was 91% of the theoretically 
achievable mass of the polymer.

1H NMR (400 MHz; CDCl3): δ/ppm: 4.51–3.80 (204H; br;  
(2n)–CO–CH2–NMe–); 3.12–2.62 (306H; br; (3n)–N–CH3–); 1.83–1.00 
(64H; br; (–CH2–(CH2)16–CH3)2); 0.87 (6H; t; (–CH2–(CH2)16–CH3)2).

Acetylation of Polysarcosine: 100 mg of polysarcosine (BA-pSar102) 
was dissolved in 0.5 mL dimethylformamide (DMF), 10 equivalents 
(in respect to the calculated molecular mass of the polymer) of 
diisopropylamine were added and the solution was stirred for 30 min 
at room temperature. Afterward, 5 equivalents of acetic acid anhydride 
were added and the solution was stirred overnight at room temperature. 
The polymer was precipitated in cold ether and centrifuged (4500 rcf 
at 4 °C for 15 min). After discarding the liquid fraction, fresh ether 
was added, the polymer was resuspended in a sonication bath and 
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Figure 6. Complement activation of different liposomal formulations and controls. A–C) Samples were incubated for 1 h with human serum of three 
individuals. Values are means ± SD, n = 2–3. ns: not significant, **p < 0.01 or ***p < 0.001 (one-way ANOVA followed by Bonferroni post hoc test) as 
compared to liposomes modified with BA-pSar102Ac.
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centrifuged afterward. This procedure was repeated. The polymer was 
dissolved in water, dialyzed against MilliQ water to remove excess of 
acetic acid and residual traces of DMF. After lyophilization, a colorless, 
stiff, and porous solid was obtained.

1H NMR (400 MHz; CDCl3): δ/ppm: 4.51–3.80 (204H; br; (2n)–
CO–CH2–NH–); 3.12–2.62 (306H; br; (3n)–N–CH3–); 1.83–1.00 (64H;  
br; –CH2–(CH2)16–CH3); 0.87 (6H; t; –CH2–CH3).

1H NMR spectra were recorded on a Bruker (Billerica, MA, USA) 
AC 400 at a frequency of 400 MHz, respectively. 2D NMR spectra as 
1H DOSY were recorded on a Bruker Avance III HD 400 at 400 MHz. 
All spectra were recorded at room temperature (25 °C) and calibrated 
using the solvent signals. Melting points were measured using a Mettler 
FP62 melting point apparatus at a heating rate of 2.5 °C min−1. GPC was 
performed with HFIP containing 3 g L−1 potassium trifluoroacetate as 
the eluent at 40 °C and a flow rate of 0.8 mL min−1. The columns were 
packed with modified silica (PFG column particle size: 7 µm, porosity: 
100 and 1000 Å). PMMA standards (Polymer Standards Services GmbH, 
Mainz, Germany) were used for calibration and toluene was used as 
the internal standard. A refractive index detector (G1362A RID) and 
an UV-vis detector (at 230 nm unless otherwise stated; Jasco, Gross-
Umstadt, Germany, UV-2075 Plus) were used for polymer detection.

Preparation of Liposomes: Liposomes were prepared using the thin-
film hydration method. For zebrafish experiments, 1 mol% DiI was 
added as a fluorescent label. Briefly, stock solutions of all components 
were prepared by dissolving dry powders in CHCl3 and/or MeOH. Stock 
solutions were mixed in molar ratios according to Table 4. Organic 
stocks were removed using a rotary evaporator (Rotavapor R, Büchi, 
Essen, Germany) and lipid films were dried for at least 2 h to ensure 
complete removal of organic solvents. Lipid films were hydrated with 
HBS (140 mmol L−1 NaCl, 10 mmol L−1 Hepes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 7.4) resulting in a lipid concentration 
of 20 mmol L−1. Dispersions were extruded 41 times through an 
80 nm polycarbonate membrane. All steps were conducted at 65 °C. 
Phospholipid content was determined using Bartlett’s Assay.[56] For exact 
compositions of liposomes, see Table 4.

Post-Insertion of PEG- and pSar-Conjugates: DSPE-mPEG2k, 
BA-pSar102, and BA-pSar102Ac were inserted into preformed liposomes 
using the post-insertion technique.[57,58] Briefly, organic stock solutions 
containing defined amounts of DSPE-mPEG2k, BA-pSar102, and 
BA-pSar102Ac were evaporated for several hours using an evaporation 
centrifuge (Concentrator 5301, Eppendorf, Hamburg, Germany). 
Dispersions of preformed liposomes then were added to the residue, 
vortex mixed, and incubated at 65 °C for 1 h under constant agitation 
(Thermomixer comfort, Eppendorf, Hamburg, Germany). To remove 
any noninserted conjugates, liposomes were washed three times with 
HBS using Vivaspin Turbo 4 ultrafiltration devices (100 kDa MWCO PES 
membranes, Sartorius, Göttingen, Germany) at 3000 rcf for 30 min. For 
molar ratios after purification see Table 4.

Particle Size and Zeta Potential Measurements: Mean hydrodynamic 
diameter, size distribution, and zeta potential were assessed using a 
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) and ZetaPals 

instrument (Brookhaven Instruments Corp., Holtsville, USA). For size 
measurements, samples were diluted with HBS to 0.1 mmol L−1 in 
disposable plastic cuvettes. Zeta potential was measured using a high 
concentration cell (Malvern Instruments, Malvern, UK) as described 
earlier.[59] Liposomes were diluted to 1 mmol L−1 with 10 mmol L−1 HBS 
and measured immediately after dilution.

Cryo-TEM: Liposomes were diluted with HBS to achieve a final 
concentration of 5 to 10 mmol L−1 lipid. About 3 µL were applied on 
a 400 × 100 mesh Quantifoil S 7/2 holey carbon film on a copper grid 
(Quantifoil Micro Tools GmbH, Jena, Germany). Excess liquid on the 
grid was removed with filter paper. The sample then was flash frozen 
by injection into liquid ethane. All sample preparation steps were 
conducted in a climate-controlled room using a CryoBox 340719 (Carl 
Zeiss, Oberkochen, Germany). Subsequent fixation of the grid on the 
sample rod (626-DH, Gatan, Warrendale, USA) and transfer of the rod 
into the TEM (Leo 912 Ω-mega, Carl Zeiss, Oberkochen, Germany) 
were conducted under nitrogen atmosphere at −183 °C. The instrument 
was operated at 120 kV and camera pictures (Proscan HSC 2, Oxford 
Instruments, Abingdon, USA) were taken with a 6300- to 12 500-fold 
magnification from different positions of the grid.[60]

Quantification of Conjugate Incorporation: Using a Waters Alliance 2695 
separation module (Waters, Milford, USA), mounted with RP-8 (Kinetex 
5 µm C8 100 Å, 250 × 4.6 mm) and HILIC (hydrophilic interaction 
liquid chromatography, Luna 5 µm HILIC 200 Å, 250 × 4.6 mm; both 
Phenomenex, Torrance, USA) columns, an HPLC method was developed 
to separate polymer-conjugates from other lipid components. Standards 
were dissolved in MeOH, samples were diluted to approximately 
0.5 mmol L−1 with MeOH. DSPE-mPEG2k content was analyzed on an 
RP-8 column at 45 °C with the gradient shown in Table 5. BA-pSar102 
and BA-pSar102Ac contents were analyzed on an HILIC column at 25 °C 
running the gradient as depicted in Table 6. The incorporation efficiency 
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Table 5. RP-8 column gradient. A: MeOH, B: NH4OAc buffer pH 4.0, 
C: ACN. A methanol/water/acetonitrile (7:2:1) to methanol/acetonitrile 
(9:1) gradient was used to separate PEGylated samples on a C8 reversed 
phase column. Solvents contained 4 mmol L−1 ammonium acetate.

Time Flow [mL] %A %B %C

0 0.75 70 20 10

5 0.75 70 20 10

15 0.75 90 0 10

25 0.75 90 0 10

30 0.75 70 20 10

Table 6. HILIC column gradient. A: MeOH, B: H2O, C: NH4OAc buffer 
(100 mmol L−1 ammonium acetate buffer at pH 5.0), D: ACN. A complex 
gradient containing 5 mmol L−1 ammonium acetate buffer was used to 
separate samples containing lipopolysarcosines.

Time Flow [mL] %A %B %C %D

0 1 0 0 5 95

4 1 0 0 5 95

7 1 10 3 5 82

10 1 10 3 5 82

14 1 40 25 5 30

17 1 40 25 5 30

19 1 40 50 5 5

21 1 40 50 5 5

22 1 0 0 5 95

25 1 0 0 5 95

Table 4. Lipid compositions of prepared formulations.

Formulation Initial molar ratio Ratio after purification

DSPC/Chol/DiI 60:39:1 –

DSPC/Chol/DiI/DSPE-mPEG2k 55:39:1:5 55:39:1:4.8

DSPC/Chol/DiI/BA-pSar102 57:39:1:7.5 57:39:1:3.2

DSPC/Chol/DiI/BA-pSar102Ac 57:39:1:7.5 57:39:1:3.4

DSPC/Chol/DOTAP 50:40:10 –

DSPC/Chol/DOTAP/

DSPE-mPEG2k

45:40:10:5 45:40:10:4.9

DSPC/Chol/DOTAP/BA-pSar102 47:40:10:7.5 47:40:10:3.1

DSPC/Chol/DOTAP/BA-pSar102Ac 47:40:10:7.5 47:40:10:3.3
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of both polymer-conjugates was quantified with a Corona charged 
aerosol detector (Corona CAD ESA 542, Dionex, Sunnyvale, USA) after 
performing the post-insertion technique followed by a purification step. 
Data were analyzed with Empower 3.0 software (Waters, Milford, USA). 
Incorporation efficiency was calculated using the formula shown in 
Equation (1).

Equation (1). Incorporation efficiency of polymer-conjugates

=
×
× ×

c c
c c

IE 100%cp lt

ct lp  
(1)

ccp: polymer-conjugate concentration after purification
cct: theoretical polymer-conjugate concentration
clp: lipid concentration after purification
clt: theoretical lipid concentration

Zebrafish Experiments: Zebrafish larvae originating from adult 
Tg(mpeg1:Gal4;UAS:Kaede) were raised at 28 °C in zebrafish culture 
media.[61] Pigment cell formation was prevented by the addition 
of 1-phenyl-2-thiourea to the zebrafish culture media at 24 h post 
fertilization. All zebrafish experiments were performed in accordance 
with Swiss animal welfare regulations. Calibrated volumes of 1 nL 
at 5 mmol L−1 lipid concentration were injected directly into blood 
circulation via the duct of Cuvier. All injections were performed using 
a pneumatic PicoPump PV830 (WPI, Sarasota, Florida), and a Leica 
S8APO microscope (Leica, Wetzlar, Germany). Successfully injected 
zebrafish embryos (no yolk or heart injections) were kept at 28 °C and 
imaged 3 and 24 hpi using an Olympus FV-1000 inverted confocal laser 
scanning microscope (Olympus Ltd., Tokyo, Japan) equipped with a  
20 × UPlanSApo (NA 0.75) objective. Macrophage clearance of 
liposomes was quantitatively assessed using colocalization analysis 
based on Pearsons’s correlation coefficient (PCC) using the JaCoP 
plugin from Fiji ImageJ.[62,63]

Complement Activation: Activation of the complement cascade was 
analyzed by determining SC5b-9 (Protein S-bound terminal complement 
complex c5b-9) levels using an immunoassay kit (MicroVue SC5b-9 Plus 
EIA, Quidel, Santa Clara, USA).

In preliminary tests, liposome-mediated complement activation was 
investigated in freshly prepared human sera of 20 healthy donors. Sera 
of the three most sensitive individuals were chosen for further testing.

Applying the findings by Moghimi et al.[64] where concentrations of 
3–4 mg lipid mL−1 serum were found to raise SC5b-9 levels the most, 
liposomes were diluted to 14.5 mmol L−1 (approximately 14 mg mL−1) 
with HBS. HBS was used as a negative control, Zymosan (0.5 mg mL−1) 
served as positive control. All samples were incubated by mixing 1 part 
liposome dispersion with 4 parts human serum for 1 h at 37 °C under 
constant agitation. Following the incubation samples were diluted  
100-fold (700-fold for Zymosan) with manufacturers dilution buffer and 
the assay was conducted as described in the manufacturers protocol.
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5.4.1 Chapter 4.1

Bacteria vs. antibiotics – Bridging infection modeling in Danio rerio

Jonas Buck, Patrick Hauswirth, Sandro Sieber, Beatrice Claudi, Dirk Bu-

mann, Jörg Huwyler.

Manuscript ready for submission.

Highlights: Growing inefficiency of known antibiotic compounds towards

pathogenic microorganism is a serious problem and the development of novel

antibiotic compounds is very expensive. The zebrafish embryo animal model

can serve as a tool to bridge the gap between in vitro and in vivo experiments

in the development of nanomedicines. Here we describe the establishment of

a zebrafish embryo Salmonella infection model for the screening of antibiotic

compounds. Various model parameters (i.e., the bacteria dose, the site of

injection and temperature) were investigated. The optimized model was vali-

dated using two antibiotic compounds and could discriminate the antibiotics

based on physicochemical properties of these compounds.
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Abstract 
 

Growing inefficiency of antimicrobial compounds due to increasingly emerging antibiotic resistance has 

the potential to become one of the most serious challenges in modern medical practice. Due to poor 

biodistribution and pharmacokinetic properties in vitro test often do not mirror the efficiency of 

antibiotic compounds in vivo. A significant contributor to the low number of newly introduced antibiotic 

compounds is high costs of animal trials. This study presents the generation and evaluation of a novel 

bridging, animal infection model using zebrafish embryos. Zebrafish embryos were chosen due to their 

transparency, allowing fluorescence-based methods to assess the progression of the infection. The 

investigation included different doses of bacteria, different sites of injection, different temperatures and 

the antibiotics ceftriaxone and tobramycin. The resulting model is tunable to a certain degree and allows 

to discriminate between different antibiotic interventions and can thereby be used as a valuable screening 

tool for novel antibiotic compounds. 

Introduction 
Salmonella is the leading cause of bloodstream infections in low- and middle-income countries and costs 

millions of lives each year across the globe every year.[1]  Based on epidemiological data it represent a 

major health burden. Salmonella enterica spp. are extremely versatile and can infect different hosts. 

Moreover, Salmonella can survive and even replicate intracellularly within Salmonella containing 

vacuoles (SCV) in many cellular types including macrophages.[2] This information is especially 

problematic because a number of regularly used antibiotics is unable to cross cell membranes and 

therefore cannot reach their site of action (i.e. within macrophages).[3] After termination of the 

antibiotic intervention, these persistent intracellular pathogens can reemerge and lead to a fatal 

reinfection of the organism. Another serious problem is the growing development of antibiotic resistance 

(ABR) towards a large number the currently used antibiotics.[4] This phenomenon in combination with 

a very limited number of novel antibiotic compounds introduced into medical practice [5], [6] is a 

serious concern and burden for healthcare systems. It is even hypothesized that these developments 

could lead to a post-antibiotic era in which bacterial infectious diseases could reemerge as one of the 

leading causes of death like in the pre-antibiotic era.[6]–[8] Consequently, there is an urgent need for 

novel antibiotics or treatment regimens to avoid such a scenario. However, the development of 

antibiotics is expensive, however return of investment is relatively small, as efficient antibiotics rarely 

do get used in the end.[9] In addition to in vitro testing, novel antibiotics need to prove effectiveness in 

expensive in vivo trials. To reduce the costs of development of novel antibiotic compounds or treatment 

regimens and to increase the throughput of compound screenings, the zebrafish embryo animal model 

is suggested here as a viable alternative to costly rodent animal trials. Due to its unique properties, the 

zebrafish embryo animal model was already proposed as an early-stage screening tool to study the 

circulation behavior and macrophage clearance of nanoparticulate drug delivery systems.[10]–[12] The 
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zebrafish embryo animal model allows for fluorescence-based imaging (confocal) due to its 

transparency and for high throughput due to its high reproduction rate. Moreover, zebrafish embryos are 

classified as cell culture trials up to 5 days post-fertilization, thereby avoiding the administrative efforts 

associated with animal trials.[13] Furthermore, besides qualitative data from confocal imaging, survival 

analysis allows for quantification of the observed effects. It was therefore the aim of the present study 

to generate a zebrafish embryo infection model and to evaluate it as potential screening tool for antibiotic 

compounds  

Results and Discussion 
In order to develop and verify a Salmonella infection model in zebrafish embryos, the first important 

question to be answered was the number of colony-forming units (CFU) that need to be injected. A 

series of 30.000, 20.000, 10.000, 7.500, 5.000, 3.000, and 1.500 CFU were injected into zebrafish 

embryos and the fish were kept at 28°C.  

 

Figure 1: Evaluation of the dose of injected bacteria. The confocal images on the right side show representative 

images of different doses of bacteria after 2 and 24 h. While the fish survive a dose of 3.000 CFU, higher doses 

are associated with massive replication of bacteria within the vasculature after 24 h. The Kaplan-Meier survival 

plot on the left side shows the survival of zebrafish treated with different doses of bacteria. Light grey dotted line: 

1.500 CFU, light grey dashed line: 3.000 CFU, light grey solid line: 5.000 CFU, dark grey dotted line: 7.500 CFU, 

dark grey dashed line: 10.000 CFU, dark grey solid line: 20.000 CFU, black solid line: 30.000 CFU. While 1.500 

CFU, 3.000 CFU, and to a certain extent 5.000 CFU are still well tolerated, higher doses are associated with rapid 

death of fish. The survival analysis showed a dose-dependency. 

At low dose low-dose injections (3.000 CFU, but also 1.500 CFU) Salmonella were still easily detectable 

within the whole zebrafish embryo using confocal imaging (Figure 1; An overview of the zebrafish and 

the location where imaging was carried out is provided by Supplementary Figure S1)  Especially after 
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2 h and in the low CFU settings, most macrophages were infected with Salmonella as indicated by the 

fluorescence colocalization of the green (GFP of the macrophages) and the red (mCherry of Salmonella) 

dye, resulting in yellow color. Salmonella were efficiently cleared from the circulation by the zebrafish 

innate immune system and only present in macrophages after 24 h at a dose of 3.000 CFU. Furthermore, 

there was a clear dose-dependency of the survival. Doses higher than 5.000 CFU lead to rapid death of 

fish within 24 h. However, such high doses might not properly reflect the situation in vivo. Therefore, 

the next experiments were carried out at 28°C and with 1.500 CFU injected. The next question was 

whether it is possible to increase the number of infected macrophages and reduce the number of bacteria 

in circulation compared to the previous trials using different injection sites, such as the neural tube (a 

zebrafish embryo scheme depicting the injection sites is provided by Supplementary Figure S2). In order 

to study the intracellular infection, the vasculature of the fish should ideally be free of bacteria and all 

the bacteria present only in the macrophages. This way, the influence of bacteria replication within the 

vasculature on the survival of zebrafish embryos can be minimized and the influence of bacteria 

replication within macrophages can be maximized.  

 

Figure 2: Site of injection evaluation. The figure shows representative confocal images and the survival analysis 

for the three injection sites (Vasculature refers to the Duct of Cuvier). A fluorescence colocalization of the green 

(GFP, macrophages) and red (mCherry, Salmonella) is indicated by yellow color. Predominant accumulation of 

bacteria within macrophages was observed with the neural tube injection and vasculature injection while. Neural 

tube injection was associated with complete survival while tissue injection showed the lowest survival which is 

reflected by confocal imaging. The survival plot on the left side shows the survival following neural tube injection 

(solid light grey line), vasculature injection (dashed black line), and tissue injection (solid black line). 

The evaluation of the site of injection showed that injections into the neural tube led to almost exclusive 

accumulation of bacteria in tissue macrophages whereas the difference between tissue injection and 

vasculature (Duct of Cuvier) injection was only minor (Figure 2.) However, with respect to survival, 
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zebrafish subjected to neural tube injection showed complete survival. This leaves no space for 

improvement. Therefore, and because neural tube injection is very delicate and difficult to reproduce, 

the neural tube injection was discarded. Similarly to neural tube injection, because tissue injection is 

hardly reproducible and has the potential for severe injury of the zebrafish while offering no clear 

benefit, further experiments were carried out using vasculature injection. We observed that bacterial 

replication was hampered when fish were kept at 28ºC. Optimally fish would be kept at 37ºC, however 

at this temperature all fish died. 35ºC was therefore selected as a bridging temperature to allow both fish 

survival and bacterial growth. The results of this trial showed that the injected dose needs to be massively 

reduced due to the accelerated replication of bacteria at this temperature compared to 28°C.  

 

Figure 3: Temperature evaluation. The figure shows confocal images (right) and the survival analysis (upper 

left) of zebrafish embryos injected with 300 CFU and maintained at 35°C. Despite the lower dose injected into 

zebrafish embryos, Salmonella replication is accelerated due to the higher temperature. Consequently, images 

taken after 24 h are similar for 300 CFU at 35°C and 5.000 - 10.000 CFU at 28°C. Moreover, survival analysis 

showed a lower survival at 35°C (solid black line) compared to zebrafish maintained at 28°C (solid grey line), 

which reflects the observations during confocal imaging well. 

The results of the temperature evaluation showed that zebrafish embryos survive well at 35°C but that 

the injected dose needs to be massively reduced (Figure 3). In order not to kill the majority of zebrafish 

embryos within the first few hours, the injected dose had to be reduced to 300 CFU (as compared to 

3000 or 1500 CFU at 28ºC). At 35°C, confocal images taken after 24 h were very similar to images 

taken at the same time with 3.000 CFU at 28°C. However, it is important to note that at 35°C the 

development of zebrafish embryos or larvae is visibly accelerated. Therefore, further experiments were 

terminated after a maximum of 48 h to avoid conflicts with the animal trial regulations. After 

establishment of the model parameters, the validation of the model was carried out using the two 

antibiotics ceftriaxone and tobramycin. Ceftriaxone (logP = -1.7[14]) exhibits a higher membrane 
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permeability[15] than tobramycin (logP = -5.8[16]). Consequently, treatment with ceftriaxone is 

expected to eradicate all bacteria whereas treatment with tobramycin is expected not to kill bacteria 

persistent within macrophages. The results of the ceftriaxone and tobramycin trials are displayed in 

Figure 4. 

 

Figure 4: Treatment of Salmonella infection with ceftriaxone or tobramycin. The figure shows confocal 

images (right side) of Salmonella infected zebrafish (300 CFU) treated with either ceftriaxone or tobramycin (both 

600 pg/zebrafish). Confocal imaging allows for a qualitative and survival analysis (left) for a quantitative 

assessment. Solid light grey line: Untreated zebrafish; Dashed dark grey line: Ceftriaxone; Dashed black line: 

Tobramycin; Solid black line: Salmonella only. Ceftriaxone was highly efficient in bacteria eradication with 

almost 100% survival at 24h. Furthermore, bacteria in circulation were almost completely eradicated. Tobramycin 

on the other hand was unable to eradicate bacteria in circulation and macrophages, leading to a survival of around 

50% after 24 h. 

The results of the validation trials were able to reflect the different permeabilities of the two antibiotic 

compounds. While ceftriaxone-treated zebrafish showed a high survival and almost no residual bacteria 

in circulation or macrophages, tobramycin-treated zebrafish showed a much lower survival of around 

50% after 24 h and confocal imaging revealed that the fish were still infected with a large number of 

bacteria. Moreover, large red dots indicate Salmonella replication within macrophages followed by a 

burst of the macrophages and subsequent reemergence of Salmonella infection in the vasculature. The 

presented zebrafish animal infection model is capable of discrimination between the two different 

antibiotics. Moreover, during this study, Salmonella infections of zebrafish were highly reproducible. 

Conclusively, the presented model is suitable for testing of novel antibiotic compounds and can be a 

valuable alternative screening tool for preselection of promising candidates prior to expensive trials in 

higher vertebrate species. 
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Conclusion 
Growing emergence of antibiotic resistance has the potential to become one of the major burdens for 

healthcare systems in the 21st century. The search for novel antibiotics is expensive and revenues are at 

risk to be further reduced due to increasingly strict regulations. A large contributor to high costs are 

expensive animal trials. We successfully developed a zebrafish animal infection model for the evaluation 

of novel antibiotic compounds. The zebrafish embryo is an inexpensive animal model that allows for 

high-throughput screening and fluorescence-based evaluation. We therefore believe that the presented 

model can be a valuable tool in basic research for novel antibiotic compounds, antibiotic adjuvants, or 

treatment regimens. 

 

Materials and Methods 
Zebrafish embryos (Danio rerio) were obtained from adult Tg(mpeg1:Gal4;UAS:Kaede)[17], [18] fish 

and were kept at 28°C in zebrafish culture medium supplemented with 1-phenyl-2-thiourea (PTU). Fish 

were kept in accordance with Swiss animal welfare regulations. 2 days post-fertilization (dpf) zebrafish 

embryos were dechorionized and injected with indicated amounts of the Salmonella strain SDB15 

expressing mCherry. After indicated timepoints, infected zebrafish embryos were injected with 

indicated amounts of antibiotics, or adjuvant where applicable. Zebrafish were then kept at 35°C and at 

indicated timepoints, zebrafish were imaged using confocal microscopy and the survival was counted. 

The presence of heartbeat was chosen as the survival criterion. Zebrafish were injected in the Duct of 

Cuvier (if not stated differently) using a micromanipulator (Wagner Instrumentenbau KG, 

Schöffengrund, Germany), a pneumatic PicoPump PV830 (WPI, Sarasota, Florida), and a Leica S8APO 

microscope (Leica, Wetzlar, Germany). Confocal microscopy was carried out using a LEICA POINT 

SCANNING CONFOCAL “SP5-II-MATRIX“ (Leica, Wetzlar, Germany) equipped with a 25x HCX 

IRAPO L (NA 0.95) objective. Image analysis was carried out using Fiji ImageJ v. 1.52n. A minimum 

of three zebrafish embryos were imaged in all settings. Survival analysis was carried out using OriginPro 

2018 (64-bit) SR1 b9.5.1.195 (Academic) Software (OriginLab Corporation, Northampton, MA, USA). 

A minimum of 15-20 zebrafish embryos were used for survival analysis. 
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Supporting Information 

Figure S1: Overview image of the zebrafish embryo animal model. The yellow box indicates the location where 
zebrafish imaging was carried out. The picture shows the macrophages (green) and a freely-circulating DiI-labeled 
liposomal formulation (red) to visualize the vasculature. 

Figure S2: Zebrafish embryo scheme depicting the different injection sites. The scheme shows the three 
different injection sites. Blue: Injection into the Duct of Cuvier (termed vasculature injection in this study); Yellow: 
Injection into the tissue; Red: Injection into the neural tube, a tiny tube directly above the spinal cord. 
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5.4.2 Chapter 4.2

The Use of 4-Hexylresorcinol as Antibiotic Adjuvant
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Manuscript submitted to PLOS One

Highlights: Emergence of antibiotic resistance in pathogenic bacteria is a

severe problem. Many attempts have been made to overcome the widespread

development of antibiotic resistances. The two most promising approaches in-

clude the search for novel antibiotic compounds and the search for substances

that potentiate the effect of already existing antibiotics (antibiotic adjuvants).

In this study, we investigated the potential use of 4-hexylresorcinol (4-HR),

an alkylresorcinol, as antibiotic adjuvant to improve the effect of various an-

tibiotics against a selection of microorganisms. We could demonstrate that

4-HR significantly reduced minimum inhibitory concentrations (MICs) of var-

ious antibiotics. The combination of 4-HR and antibiotics even reestablished

susceptibility of bacteria to antibiotics against which they had already ac-

quired antibiotic resistance and was highly efficient in eradication of persister

cells. Moreover, in vivo experiments in mice showed high cure rates and even

complete sanitation (absence of pathogenic microorganisms) of test animals in

75% of all cases.
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Abstract

Ever decreasing efficiency of antibiotic treatment due to growing antibiotic resistance of

pathogenic bacteria is a critical issue in clinical practice. The two generally accepted major

approaches to this problem are the search for new antibiotics and the development of antibi-

otic adjuvants to enhance the antimicrobial activity of known compounds. It was therefore

the aim of the present study to test whether alkylresorcinols, a class of phenolic lipids, can

be used as adjuvants to potentiate the effect of various classes of antibiotics. Alkylresorci-

nols were combined with 12 clinically used antibiotics. Growth-inhibiting activity against a

broad range of pro- and eukaryotic microorganisms was determined. Test organisms did

comprise 10 bacterial and 2 fungal collection strains, including E. coli and S. aureus, and

clinical isolates of K. pneumoniae. The highest adjuvant activity was observed in the case

of 4-hexylresorcinol (4-HR), a natural compound found in plants with antimicrobial activity.

50% of the minimal inhibitory concentration (MIC) of 4-HR caused an up to 50-fold decrease

in the MIC of antibiotics of various classes. Application of 4-HR as an adjuvant revealed its

efficiency against germination of bacterial dormant forms (spores) and prevented formation

of antibiotic-tolerant persister cells. Using an in vivo mouse model of K. pneumoniae-

induced sepsis, we could demonstrate that the combination of 4-HR and polymyxin was

highly effective. 75% of animals were free of infection after treatment as compared to none

of the animals receiving the antibiotic alone. We conclude that alkylresorcinols such as 4-

HR can be used as an adjuvant to increase the efficiency of several known antibiotics. We

suggest that by this approach the risk for development of genetically determined antibiotic

resistance can be minimized due to the multimodal mode of action of 4-HR.
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Introduction

Growing inefficiency of known medical preparations due to antibiotic resistance (ABR) of

pathogenic microorganisms is a serious problem. [1] Mechanisms of ABR and approaches to

minimize (or prevent) these phenomena are therefore a focus of basic research in antibiotic

therapy.

ABR may emerge as a result of mutagenesis with subsequent inheritance of genetic determi-

nants, or acquisition of antibiotic resistance determinants via lateral transfer between microor-

ganisms. Overcoming ABR is an important albeit difficult task. [2] Historically, research on

suppression of antibiotic resistance and enhancement of the efficiency of antibiotic treatment

mainly focused on the search for new antibiotics. However, the number of new antibiotics

introduced into medical practice is quite low, with only two new antibiotics registered during

the 2000-2013 period. [3] Development of new drug products by combining established or

new antibiotics may partially compensate for this insufficient introduction of new compounds.

Such combinations may consist of antibiotic hybrids [4] or combinations of two or more anti-

microbial agents with different targets in microbial cells to exploit synergistic effects. [5]

Alternatively, the effect of an antibiotics can be enhanced by concomitant interference with

mechanisms of bacterial resistance. For example, clavulanic acid inhibits beta-lactamases, the

enzymes degrading beta-lactam antibiotics, and thus increases the effect of the latter. [6, 7]

Substances such as clavulanic acid are adjuvants. They have per se no (or only a limited) anti-

bacterial activity but they nevertheless potentiate the effect of antibiotics. [8–11]

Another mechanism of therapy evasion consists of emergence of a small subpopulation of

nondividing persister cells in a growing microbial population. [12–18] Persister cells are by

definition insensitive (tolerant) to antibiotics. Such cells survive an antimicrobial intervention,

germinate after termination of the treatment, and form a new population of antibiotic-sensi-

tive cells. They will have similar properties as the original population and are similarly capable

of forming persister cells again. [12–15, 18] The phenotypic transition from a vegetative to a

persistent state is associated with development of stress responses and mutations due to low-

accuracy reparation of damaged DNA. It should be noted that in the case of resistance-related

mutations, this may lead to emergence of genetically determined (inherited) ABR. [19]. More

recently, approaches to minimize the formation of persister cells or to prevent germination

were introduced. [8, 20–22] Persisters may be targeted by antibiotics or combined antimicro-

bial preparations either at the stage of their formation, in order to minimize their numbers,

[23] or at the stage of their germination, in order to sensitize them to the action of antibiotics

and to prevent reverse phenotypic transition. For example, quorum-sensing autoinducer AIA-

1 potentiates the therapeutic effect of an antibiotic during treatment of experimental murine

Pseudomonas aeruginosa infection by decreasing the numbers of antibiotic-tolerant persister

cells. [23]

It was the aim of the present study to identify novel antibiotic adjuvants to enhance the

effect of various classes of antibiotics. Our work was based on two assumptions: decreased

metabolic activity in the cells of pathogenic microorganisms caused by an adjuvant will result

in suppressed mechanisms of antibiotic resistance and minimization of the number of surviv-

ing persister cells (up to their possible elimination). This will decrease the risk of reinfection

and the formation of genetic resistance determinants. Alkylresorcinols were identified to have

the required properties. These phenolic lipids are secondary metabolites of plants and can as

well be found in some microorganisms. [24] They have a weak antimicrobial activity. 4-hexyl-

resorcinol (4-HR) (Fig 1) is a synthetic derivative used as topical drug in antibacterial oral

gargles and throat lozenges. [25] Recently, an incorporation of 4-HR within PLGA polymer

composite films was proposed as a strategy to obtain biomedical and packaging products with
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antimicrobial properties. [25] In food industry, 4-HR is frequently used as a preservative and

to prevent browning. [26] The widespread use in food industry and the antiseptic activity of

4-HR give rise to the assumption that 4-HR might be a safe adjuvant for antibiotic combina-

tion therapies.

Materials and methods

Alkylresorcinols

4-hexylresorcinol (Fig 1) was purchesed from Sigma- Aldrich (St. Louis, MO, USA) while

other alkylresorcinols were provided by Carboshale Ltd. (Virumaa, Estonia). Phenolic lipids

were added as stock solutions in ethanol (3% vol/vol) or dimethyl-sulfoxide (DMSO) (3%

vol/vol).

Microorganisms

Nonpathogenic strains of pathogenic microorganisms such as gram negative E. coli K12 and

gram positive S. aureus 209P were obtained from the fungal and bacterial collection of the All-

Russian Collection of Microorganisms (Pushchino, Moscow Region, Russian Federation, see

Table 1). For the chequerboard method and the in vivo experiments, the following strains

from the collection of the Research Institute on Infant Infections (St. Petersburg, Russia) were

Fig 1. Chemical structure of 4-hexylresorcinol (4-HR). 4-hexylbenzene-1,3-diol has a molecular weight of 194.27 g/mol, a solubiliy in water of 800 mg/L, and an

octanol-water partition coefficient of 3.9.

https://doi.org/10.1371/journal.pone.0239147.g001

Table 1. Effect of 4-hexylresorcinol (4-HR) on a selection of various microorganisms. MIC values are means of two series of experiments.

Classification Microorganism Strain No. MIC (mg/L)

Prokaryota (Gram positive) Bacillus subtilis VKM-B436 20

Prokaryota (Gram positive) Lactococcus lactis B-1662 20

Prokaryota (Gram positive) Micrococius luteus VKM-Ac2230 20

Prokaryota (Gram positive) Streptococcus faecalis B-602 20

Prokaryota (Gram positive) Staphylococcus aureus 209P 25

Prokaryota (Gram positive) Streptomyces coelicolor Ac-738 30

Prokaryota (Gram positive) Lactobacillus acidophilus B-1660 50

Prokaryota (Gram negative) Pseudomonas carboxydaflava Z-1107 65

Prokaryota (Gram positive) Mycobacterium smegmatis Ac-1239 70

Prokaryota (Gram negative) Escherichia coli MC4100 200

Eukaryota Aspergillus niger F-2039 300

Eukaryota Saccharomyces cerevisiae Y-375 300

https://doi.org/10.1371/journal.pone.0239147.t001
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used: Staphylococcus aureus ATCC 29213 (reference strain) and isolates MRSA S. aureus
(SA0077, SA0206, SA0411 SA0318); clinical isolates Enterococcus faecalis E23 and E28; Escheri-
chia coli ATCC 25922 (reference strain) and Escherichia coli isolates (1273, 1263); clinical

isolates of Klebsiella pneumoniae (1191, 204, 895); Pseudomonas aeruginosa (1215, 56); Acine-
tobacter baumannii (121, 1308); as well as clinical isolate Klebsiella pneumoniae KPM9 from

the collection of the State Research Center for Applied Microbiology and Biotechnology (Obo-

lensk, Russia). Bacterial cultures were grown in LB medium for 18-20 hours. Fungal cultures

were grown in wort medium for 36 hours (to the stationary growth phase). Second cycle cul-

tures were inocculated and grown for 1 hour to the early exponential phase in 250 mL flasks

with 50 mL of LB medium. Samples were dispensed (2 mL) into glass test tubes containing the

indicated amounts of antibiotics and adjuvants (phenolic lipids). Starting concentration was 5

x 105 cells/mL. The test tubes were incubated for 24 hours at 30˚C on a rotary shaker (100

rpm) to determine the minimal growth-inhibiting concentrations (MIC) of saprophytic organ-

isms or non-pathogenic strains of bacteria (Table 1). Bacterial growth was assessed spectro-

photometrically by OD600 measurements on a Jenway Spectrophotometer 7315 (Jenway,

Staffordshire, UK).

Determination of antibacterial activity of alkylresorcinols

The tested antibiotics are listed in S1 Table. The degree of prolongation of alkylresorcinol

bactericidal action was determined by the use of a mixed culture of gram positive B. subtilis,
gram negative P. fluorescens, and yeasts S. cerevisiae. Individual cultures were grown to the

stationary phase and mixed in equal amounts to prepare the inoculum. The inoculum (5%

vol/vol) was added to the medium consisting of a mixture (1:1) of LB medium and wort.

Flasks were incubated and bacterial growth was assessed spectrophotometrically as described

above.

Minimal growth-inhibiting concentrations (MIC)

Antibiotics were characterized by their minimal growth-inhibiting concentrations (MIC),

which were determined for every test organism using conventional serial dilution in liquid

media followed by plating. Phenolic lipids were used at concentrations of 1

2
MIC; the latter

was determined for each test organism. The criteria for adjuvant efficiency were as follows:

decreased MIC of a given antibiotic in combination with AR (1

2
MIC), which was determined

as the absence of growth of a test organism after 24 hour incubation in liquid medium;

decreased number of viable persister cells (colony-forming units, CFU) retaining viability after

24 hour incubation at high antibiotic concentration (10 MIC and above, by [27]). CFU num-

bers were determined by plating serial ten-fold dilutions on agar (1.5%) LB medium. All values

represent means of three independent sets of experiments with three repetitions each.

Chequerboard method

Stock solutions of the tested antibiotics were prepared to obtain two-fold serial dilutions in

vertical rows 1-8 of a 96-well plate. 4-HR stock solutions were prepared to cover final concen-

trations of 8 to 512 μg/mL. 0.1 mL of antibiotic and/or 4-HR solution in broth (or broth only)

was added to a well, then 0.1 mL of bacteria suspension was added to a final concentration of 5

x 105 cells/mL. Cultivation temperature was 35-37˚C. Results were assessed by measuring bac-

terial growth in the vertical and horizontal rows. MIC was defined as the minimal concentra-

tion at which bacterial growth was absent. The type of interaction of antibiotics (AB) and

PLOS ONE 4-Hexylresorcinol as antibiotic adjuvant
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4-HR was calculated using the FICI coefficient (Eq 1) as recommended: [28]

FICI ¼
MICðABþ 4 � HRÞ

MICðABÞ
þ
MICðABþ 4 � HRÞ

MICð4 � HRÞ
ð1Þ

Apart from the recommended coefficients, one more was introduced (K1), showing the MIC

decrease for the monopreparation compared to the binary one:

K1 ¼
MICðABÞ

MICðABþ 4 � HRÞ
ð2Þ

With K1 reflecting the decrease in the effective dose of antibiotic in the presence of an ineffec-

tive concentration of 4-HR.

K. pneumoniae KPM9 induced experimental sepsis

Outbred female white mice (18-21 g; Andreevka Farm, Scientific Center for Biomedical Tech-

nologies, Russia) were infected intraperitoneally by K. pneumoniae (clinical isolate KPM9) cell

suspensions (0.5 mL, 50 × LD50). The LD50 value was calculated according to Cerber in the

modification by Ashmarin and Vorov’ev [29] according to survival duration after infection.

The average LD50 values for K. pneumoniae KPM9 were 21 cells.

Mice were treated with polymyxin B (Pm; Bharat Sirams and Vaksins Ltd., India) and/or

4-HR. The doses were calculated as recommended. [29, 30] Treatment began 24 hours after

infection (day 0). Pm was administered intramuscularly. 4-HR was administered per os twice a

day for five days as as solution in 50% ethanol using an oral gavage needle (0.2 mL). Mice were

monitored for 14 days. Criteria of treatment efficiency were survival and contamination of

internal organs with bacteria (S3 Table). Severity of the infection was assessed using the overall

condition of the animals (behavior, mobility, appetite, weight, and lymph node size). Surviving

animals were euthanized, and bacteriological and postmortem study of their organs was car-

ried out, including plating of the lungs, spleen, and blood samples onto solid HRM medium

followed by a 48 hour incubation at 37˚C.

Laboratory animal welfare

Animals were kept under standard conditions according to guidelines of the US National

Institutes of Health (NIH Publication No. 8023, revised 1978). Mice had free access to water

and food (Laboratorkorm, Moscow, Russia) and were kept in polycarbonate cages (LabPro-

ducts, Seaford, DE) in groups of up to 10 animals. Animal health and behavior was monitored

twice daily. Animals were handled by animal caretakers, which were trained in accordance to

protocols established by the USAMRIID, WRIAR and UHSUS. Animal experiments were

approved by the Bioethics Commission, State Research Center for Applied Microbiology &

Biotechnology. Animal experiments involved fast spreading mice sepsis with a lethality of

100% without treatment within 5 days. Surviving animals were euthanized after 14 days. There

is no alternative to these experiments since only an animal experiment can model all aspects of

the bacterial infection [31, 32]. Studies were designed to measure survival percentages. In view

of the severity and rapid progression of the infection, animals were bound to die from the dis-

ease. This provides a very small window of opportunity to intervene and to decide whether

animals have reached a humane end point and should be euthanized. The number of animals

was 60, 25 of which were found dead and 35 were euthanized.
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Results

Antimicrobial activity of alkylresorcinols and phenolic lipids

Based on the hypothesis that phenolic lipids (Figs 1 and 2) can be used as adjuvants for antibi-

otic therapy, screening experiments were performed to study their impact on bacterial growth

(MIC determinations) and subsequently synergistic effects with different classes of antibiotics

(S1 Table). The MIC of phenolic lipid preparations were determined using as test organisms S.
aureus 209P (a nonpathogenic S. aureus strain) and M. smegmatis AC-1239 (a nonpathogenic

Fig 2. Minimal growth-inhibiting concentrations (MIC) of alkylresorcinols. 5-methylresorcinol showed poor activity against M. smegmatis (MIC = 300

mg/L, light grey bars) and S. aureus (MIC>5000 mg/L, dark grey bars). Values are means of two independent series of screening experiments.

https://doi.org/10.1371/journal.pone.0239147.g002
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analog of the pathogen M. tuberculosis) (Fig 2). Different types of alkylresorcinols, amphiphilic

2,4- and 2,6-dialkylhydroxybenzenes and the more hydrophobic 4-hexylresorcinol (4-HR)

were tested. In view of the high activity of 4-HR, its antimicrobial activity was subsequently

studied using a broad range of microorganisms (Table 1). Gram positive bacteria were found

to be most sensitive to 4-HR, with MICs of 20-50 mg/L. M. smegmatis was characterized by a

MIC of 70 mg/L. Gram negative bacteria, yeasts and fungi were less sensitive.

Effect of 4-hexylresorcinol as antibiotic adjuvant

In the next series of experiments, MIC was determined for each antibiotic supplemented with

4-HR at the concentration of 1

2
MIC, which was insignificant for preventing growth of the test

organisms, but suppressed their metabolic activity. The results are presented in Tables 2 and 3.

In the case of S.aureus 209P, the presence of 4-HR (1

2
MIC) enhanced the antimicrobial action

of all tested antibiotics, especially of polymyxin, vancomycin, capremabol, levomycetin, and

ampicillin (5- to 10-fold increase). In the case of E. coli K12, a significant intensification of the

antimicrobial action was as well observed in presence of 4-HR (1

2
MIC). 4-HR had the greatest

effect on activity of polymyxin, gentamicin, azithromycin, and levomycetin (MIC decreased

10- to 50-fold). The lowest effect (2- to 3-fold) was observed for cyclosporine, vancomycin,

and rubomycin. In the case of a yeast-like organism (i.e. C. utilis), two antibiotics were tested:

Table 2. MIC of various antibiotics against gram positive S. aureus. MIC of antibiotics alone or antibiotics combined

with 15 mg/L 4-HR corresponding to 1

2
MIC are shown. Values are means of two series of experiments.

Antibiotic MIC antibiotic (μg/L) Fold decrease of MIC in presence of 4-HR

Capremabol 40 10

Ampicillin 0.25 5

Vancomycin 0.5 5

Levomycetin 2.5 5

Polymyxin 10 5

Gentamicin 0.2 4

Doxycycline 0.4 4

Rubomycin 200 4

Ciprofloxacin 3 3

https://doi.org/10.1371/journal.pone.0239147.t002

Table 3. MIC of various antibiotics against gram negative E.coli. MIC of antibiotics alone or antibiotics combined

with 100 mg/L 4-HR corresponding to 1

2
MIC are shown. Values are means of two series of experiments.

Antibiotic MIC antibiotic (μg/L) Fold decrease of MIC in presence of 4-HR

Polymyxin 5 50

Gentamicin 1 10

Azithromycin 1 10

Levomycetin 12.5 10

Ciprofloxacin 0.75 5

Doxycycline 5 5

Capremabol 100 5

Ampicillin 40 4

Tobramycin 60 4

Rubomycin 300 3

Vancomycin 200 2

https://doi.org/10.1371/journal.pone.0239147.t003
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ciprofloxacin and naftifine hydrochloride. However, their MIC decreased insignificantly in

presence of 4-HR. Antimicrobial action of the studied antibiotics against both tested bacteria

increased in the presence of 1

2
MIC of 4-heptylresorcinol leading to similar albeit weaker effects

as observed with 4-HR. In view of the higher potency of 4-HR, only this compound was used

for the next series of experiments.

Effect of 4-hexylresorcinol on germination

Dormant microbial forms lack metabolic activity and therefore targets of many biocidal

agents. Moreover, they exhibit high resistance to damaging factors. Suppression of their germi-

nation is therefore a challenge. Addition of 4-HR for the indicated period of time to liquid

medium prior to inoculation inhibited germination of B. cereus spores (Table 4). The decrease

in the titer of viable spores (CFU) depended both on 4-HR concentration and exposure dura-

tion. We conclude that 4-HR exhibits antimicrobial activity against both bacterial vegetative

cells and their dormant forms. Pretreatement of spores impairs their ability to germinate.

Effect of 4-hexylresorcinol on persister cells

4-HR was combined with antibiotics to study the effect of 4-HR on viability of persister cells,

i.e. cells remaining viable in the presence of biocidal concentrations of antibiotics [18]. The test

strain E. coli K12 was treated with ampicillin and ciprofloxacin (antibiotics inhibiting different

targets in bacterial cells, i.e. cell wall synthesis and DNA synthesis, respectively). Their concen-

trations of 60 and 100 μg/mL, respectively, was above their MIC. The results presented in

Table 5 demonstrate a decrease in the numbers of surviving persister cell in presence of 4-HR

(1

2
MIC). No viable cells were found after 2 days (for ampicillin) and 7 days (for ciprofloxacin)

if antibiotics were combined with 4-HR. A neglegible amount of viable cells (i.e. 32 CFU/ml)

was detected after 1 day of incubation with ampicillin in the presence of 4-HR. This is in con-

trast to incubations with the antibiotics alone, which did not lead to complete eradication of

the microorganisms under all tested conditions (viable cell count was>3 x 103 CFU/mL).

Effects of 4-HR on clinical isolates of pathogenic bacteria

Synergistic effects of antibiotics and 4-HR were studied using clinical isolates of pathogenic

bacteria causing infections associated with medical interventions. The chequerboard method

Table 4. Impact of 4-hexylresorcinol on germination of B. cereus spores. Liquid medium containing B. cereus B-504

spores was pretreated with 4-HR for the indicated period of time. Germination was in absence ((-); 100% control with-

out 4-HR corresponds to 6.0 ± 1.0 x 107 CFU/mL) or presence ((+); 100% control without 4-HR corresponds to

9.5 ± 0.5 x 107 CFU/mL) of 4-HR. Values are means of two series of experiments.

Treatment 4-HR (mg/L) % rate of germination

No pretreatment (+) 5 95 ± 15%

10 77 ± 13%

25 0%

1 hour pretreatment (-) 50 100 ± 18%

100 98 ± 16%

500 83 ± 14%

1000 51 ± 11%

2 days pretreatment (-) 50 75 ± 16%

100 75 ± 14%

500 55 ± 11%

1000 20 ± 3%

https://doi.org/10.1371/journal.pone.0239147.t004

PLOS ONE 4-Hexylresorcinol as antibiotic adjuvant

PLOS ONE | https://doi.org/10.1371/journal.pone.0239147 September 22, 2020 8 / 18

201



was applied to calculate a fractional inhibitory concentration index (FICI). [28] FICI values

were categorized into three groups: Synergy (FICI� 0.5), indifference, or absence of interac-

tion, (0.5� FICI� 4.0), and antagonism (FICI� 4.0). Additionally, the coefficient K1 was cal-

culated. With this coefficient, the decrease in the effective dose of antibiotic in the presence of

4-HR (K1) can be determined.

For this assessment, clinical isolates of gram positive bacteria (S. aureus and E. faecium) as

well as gram negative bacteria (E. coli, K. pneumoniae, A. baumannii, P. aeruginosa) were

selected (S2 Table). In 26% of the studied antibiotic with 4-HR combinations, no effect of

4-HR on the MIC of antibiotics was observed. But in the remaining 74%, the MIC of the stud-

ied antibiotics decreased 2- to 512-fold, with a fourfold and more pronounced MIC decrease

found in 33% of the combinations and an eightfold and more pronounced MIC decrease

occurred in 12% of the groups. Importantly, potentiation of antibiotic activity (strong syner-

gistic effects as indicated by the FICI parameter and decrease in their effective doses in combi-

nation with 4-HR as indicated by the K1 parameter) was observed for both sensitive and

resistant strains. 4-HR exhibited synergism and caused a significant decrease in the MIC of

antibiotics in the case of interactions with ciprofloxacin (7 combinations), polymyxin (5 com-

binations), and amikacin (4 combinations). 4-HR efficiency varied depending on microbial

taxa and was higher in the case of gram negative bacteria. 4-HR in combination with poly-

myxin showed synergism against A. baumannii, P. aeruginosa and K. pneumoniae with

different levels of sensitivity. As a representative example, results for clinical isolates of K.
pneumoniae KPM9 (covering both sensitive and resistant strains) are shown in Table 6. In the

case of polymyxin, for example, strong synergistic effects were observed (FICI = 0.07 μg/L)

with a 16-fold decrease in the effective dose of antibiotic in the presence of 4-HR.

In vivo proof of concept using an experimental mouse sepsis model

Based on the results of the chequerboard analysis (Table 6), a mouse experimental sepsis

model was developed to demonstrate in vivo effects of a combination of polymyxin and 4-HR

in infections caused by clinical isolates of pathogenic K. pneumoniae. For our model of mouse

klebsiellosis, ten outbred mice per group were infected by intraperitoneal injection of a culture

of antibiotics sensitive K. pneumoniae KPM9 (0.5 mL,� 50 LD50, 1000 CFU/mouse). Treat-

ment of groups started 24 hours after infection and continued for five days. Since oral poly-

myxin (Pm) preparations are not well tolerated in mice, Pm was applied as intramuscular

injection (1 mg/kg). The 4-HR preparation was administered twice a day per os (PO). Total

daily 4-HR doses were 30 mg/kg. A representation of the survival data for Pm in combination

with 4-HR is shown in Fig 3. On day 14 of the experiment, surviving animals were euthanized.

Their spleen, blood, and lungs were examined to determine viable cell titers (CFU) of K. pneu-
moniae by plating serial dilutions on solid media.

Table 5. Effect of 4-HR on persister cells. CFU of E.coli were determined after incubation for the indicated period of time with biocidal antibiotic concentrations (60 μg/

mL of ampicillin and 100 μg/mL of ciprofloxacin) in presence and absence of 4-HR (1

2
MIC). Initial cell titer was 109 CFU/mL. Values indicate fold change as compared to

control (absence of antibiotics).>106:<500 remaining CFU/mL detected. Values are means ± SD, n = 3.

Antibiotic Incubation Fold reduction w/o 4-HR Fold reduction with 4-HR

Ampicillin 3 hours 40 900’000

Ampicillin 24 hours 125 >106

Ampicillin 48 hours 4’000 >106

Ciprofloxacin 3 hours 40 200’000

Ciprofloxacin 48 hours 1’600 >106

Ciprofloxacin 168 hours 300’000 >106

https://doi.org/10.1371/journal.pone.0239147.t005
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Indications of the Klebsiella infection (adynamia, anorexia, and loss of weight) were

observed during the experiment and resulted in a decrease in the body mass as well as death of

animals. Treatment of animals with the Pm + 4-HR combination showed high efficiency when

the 4-HR preparation was administered per os. Survival rate in the group treated with Pm + 30

mg/kg/day 4-HR was the highest (80%), while all the mice in the control group died. More-

over, life duration (9 days) of animals treated with Pm + 30 mg/kg/day 4-HR was more than

twice that of the control mice (4 days). Approximately 75% of surviving animals in this group

were sanified, as demonstrated by an absence of viable K. pneumoniae in inner organs. In the

remaining mice, bacterial numbers in the spleen and lungs were approximately 3.2×102 and

approximately 5.4×102 CFU/mL, respectively (S3 Table). No bacteria were found in the blood.

Surprisingly, survival rates actually decreased to 60% in groups treated with higher 4-HR doses

(i.e. 50 or 75 mg/kg/day). Higher doses of 4-HR did as well reduce the percentage of sanified

mice (40% and 30% of surviving mice treated with 50 and 75 mg/kg/day, respectively). It

should be noted that intraperitoneal administration of 4-HR was abandoned since it showed

low efficiency and caused pain. Treatment of animals with 1 mg/kg Pm alone did not result in

complete recovery of mice: in 40% of surviving animals, inner organs were contaminated with

K. pneumoniae. None of the surviving animals receiving 4-HR alone were sanified.

Discussion

Research on microbial growth autoregulation revealed microorganisms (both pro- and

eukaryotic) to produce low-molecular mass compounds acting as density regulators, which in

a number of bacteria are phenolic lipids of the alkylresorcinol group. [33] Alkylresorcinols

were subsequently shown to act as autoinducers of the quorum-dependent regulatory system.

[33, 34] This is in agreement with literature confirming this function of alkylresorcinols. [35]

At increasing concentrations of alkylresorcinol, population growth of microorganisms is

restricted and the development of a hypometabolic and then anabiotic state is induced. [33,

34] This motivated us in the present study to explore a possible role of alkylresorcinols and

other phenolic lipids as antibiotic adjuvants.

Table 6. Assessment of interactions between 4-HR and various groups of antibiotics against clinical isolates of gram negative pathogenic K. pneumoniae. The che-

querboard method yields FICI values (Eq 1) as well as the coefficient K1 (decrease in the effective dose of antibiotic in the presence of 4-HR; Eq 2). Synergy is defined by

FICI� 0.5, absence of interaction by 0.5� FICI� 4.0, and antagonism by FICI� 4.0. For the resistant pathogen, 4-HR concentrations were 512 μg/L. For the sensitive

strain, 4-HR concentrations were 64 μg/L. Unit of MIC is μg/L. MIC AB designates MIC of the antibiotic alone.

Antibiotic Phenotype MIC AB K1 FICI

Amikacin Sensitive 1 1 2

Ampicillin Sensitive 8 0.25 5

Cefotaxim Sensitive 0.5 2 1.5

Ciprofloxacin Sensitive 0.06 4 0.26

Meropenem Sensitive 0.03 4 0.26

Polymyxin Sensitive 0.25 16 0.07

Tigecycline Sensitive 0.12 1 2

Amikacin Resistant 128 16 0.09

Ampicillin Resistant 256 0.1 8.06

Cefotaxim Resistant 128 8 0.25

Ciprofloxacin Resistant 128 16 0.09

Meropenem Resistant 16 2 0.56

Tigecycline Resistant 2 2 0.56

https://doi.org/10.1371/journal.pone.0239147.t006
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4-HR (4-hexylresorcinol) was identified in screening experiments to have the strongest

effects on bacterial growth. In these experiments, antimicrobial activity of alkylresorcinols

with methyl-, ethyl-, and hexyl groups was found to increase with increasing hydrophobicity.

Comparison of 4-HR and 2-ethyl-5-methylresorcinol revealed that the absence of screening of

hydroxyl groups by a large alkyl group was important for antimicrobial activity. Thus, while

the more hydrophobic compound 2-ethyl-5-methylresorcinol could have been expected to

have higher antimicrobial activity than 4-HR, it was in fact less toxic to the test organisms.

Comparison of 2,4- and 2,5-dimethylresorcinols revealed hydroxyl group screening to be less

important for S. aureus (MIC 100 and 250 mg/L, respectively) than to M. smegmatis (400 and

300 mg/L, respectively).

Antimicrobial activity of 4-HR on microorganisms seem to depend on cell wall properties.

High sensitivity was associated with a peptidoglycan-based outer cell wall structure of gram

positive bacteria. The additional outer lipid membrane of gram negative bacteria, as well as the

complex chitin and polysaccharide-based cell wall structure of yeast and fungi, seems to confer

Fig 3. Effect of 4-hexylresorcinol in a mouse bacterial sepsis model. A total of 10 mice per group were infected with K. pneumoniae (clinical isolate KPM9; 1000

CFU/mouse). Treatment started 24 hours after infection (day 0). Mice were treated with polymyxin (1 mg/kg, intramuscular) and/or 4-HR (15 mg/kg twice a day

for five days, per os). Dashed grey line: polymyxin and 4-HR combined. Dashed black line: polymyxin alone. Solid grey line: 4-HR alone. Solid black line: untreated

control.

https://doi.org/10.1371/journal.pone.0239147.g003
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some degree of resistance. High resistance to 4-HR in M. smegmatis might be due to the pres-

ence of lipid structures and mycolic acids, causing high hydrophobicity of their cell surface.

Dependence of antimicrobial activity of phenolic lipids on their hydrophobicity is in agree-

ment with literature, [36] which reports increased antimicrobial activity of n-alkylphenols

with increasing length of the alkyl chain and higher resistance of microorgansisms with lipid-

enriched cell membranes to alkylphenols. Based on these results, 4-HR was selected for further

characterization.

The utility of 4-HR as potent adjuvant for the treatment of bacterial infections was demon-

strated in combination with several antibiotics. The biocidal effects of these antibiotics to S.
aureus and E. coli were potentiated 5- to 50-fold in the presence of 1

2
MIC 4-HR. This result

opens the opportunity for novel treatment regimens against bacterial infections. For instance,

a higher bactericidal effect obtained with the combination of antibiotic and 4-HR could result

in lower doses of antibiotics to be applied to a patient while still maintaining the same effec-

tiveness. Consequently, antibiotics that are rarely used in humans due to side effects associated

with bactericidal doses (such as polymyxin) might become a viable alternative when combined

with 4-HR. In view of the challenges related to antibiotics resistance, this strategy could help to

delay the hypothesized post-antibiotics era.

In addition to vegetative forms, bacteria can undergo transformation into a dormant form,

leading to the emergence of persister cells. These dormant forms or endospores are character-

ized by the absence of metabolic activity and therefore possess a high resistance towards envi-

ronmental insults including radiation, temperature, and chemicals. Previous studies [12, 37–

39] suggest that persister cells are responsible for the chronic nature of many bacterial infec-

tions and that their formation is induced by prolonged use of antibiotics. [40, 41] This is due

to selective pressure on the pathogens promoting persistence. [42, 43] Efficiency of antibiotic

therapy can therefore be compromised by the development of antibiotic-resistant clones. Fur-

thermore, persister cells surviving antibiotic treatment may transfer genetic information, e.g.

plasmid encoded resistance genes, vertically from parent to offspring or transfer genetic infor-

mation to another species of bacteria within the same generation by means of transduction,

transformation and conjugation (horizontal gene transfer). It is therefore important to elimi-

nate antibiotics-insensitive, dormant persister cells. Based on these considerations, we mea-

sured the synergisitc effect of a combination therapy using antibiotics-resistant persister cells.

It was indeed possible to demonstrate that the addition of 4-HR significantly decreases the

number of germinating B. cereus spores in liquid medium, as well as on agar medium. This in

contrast to treatment with antibiotics alone. The observed effect was dependent on 4-HR con-

centration and duration of exposure. Moreover, the number of viable spores after prolonged

treatment (14 days) was below the limit of detection. Thus, the risk of reemergence of an infec-

tion after termination of the antibiotic treatment due to germination of persister cells can be

minimized. This result demonstrates that bacterial strains, that already acquired ABR, can

become sensitive to the antibiotic compound again when 4-HR is co-administered. It is there-

fore tempting to speculate that antibiotics, that are rarely used due to widespread resistance

towards that antibiotic, can become a viable treatment alternative again.

To systematically study interactions of 4-HR and antibiotics with clinical isolates of patho-

genic bacteria, we used the chequerboard method. A FICI parameter of� 0.5 [28] is thereby

indicative of synergism. This classification is confirmed if the MIC of the antibiotic decreases

at least fourfold in the presence of 4-HR (K1� 4). Strong synergism was observed both for

gram negative and gram positive bacteria. 4-HR combinations with fluoroquinolones, poly-

myxin, and amikacin with gram negative bacteria as targets were the most promising variants

S2 Table. Interestingly, 4-HR may have both synergistic as well as antagonistic effects. These
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results emphasize the importance of FICI values and the coefficient K1, which have to be

determined for each new combination of antibiotic, 4-HR and pathogen. Importantly, 4-HR

enhanced antibiotic activity equally well in both antibiotic sensitive and resistant bacterial

strains.

In vitro efficiency of antibiotics in 4-HR binary compositions was determined for the gram

negative bacterium Klebsiella pneumoniae, which causes various forms of klebsiellosis infec-

tions. Death rate in humans with the generalized klebsiellosis infection may be as high as 60%.

Emergence of antibiotic-resistant K. pneumoniae strains is a major problem. [44] Therapy of

nosocomial infections is often difficult due to high resistance of the causative agents to most

known antibiotics, which develops in 30-50% of the patients in the course of monotherapy.

Since the virulence of K. pneumoniae depends significantly on its ability to form a polysaccha-

ride capsule preventing phagocytosis, the hypermucoid strain K. pneumoniae KPM9 was

selected for the development of an animal model. In vitro results showed a significant effect of

4-HR on antibiotic efficiency with a FICI value of 0.07 and a 16-fold decrease of the polymyxin

MIC in combinations with 4-HR (Table 6). In view of these pronounced synergistic effects, we

decided to focus for the following series of experiments on combinations of K. pneumoniae,
polymyxin, and 4-HR. With respect to selection of the antibiotic, it should be noted that previ-

ous in vitro studies reported synergistic effects of polymyxin with other antibiotics in that bac-

tericidal activity was enhanced and bacterial heteroresistance was suppressed. [45–47] Clinical

studies revealed that a combination therapy including polymyxin has a better clinical outcome

as compared to a monotherapy. This can be attributed to a decreased risk of Pm associated

side effects and offers interesting options with respect to the use of adjuvants such as 4-HR.

[48]

Klebsiellosis treatment is often based on an assessment of the activity of preparations in

treatment of experimental Klebsiella infections in animals. Mice are highly sensitive to this

infection. Mouse klebsiellosis is characterized by an acute generalized disease, with K. pneumo-
nia and sepsis in virulent forms. Death due to infection-related toxic shock occurs within a

week after infection. Successful antibiotic treatment results in elimination of the infectious

agent and normalization of clinical laboratory parameters. In the present study, it was indeed

possible to eradicate K. pneumoniae in a mouse sepsis model by a combination of polymyxin

and 4-HR. Combined therapy resulted in 80% survival rate compared to 40% for the poly-

myxin monotherapy. Interestingly, 4-HR doses of 30 mg/kg/day were in our experiments

more effective than higher doses of 50 or 75 mg/kg/day. It is tempting to speculate that side-

effects due to overdosing of 4-HR had a negative impact on the recovery of infected animals.

Bacteriological analysis of parenchymatous organs of the animals euthanized 9 days after the

end of combined treatment revealed absence of K. pneumoniae KPM9 cells in 75% of surviving

animals, while all animals treated with the antibiotic alone were still carriers of the infection.

Thus, the antibacterial preparation containing 4-HR suppressed formation of persister cells.

We therefore propose that 4-HR might be an interesting alternative to sulfonamides and tetra-

cyclines presently used as adjuvants for the treatment of klebsiellosis in humans.

The mechanism of action of 4-HR is polymodal and complex. Similar to other alkylresorci-

nols, the biological activity of 4-HR may be attributed to its action as a structural modifier of

biopolymers and supramolecular structures such as membranes. [33, 34, 36, 49, 50] The

amphiphilic nature of 4-HR seems to be responsible for its partitioning into and diffusion

across cell membranes. Unlike cationic peptides, however, membrane integrity is not impaired

by 4-HR. [51, 52] It has therefore been proposed that formation of complexes with macromol-

ecules and membrane lipids results in increased microviscosity of the membrane lipids, which

causes inhibition of their functional activity. [33, 36, 53] This membranotropic action of 4-HR

explains the high efficiency of its combinations with the following antibiotics: polymyxin
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(affecting membranes of gram negative bacteria), fluoroquinolones (inhibiting the activity

of helicases located at the initial site of DNA replication), and amikacin, the effect of which

depends on the transmembrane potential of bacterial cells. Besides its actions on membranes,

4-HR interacts with DNA [54] and proteins. The latter was demonstrated by studies using

enzymes and immune system proteins as models. Effects were dose-dependent and linked

to protein conformation and thus functional activity. [34, 50, 55, 56] Increased intracellular

4-HR concentrations induce a stress response leading to generation of reactive oxygen species

(ROS) and RpoS (RNA polymerase, sigma factor S) activation. [57]

Due to their unspecific mode of action, 4-HR (and other alkylresorcinols) have unique

properties in that they act on bacteria as well as on protozoans and helminths. [36] The outer

membrane of gram negative bacteria seems to be the first target for 4-HR, which enables it to

affect such forms of intracellular persistence as SCV-variants [58] and L-forms, [59] and to

accumulate in phagocytes. [60] Model experiments in vitro revealed HR effect on biofilm for-

mation and disintegration of mature biofilms. [61] It is tempting to speculate that the multi-

modal mode of action of alkylresorcinols prevents habituation or resistance. In fact, 4-HR-

induced changes in microbial cells are similar to those observed under low-temperature stress

(increased membrane viscosity and decreased enzymatic activity). Thus, adaptation of micro-

bial cells both to low temperature and to elevated levels of alkylresorcinols is unlikely.

Conclusion

Alkylresorcinols are widespread in nature and are natural compounds present in large

amounts in agricultural products (up to 1.5 g/kg in grain). Their daily consumption with food

is 10-20 mg and is not considered harmful. [62] Alkylresorcinols are therefore considered to

be bioactive nutrition components, [63] which are part of human metabolism without having

negative consequences. [64] In experiments with mice, hexylresorcinol doses of up to 125 mg/

kg were shown to have no carcinogenic properties. [65] Moreover, they exhibited antimuta-

genic [66] and antitumor properties. [67, 68] Consequently, 4-HR obtained regulatory authori-

zation to be used for medical applications in human, [65] as well as in cosmetics and food

industry. [69, 70] This status as safe compounds is an important advantage of alkylresorcinols,

including 4-HR, and paves the way towards their clinical application as proposed antibiotic

adjuvants. Our findings suggest that this strategy will allow for a more efficient use of estab-

lished antibiotics and thereby reduce the risk of bacterial resistance.
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6 Discussion and Outlook

In the context of the presented PhD thesis, strategies to improve non-viral

gene delivery have been investigated on three levels. These levels are from

innermost to the outside: The lipid composition of the nanoparticle, the inter-

actions of lipid-based nanoparticles with DNA, and the decoration of the lipid

nanoparticle surface with shielding and targeting moieties. On top, strategies

to improve the preclinical investigation of nanomedicines using the zebrafish

embryo animal model have been proposed. Selected points of these four work-

ing packages shall be discussed and put into a larger context in the following

sections.

6.1 Lipid-based Gene Delivery Vehicles

The first attempts towards lipid-based gene delivery were made in the late

70’s and involved phosphatidylcholine. [102] This report inspired a number of

researchers to use different phosphatidylcholine-based formulations to deliver

genetic materials to a wide variety of organisms. [103–106] However, phos-

phatidylcholine, a zwitterionic molecule, showed poor gene delivery efficiency

compared to lipid compounds developed later. The next important discovery

was made in the late 80’s when Felgner et al. synthesized the first cationic lipid

N-[1-(2,3-dioleyloxy)-propyl]-N,N,N-trimethylammonium chloride (DOTMA).

[107] Compared to previous compounds, this cationic lipid was highly effective

in gene delivery. As a consequence, cationic lipid-based gene delivery gained

momentum and in the following years, a number of cationic lipids were synthe-

sized and published. [108–110] It seemed as if cationic lipids were the way gene

delivery is done. In fact, cationic lipids offer a number of advantages, including

very high DNA condensation capacity, and thereby a good protection of the

encapsulated nucleic acids, [111] and facilitated interactions between the pos-

212



itively charged nanoparticle and the negatively charged cell membranes. [112]

Up to this day, cationic lipids represent the most commonly used gene deliv-

ery systems due to these advantages and the simplicity of nanoparticle/DNA

complexation. [113, 114] However, cationic lipids also suffer from some severe

drawbacks, including unspecific interactions with cell membranes, [115] ac-

cumulation in highly negatively charged tissues such as the lungs, [116, 117]

and interactions with cellular proteins leading to cytotoxicity. [118–120] It is

therefore very important to weigh between efficiency and toxicity of a cationic

lipid-based gene delivery system.

A solution to this problem came in the early 2000’s with the synthesis of novel

ionizable lipids for gene delivery. [121,122] Ionizable lipids do not carry a per-

manent cationic charge but are designed to be positively charged only where

necessary (e.g., during complex formation) and uncharged when a cationic

charge is detrimental (e.g., in the blood circulation). For the design ioniz-

able lipids, the pKa value plays a very important role. For example, the most

efficient ionizable lipidoids of the Anderson group and ionizable lipids of the

Cullis group both show pKa values in the range of 6.0 - 6.8. [9, 123, 124] This

way, ionizable lipid/nucleic acid nanoparticles can be formed at low pH (e.g.,

pH 4) where the lipid is ionized and therefore carries a cationic charge to en-

sure proper DNA condensation. Upon injection into the blood stream (or after

buffer change to pH 7.4), the complex is neutral and does therefore not interact

with serum components or cell membranes, thereby ensuring a prolonged circu-

lation half life. After (targeted) uptake into the cell, the lipid becomes charged

again due to the acidification of the endosome. The ionized lipids can then

interact with negatively charged lipids of the endosomal membrane, leading to

a lipid flip-flop and subsequent displacement of the negatively charged nucleic

acids, resulting in endosomal escape of the encapsulated cargo. [125,126] Addi-

tionally, ionizable lipids often show reduced cytotoxicity due to their transient
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charge as opposed to permanently charged cationic lipids. [127]

However, the synthesises of such sophisticated lipid compounds are complex,

include several reaction steps and are therefore often associated with low yields.

It was therefore the goal in Chapter 1.2 to evaluate the feasibility of a

one-pot approach based on double-reactive amination to obtain short-chain

aminolipid compounds for gene delivery. The molecular structure of lipids for

gene delivery can generally be divided into three categories: The headgroup,

the tailgroup, and a linker functionality that connects head- and tailgroup.

The linker functionality can have an important influence on the flexibility of

charge presentation and biodegradability. [128] Owing to the nature of the re-

action, however, the presented library consisted only of head- and tailgroups,

whereas a linker functionality was not introduced. In this study, we could

show that short-chain aminolipids are successfully synthesized using double-

reactive amination and that methoxy-headgroups and C12 tails are superior

to other headgroups and C10 tails. Because the study was focused on the

feasibility of the reaction and the influence of a small number head- and tail-

groups on transfection efficiency, no emphasis was paid on the pKa of the

final products, which is considered an important factor nowadays. This flaw

became obvious when combining our potentially ionizable aminolipids with

cholesterol. The aim of replacing the permanently charged cationic lipid 1,2-

dioleoyl-3-(trimethylammonium) propane (DOTAP) with aminolipids was not

achieved. There was no particle formation, probably due to the absence of any

charge that could condense DNA within the nanoparticle. Surprisingly, when

DOTAP was combined with aminolipids instead of cholesterol, a number of

candidates were able to improve the transfection efficiency compared to con-

ventional DOTAP:cholesterol nanoparticles. A possible explanation for this

phenomenon could be the small size of aminolipid headgroups and their short

tailgroups. This facilitates lipid rearrangement within the membrane leaflets
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of small multilamellar nanoparticles, which in turn reduces the nanoparticle

membrane rigidity compared to cholesterol. It was shown for biological mem-

branes that the reduction of the cholesterol content results in higher membrane

fluidity, [129, 130] and therefore, increased likelihood of membrane rearrange-

ments. Additionally, it was shown that cholesterol contents in membranes

above 20 mol% decrease the the rate of membrane lipid translocation between

membrane leaflets of a bilayer. [131] Therefore, the replacement of cholesterol

with aminolipids could increase the rate of lipid rearrangement within the

membrane which also facilitates lipid flip-flop between the bilayer of mem-

branes. An additional explanation could be the ionization of aminolipids. It

can be assumed that the nitrogen in aminolipids is ionized at lower pH, there-

fore increasing the net cationic charge of the nanoparticle. Anionic lipids of the

endosomal membrane can then displace anionic DNA inside the nanoparticle

and pair with the cationic lipids to form non-bilayer structures, [127] thereby

disrupting the endosomal membrane and facilitating endosomal escape. The

observed improvement of transfection efficiency could as well be the result of

the combination of both effects. A further improvement of endosomal escape

and therefore, improved transfection efficiency, could be achieved by introduc-

ing unsaturated lipid tails to aminolipids. Unsaturated lipid tails were shown

to promote increased membrane fluidity, [132] thereby further increasing the

likelihood of membrane rearrangements.

For DOTAP-based nanoparticles, aminolipids can be an interesting option

to improve the transfection efficiency of said nanoparticles. However, some

open questions remain. Cholesterol is a natural component of cell membranes

whereas aminolipids are not. The toxic potential of aminolipids, and espe-

cially their long-term toxic potential, remains largely unclear. Therefore,

the replacement of cholesterol with aminolipids is an effective but not nec-

essarily safe option to improve the performance of DOTAP-based nanoparti-
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cles. Moreover, the increase in transfection efficiency was only observed for

DOTAP-based nanoparticles, but not for nanoparticles based on the ioniz-

able lipid dilinoleylmethyl-4-dimethylaminobutyrate (DLin-MC3-DMA). This

shows once more that there is no "one size fits it all approach" and that fur-

ther research is necessary to improve our understanding of lipid components

and their influence on interactions between nanoparticles and cells or even or-

ganisms. To improve our understanding of the underlying principles, further

research with an expanded lipid library, including longer lipid tail lengths (e.g.,

C14, C16, C18) and unsaturated lipid tails, as well as a larger number of head-

groups is needed. Regarding the headgroup, special emphasis should be put on

the pKa value of the nitrogen group to obtain ionizable lipids that are able to

form nanocomplexes together with DNA without the need for the cationic lipid

DOTAP. Conclusively, the presented data demonstrates the validity of our ap-

proach to improve a clinically relevant nanoparticle formulation and deepens

our understanding of the influence of molecular structures on lipid-based gene

delivery.

6.2 DNA-Nanoparticle Interaction

Besides the lipid composition of nanoparticles, the type of DNA is another

major contributor to gene delivery efficiency. Optimized DNA molecules such

as minicircle DNA, which are devoid of the bacterial backbone that usually

present in plasmid DNA, are associated with higher gene delivery efficiency and

transgene expression levels, [133, 134] which was also observed in our study.

(Chapter 2.1) [44] There are a number of explanations for the superior perfor-

mance of minicircle DNA compared to its parental plasmid counterpart. These

include for example the reduction of immunogenicity and epigenetic silencing

due to removal of sequences of bacterial origin, [41,42,135] the increased mobil-

ity of smaller nucleic acid moieties in the cytoplasm and thereby improved nu-
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clear translocation, [136–140] or higher numbers of minicircle DNA molecules

delivered compared to its larger parental plasmid when the same mass of DNA

is used. [141]

There are a number of papers in which the total amount of delivered DNA

was quantified using quantitative polymerase chain reaction (qPCR) [142–145]

or in which equimolar amounts of plasmids were delivered to remove the

numerical bias on the superiority of minicircle DNA over parental plasmid

DNA. [146–149] However, neither of these methods are able to provide in-

formation on the interactions between DNA molecules and nanoparticles and

the latter approach is additionally biased by the fact that calculations might

not properly reflect the actual experimental conditions. To improve the under-

standing of DNA-nanoparticle interactions, fluorescence cross-correlation spec-

troscopy (FCCS) was applied in Chapter 2.1. The investigation of lipoplexes

of DNA and either a cationic lipid (DOTAP), an ionizable lipid (DLin-MC3-

DMA), or a commercially available transfection reagent (Lipofectamine 3000)

showed that DNA-nanoparticle interactions were different for each formulation.

This observation can be explained by the structural differences of nanoparticles

depending on the nanoparticle formulation. While DOTAP- and DLin-MC3-

DMA-based formulations both adopt a small multilamellar vesicle structure

where the nucleic acid is sandwiched between the lipid bilayers (Figure 1

and [36]), Lipofectamine 3000 is a liposomal formulation. According to the

manufacturer, nucleic acids are mainly attached to the surface of the liposome

but are not internalized. [150] However, the information on Lipofectamine 3000

is sparse due to its proprietary status. Therefore, it is difficult to draw fur-

ther conclusions. Interestingly, our FCCS experiments correlate with these

data since high DNA binding was observed for the multilamellar DOTAP-

and DLin-MC3-DMA-based formulations and only weak binding was observed

for Lipofectamine 3000-DNA interactions. Furthermore, the method allows to
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Figure 1: Transmission electron microscopy of DOTAP:cholesterol
nanoparticles. The figure shows that DOTAP:cholesterol lipid nanoparti-
cles (LNPs) adopt a small multilamellar vesicle structure. Nucleic acids are
not only attached to the surface of the LNP but are mainly sandwiched be-
tween lipid bilayers by means of electrostatic interactions between the anionic
phosphate backbone of DNA and cationic lipids. Scale bar = 200 nm.

determine the number of DNA molecules per nanoparticle after lipoplex for-

mation. This number has so far only been calculated.

However, the method has some limitations as well. First, the method aims

to determine interactions between nanoparticles and DNA. The method gives

no information on where possible losses of DNA or nanoparticles occur but

can only provide information on the final product after complexation (i.e.,

lipoplexes). Second, the method provides only information on the interaction

between DNA and nanoparticles but it cannot provide information on inter-

actions between DNA and specific lipid components of the formulation. To

improve our understanding of lipid-based gene delivery, it would be very in-

teresting to determine which components of a formulation interact with DNA.

For example, Kulkarni et al. applied cryo-TEM and molecular modeling to de-
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termine interactions between formulation components and nucleic acids. [36]

A method that could elucidate this question could improve formulation devel-

opment, particularly when fine-tuning of a formulations towards specific needs

is required. Conclusively, the measurements demonstrated that assumptions

based on calculations are flawed and therefore, may lead to wrong conclusions.

Furthermore, it is not possible to draw universally applicable conclusions that

are valid for all lipid-based transfection reagents but the interactions have to

be determined for each individual formulation.

FCCS is a very powerful technique with a wide variety of possible applications.

An excellent in-depth discussion of FCCS and its possible applications is pro-

vided by Naredi-Rainer. [151] In addition to DNA-nanoparticle interactions

after complex formation, FCCS can also be applied to elucidate the behav-

ior of lipoplexes in contact with serum proteins, [152–154] or the extracellular

matrix, [155,156] and to characterize drug-loaded nanocarriers in the blood cir-

culation. [157] Further applications include the determination of nanoparticle

uptake into cells, [158,159] and, importantly, the intracellular fate of lipoplexes

and DNA molecules. [158,160–163] The latter is of special importance because

additional information on the behavior of lipoplexes following uptake into cells

is highly needed. The method can provide information about the extent and

the duration of protection of nucleic acids by lipid-based nanoparticles after

uptake into cells. It is known that nucleic acids need to be protected by the

nanocarrier also within the endo-/lysosome and that the composition of the

nanocarrier influences endosomal escape. [164] However, nucleic acids must

dissociate from the lipid-based nanocarrier prior to nuclear translocation in

order to successfully transfect a cell. It was shown that the nucleus is inacces-

sible to DNA complexed with cationic lipids (in contrast to DNA complexed

with cationic polymers). [165, 166] The lipoplex of DNA and nanocarrier is

considered unable to cross the nuclear membrane due to the small size of the
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nuclear pore of approximately 25 nm, [166,167] but even if it is injected directly

into the nucleus, no gene expression is observed for cationic lipid/DNA com-

plexes. [112,168] This is due to the fact that the nanocarrier not only protects

the nucleic acid from nucleases but by the same mechanism makes it inacessi-

ble to the transcription machinery of the cell as well. Therefore, the timepoint

and the location of lipoplex dissociation are important characteristics to un-

derstand successful transfection. It was shown that the distance between the

place of lipoplex dissociation and the nucleus of the cell is crucial [169] and that

only 1‰ of DNA injected into the cytosol arrives in the nucleus, [165,168,170]

likely due to degradation of DNA by cytosolic nucleases. [111] FCCS could

monitor DNA and nanoparticles and allow to determine the spatial and tem-

poral point at which they dissociate, thereby improving our understanding of

intracellular processes crucial for successful transfection.

6.3 Targeting and Blood Circulation Properties

One of the major advantages of nanoparticulate drug or gene delivery sys-

tems is the possibility to direct these nanomedicines to specific cell popula-

tions within the body using a targeting approach. The first conceptualization

for targeted medicines was made over a century ago. It was in 1906 when

Paul Ehrlich formulated the concept of a ’magic bullet’ that would enable site-

specific drug delivery while simultaneously eliminating off-target toxicity. [171]

However, the translation from the concept to its actual application took a long

time. It was in the field of oncology where the usefulness of nanoparticle-

mediated targeted drug delivery first became apparent to the wider scientific

community after the discovery of the Enhanced Permeation and Retention

(EPR) effect by Matsumura and Maeda in 1986. [172] According to this pub-

lication, exploiting this effect would enable accumulation of nanoparticulate

drug delivery systems in solid tumors. Despite the fact that the extent of this
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effect is still debated until today (the effect is pronounced in mice models but

not generally applicable to human tumors [173,174]), the field of nanomedicine

gained popularity and experienced a rapid growth following this discovery and

up to this day, the majority of nanoparticulate drug delivery systems still rely

(or claim to rely) on the EPR effect. [174,175]

Targeting approaches can be categorized into two distinct categories: passive

targeting and active targeting. Passive targeting does not require targeting

ligands but relies on the properties of the nanoparticulate delivery system or

the targeted tissue. Consequently, passive targeting approaches show reduced

batch-to-batch variability and facilitated synthesis, formulation and charac-

terization. [176] Properties enabling passive targeting include for example the

size and the surface charge of nanoparticulate delivery systems or inherent

properties of the target tissue (or tumor) such as the EPR effect. The size of a

nanoparticulate delivery system influences its biodistribution and thereby en-

ables passive targeting. For example, nanoparticles exceeding 200-250 nm are

predominantly cleared by spleen and liver-resident macrophages of the reticu-

loendothelial system (RES), leading to accumulation in these organs. [177–181]

Interestingly, the extent of serum opsonization after injection in the blood cir-

culation is influenced by the size as well. It was shown that nanoparticles

with a diameter below 100 nm are less susceptible to opsonization by serum

proteins, thereby prolonging the blood circulation half-life in vivo. [182, 183]

The surface charge of a nanoparticle can influence its biodistribution as well

with highly positively charged nanoparticles accumulating predominantly in

the lungs and highly negatively charged nanoparticles being cleared by cells

expressing scavenger receptors such as liver endothelial cells. [184,185] Finally,

the exploitation of the EPR effect is possible due to two characteristics of solid

tumors: First, tumor growth requires accelerated formation of blood vessels

(neovascularization) to provide the tumor with nutrients and oxygen. Be-

221



cause normal vascularization requires a fine balance of pro- and antiangiogenic

factors which is shifted towards proangiogenic factors in tumors, novel blood

vessels supplying the tumor are often leaky. [186,187] This enables nanoparti-

cle extravasation from the blood vessel and accumulation in the tumor tissue.

Second, the tumor growth impairs lymphatic drainage that would normally

lead to nanoparticle clearance from the tumor, thereby pronouncing nanopar-

ticle accumulation in the tumor tissue. [188,189] However, discussions on this

topic are ongoing and in many tumors in humans, including pancreatic cancer,

the EPR effect is not observed. [189]

In contrast, active targeting relies on one or more targeting ligands. On the one

hand, this increases variability and complexity of the system. On the other

hand, active targeting allows for much more specific direction of nanopar-

ticles to desired cell populations. [190] There is a wide variety of targeting

ligands from small molecules, over peptides, to antibodies, and antibody frag-

ments. [50–62] Interestingly, an advantage of antibody fragments is the lack

of the Fc domain, resulting in reduced uptake by phagocytic cells of the RES,

thereby increasing blood circulation time. [191–193] Active targeting relies on

cellular surface structures (e.g., receptors) that are overexpressed or exclu-

sively expressed in the targeted cell population. [194,195] The targeting ligand

is then responsible for the specific uptake into the targeted cell population

through interaction with the targeted receptor. Moreover, in the case of in-

ternalizing receptors, improved uptake into cells through specific pathways is

another advantage of targeting approaches. [196]

With respect to liver targeting, a large majority of targeting approaches rely

on either the asialoglycoprotein receptor (ASGPR) or the low density lipopro-

tein receptor (LDLR). [66, 197, 198] However, both of these approaches suf-

fer from drawbacks. Targeting to the ASGPR requires complex synthesises

to obtain the multivalent glycans that interact with the ASGPR [199] and
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for LDLR targeting, it was shown that a majority of nanoparticles are re-

cycled back to the cell exterior after uptake, thereby reducing the delivery

efficiency. [200] Consequently, novel targeting approaches are needed. The

proposed strategy presented in Chapter 3.1 relies on peptide sequences of vi-

ral origin, namely sequences of the large envelope protein of hepatitis B virus

(HBVpreS). It was shown that this peptide sequence interact with the sodium-

taurocholate cotransporting polypeptide (NTCP). The HBV specifically tar-

gets and infects hepatocytes in a highly efficient manner. [63] Optimization of

the targeting peptide showed improved systemic circulation behavior of shorter

myristoylated peptide sequences (Myr-preS2-31) as opposed to longer peptide

sequences (Myr-preS2-48). This can be attributed to the increased immuno-

genicity of longer peptides [201–204] resulting in a reduced circulation half

life. Furhermore, the ligand density plays an important role in efficient deliv-

ery. Too low ligand densities (i.e., ≤ 0.125 mol%) do not promote sufficient

uptake into hepatocytes, probably due to a decreased number of interactions

between targeting ligand and NTCP. Too high ligand densities (i.e., ≥ 0.5

mol%) showed increased clearance from the blood circulation, probably due to

immune responses. A ligand density of 0.25 mol% (corresponding to around

80 maleimide-conjugated Myr-preS2-31 moieties per nanoparticle) showed an

optimal balance between targeting efficiency and circulation properties. In-

terestingly, the high species-dependency of HBV (which is unable to infect

murine hepatocytes [205]) was not observed for this targeting peptide. Indeed,

Myr-preS2-31-modified liposomes showed a pronounced uptake into murine

hepatocytes. Finally, the presented lipopeptide can be synthesized by stan-

dard solid phase peptide synthesis in high yields and purity. This eliminates

complex synthesises like in the case of ASGPR targeting. [65, 206, 207] Taken

together, these results demonstrate the viability of the approach to exploit

targeting mechanisms found in pathogens for successful drug or gene therapy.
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Moreover, this viral peptide allows specific targeting of hepatocytes whereas

other pathogens such as Plasmodium spp. initially target Kupffer cells before

they are able to infect hepatocytes. [208]

Efficient targeting is only one aspect of successful drug or gene delivery us-

ing nanoparticles. Another important aspect comprises the blood circulation

properties. Prolonged systemic circulation half-life is a prerequisite for suc-

cessful targeted delivery of nanomedicines because it extends the timeframe

during which nanomedicines can interact with the targeted surface structures.

Even the most sophisticated and efficient targeting approaches are likely to

result in clinical failure if the nanocarriers are rapidly cleared from circulation

following intravenous injection. Unshielded nanoparticles are characterized

by low systemic circulation half-life in vivo [209, 210] due to opsonization of

the nanoparticle surface with opsonin proteins (complement compounds, im-

munoglobulins, fibronectin, and apolipoproteins [211]) and subsequent recog-

nition by and uptake into phagocytic cells of the RES. [212] Hydrophobic

surfaces are particularly prone to opsonization due to hydrophobic interac-

tions with opsonins. A possible solution to this problem consists of surface

modification with hydrophilic substances. [213] The first reports on the use of

polyethylene glycol (PEG), a hydrophilic polymer, were published in 1977. In

their study, Abuchowski et al. demonstrated prolonged systemic circulation

half-life of bovine serum albumin and liver catalase following PEG modifi-

cation (PEGylation). [214] The successful demonstration of prolonged blood

circulation properties of PEGylated proteins inspired several researchers to

investigate the applicability of the PEGylation concept to improve the circu-

lation behavior of nanoparticles in the 80’s and 90’s. [72, 215, 216] The first

PEGylated protein product, Adagen®, an adenosine deaminase enzyme for

the treatment of severe-combined immunodeficiency (SCID) was approved by

the FDA in 1990 [217] and the first PEGylated nanoparticle product, Doxil®,
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in 1995. [47] Since that time, enhancement of circulation properties using PE-

Gylation has been established as the most widely applied strategy to increase

the blood circulation time of nanomedicines. [210,218]

Advantages of PEGylation include not only reduced opsonization, but also

reduced tendency of nanoparticles to aggregate due to the steric hindrance

provided by PEG [219, 220] and, to a certain extent, shielding of excessive

surface charge due to an increased distance between nanoparticle core surface

and nanoparticle PEG brush surface, resulting in so-called ’stealth’ nanopar-

ticles. [221] Despite these advantages, an increasing number of researchers

raise concerns towards PEGylation strategies due to the emergence of Anti-

PEG antibodies. [222–225] There is increasing evidence that the phenomenon

of accelerated blood clearance (ABC), i.e., the gradual reduction in efficacy

of PEGylated nanoparticles following repeated administration, is closely con-

nected to the emergence of Anti-PEG antibodies. [226, 227] The reduced ef-

ficacy of PEGylated nanomedicines due to immune reactions to PEG is even

more concerning considering the fact that Anti-PEG antibodies were even

found in healthy individuals who were not treated with PEGylated nanomedi-

cines so far. The emergence of Anti-PEG antibodies in healthy individuals is

likely attributable to exposure to PEG moieties in products of everyday life

such as cosmetics. [228,229] Furthermore, there is indication that the anchor-

ing phospholipid causes specific and nonspecific immune reactions as well, [82]

likely due to the negative charge at the phosphate group of DSPE-PEG vari-

ants. [230,231]

Taken together, these findings demonstrate the need to search for alternatives

to PEG. Alternatives to PEG which exhibit similar properties with respect

to water solubility or immunogenicity include, for example, hyperbranched

polyglycerol (hbPG) [232–237] and polysarcosine (pSar) moieties. [238, 239]

The applicability of the latter to enhance blood circulation properties of lipo-
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somes was investigated in Chapter 3.2, whereas the former motivated us to

establish a zebrafish Salmonella infection model (Chapter 4.1) as discussed

later. We could show that bisalkyl polysarcosine (BA-pSar) is a valuable al-

ternative to PEG. BA-pSar (more precisely: BA-pSar102) was successfully and

reproducibly synthesized with high yields (≥90%) in a controllable one-step re-

action. As discussed for lipid synthesis in the section 6.1 Lipid-based Gene

Delivery Vehicles, polymer synthesis often involves multi-step reactions

as well, leading to high variations between different batches. Batch-to-batch

variability is a serious problem in polymer chemistry for nanoparticles, espe-

cially when it comes to scale-up. [240,241] The obtained BA-pSar was success-

fully incorporated into liposomes based on the Doxil® formulation, yielding

nanoparticles comparable to their DSPE-mPEG2k-modified counterparts with

respect to size and polydispersity index (PDI) and with similar charge shield-

ing properties. BA-pSar was firmly anchored in the lipid bilayer via its bisalkyl

tails, thereby omitting the charged DSPE moiety, one of the structural prop-

erties responsible for complement activation. Further end group modification

(i.e., acetylation, BA-pSar102Ac) removed the positive charge of the termi-

nal amine group present in unmodified BA-pSar. As a consequence of this

modification, uncharged BA-pSar102Ac showed reduced immunogenicity in the

complement activation assay with the immunogenicity increasing in the fol-

lowing order: BA-pSar102Ac < DSPE-mPEG2k < BA-pSar102. Notably, pSar

is the polymer of sarcosine, an intermediate in glycine metabolism which is

classified to be of low concern by the United States Environmental Protection

Agency (EPA). [246] Therefore, immune responses to sarcosine are unlikely to

occur. However, the ethylene glycol monomer is considered non-immunogenic

as well, [224] showing that polymeric materials do not necessarily share the im-

munogenic properties of their respective monomer. This in combination with

the large gap between first applications of PEGylated nanomedicines and the
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discovery of immune reactions against PEG shows that long-term trials would

be needed to rule out possible immune reactions to pSar-modified nanoparti-

cles. Interestingly, the terminal amine end group of unmodified BA-pSar allows

its modification with different moieties as well, thereby enabling straightfor-

ward coupling of e.g., targeting moieties directly to BA-pSar. For example, the

terminal amine of BA-pSar could be modified with maleimide [242] enabling

coupling of thiolated moieties as described for Myr-preS2-31. [66] This way,

the liver targeting approach described before could also be applied to BA-

pSar-modified liposomes. Alternatively, BA-pSar could be synthesized with

shorter alkyl chains and incorporated into ionizable lipid formulations based

on DLin-MC3-DMA or DLin-KC2-DMA. Similar to short chain PEG anchors,

the short chain alkyl anchor would allow rapid dissociation of BA-pSar shield-

ing from the lipid nanoparticle, leading to interactions with apolipoprotein E

(ApoE), thereby enabling targeted uptake into hepatocytes. [9, 127, 243] Fi-

nally, in the highly predictive zebrafish animal model, BA-pSar-modified lipo-

somes circulated freely similar to DSPE-mPEG2k-modified liposomes whereas

unmodified liposomes were cleared from circulation after 24h. [244, 245] Con-

clusively, the presented results demonstrate that BA-pSar moieties can be a

valuable alternative to PEG when it comes to the improvement of systemic

circulation properties of and the reduction of immune reactions to lipid-based

nanomedicines.

6.4 Zebrafish Embryo Salmonella Infection Model

There are other possibilites to improve the circulation behavior of liposomes in

a similar manner to PEG. One proposed class of substance is hyperbranched

polyglycerol (hbPG). [232–237] In cooperation with the group of Prof. Mark

Helm at the University of Mainz, we were asked to evaluate the blood circu-

lation behavior of hbPG-modified liposomes in our zebrafish embryo animal
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model (Figure 2). To our surprise, the hbPG-modified liposomes exhibited a

Figure 2: Macrophage accumulation of hbPG-modified lipo-
somes. The figure shows the accumulation of hbPG-modified liposomes in
macrophages four hours after injection. The labeled liposomes (red) encapsu-
lating DiD (blue) as a liposome cargo model clearly accumulate in macrophages
(green) of Tg(mpeg:Gal4;UAS:Kaede) zebrafish visualized by fluorescence colo-
calization of red, green, and blue dye, resulting in white color within the
macrophages.

rapid uptake not only into macrophages with access to the blood circulation

(round shape) but also into tissue-resident (star shape) macrophages. Except

for the predominant uptake into macrophages, image analysis revealed a fa-

vorable blood circulation behavior, indicated by the diffuse staining pattern of

the liposome membrane dye. [85] Therefore, hbPG-modification of liposomes

represents a means to target macrophages. These unexpected results moti-

vated us to investigate the applicability of hbPG-modified, antibiotics-loaded

liposomes to treat systemic infections of pathogenic microorganisms that per-
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sist within macrophages. Salmonella spp., along with other pathogenic mi-

croorganisms such as Mycobacterium tuberculosis possess the ability to persist

and even replicate within macrophages within so-called Salmonella containing

vacuoles (SCV). [93–96, 247] This behavior is very problematic because these

pathogenic microorganisms can evade an antibiotic treatment by this strategy,

especially if the used antibiotics show poor cell membrane penetration proper-

ties (such as tobramycin). [248] After termination of the antibiotic treatment,

theses microorganisms can reemerge due to uncontrolled replication within the

macrophage leading to a burst of the macrophage and release of the microor-

gansims. This behavior was observed time and again during our experiments.

Consequently, novel treatment approaches are needed to tackle macrophage-

persistent pathogenic microorganisms. Another serious problem in the field

of antibiotic treatment is the emergence of antibiotic resistance. In fact, the

increasing inefficiency of antibiotic compounds for the treatment of infectious

diseases caused by pathogenic microorganism is potentially one of the most se-

rious problems of our century. [86] Widespread antibiotic resistance could well

render present treatment regimens inefficient, leading to a relapse into a situa-

tion similar to the pre-antibiotic era during which infectious diseases caused by

pathogenic microorganisms were one of the major causes of death. [249–251]

However, at the same time the development of novel antibiotic compounds is

unattractive to the pharmaceutical industry due to concerns that return of in-

vestment cannot be achieved because of strict regulations and due to the high

costs associated with the development of novel antibiotic compounds. [252]

One of the drivers of high costs are expensive animal trials. We therefore pro-

posed the relatively inexpensive zebrafish animal model as a pre-selection tool

for screenings. Not only does the high reproduction rate of zebrafish allow for

high-throughput screenings but the pharmacokinetics of fluorescent liposomal

antibiotic formulations can be assessed as well due to the transparency of this
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animal model.

In view of this, we developed a zebrafish embryo Salmonella infection model

(Chapter 4.1) to assess the applicability of hbPG-modified liposomes encap-

sulating antibiotics and of 4-hexylresorcinol as an antibiotic adjuvant (Chapter

4.2). To establish the Salmonella infection model, the dose of bacteria, the

site of injection, and the temperature at which zebrafish embryos were kept,

were assessed. Optimal results were obtained with a bacteria dose of 300 CFU

injected into the Duct of Cuvier (termed vasculature injection) and when ze-

brafish were kept at 35°C. This temperature was chosen because it is the best

compromise between human body temperature (37°C) and ideal zebrafish cul-

ture temperature (28°C). Unfortunately, zebrafish embryos did not survive

at 37°C. The model was then validated using two antibiotics with different

membrane penetration properties: Ceftriaxone (membrane penetrating) and

tobramycin (no membrane penetrating). Survival analysis clearly showed the

difference between the two antibiotics. Ceftriaxone-treated zebrafish exhibited

high survival rates (almost 100%) and tobramycin-treated zebrafish showed

reduced survival rates of only 50%. The results of the survival analysis were

confirmed by qualitative fluorescence-based confocal imaging: Macrophages

were almost completely free of Salmonella in ceftriaxone-treated zebrafish em-

bryos whereas in tobramycin-treated zebrafish the majority of macrophages

was still infected with large amounts of bacteria. Both treatments showed

rapid clearance of bacteria in circulation. Therefore, we attributed the ob-

served effects to the different penetration properties of the antibiotics.

However, despite the successful establishment of an animal model we were

unable to demonstrate the superiority of either hbPG-modified liposomal for-

mulation. There are several reasons for this failure: First, compared to free

ceftriaxone, liposomal ceftriaxone did not improve bacteria eradication within

macrophages and therefore, survival of the zebrafish (Figure 3). This is at-
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Figure 3: Survival analysis of zebrafish embryos infected with
Salmonella treated with free or liposomal ceftriaxone. The fig-
ure shows the survival analysis of zebrafish embryos infected with 300 CFU
Salmonella. Zebrafish were either treated ceftriaxone-loaded hbPG-modified
liposomes (light grey), free ceftriaxone (dark grey) or PBS (black). There is
no significant difference between liposomal and free ceftriaxone. (n=20).

tributed to the ability of free ceftriaxone to penetrate membranes. Therefore,

macrophage-targeting liposomes are not necessary to eliminate bacteria within

macrophages. Second, tobramycin encapsulated within macrophage-targeting

liposomes was unable to eradicate bacteria in circulation following its intracel-

lular release from the liposomes within the macrophages. Consequently, the

bacteria in circulation were able to replicate and led to rapid death of treated

zebrafish. Generally, bacteria replication in the vasculature had a much more

pronounced influence on the survival of zebrafish embryos compared to replica-

tion within the macrophages. Therefore, eradication of bacteria in circulation

is necessary to determine the treatment efficiency of liposomal tobramycin.

Third, if zebrafish were treated with a combination of free and liposomal to-

bramycin, the bacteria in the vasculature were successfully eradicated after
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four hours. However, accumulation of hbPG-modified liposomes was not effec-

tive enough to eradicate bacteria in all macrophages within a short timeframe.

Tobramycin shows a short circulation half-life of only 2-3 h and is predomi-

nantly eliminated renally in humans (93% within 24 h). [253] The half-life of

tobramycin in zebrafish embryos is likely similar to that in humans due to the

close analogy between zebrafish and mammalian kidneys. [254] Very few un-

treated macrophages are therefore sufficient to allow Salmonella survival and

replication, leading to rapid reinfection. The high bacteria load in circulation

in combination with the presence of bursted macrophages after 24 hours indi-

cate such an effect. Fourth, polymer chemistry is, as already mentioned in the

section 6.3 Targeting and Blood Circulation Properties, associated

with high batch-to-batch variabilities. Indeed, accumulation of hbPG-modified

liposomes and circulation behavior varied to a large extent among the different

experiments. These observations were made independent of the lipid compo-

sition of the formulation (Figure 4). Therefore, it is reasonable to assume

that these differences are caused by the polymer. On top of that, our col-

laboration partner in Mainz had to change the supplier of educts for hbPG

synthesis, thereby further increasing the variability of the synthesized poly-

mers. Consequently, our fine-tuned animal model that allowed differentiation

of free antibiotics struggled with the high variations inherent to the hbPG-

modified liposomes (RSD up to 140% for survival after 24 h).

Possible solutions to these problems could be the decoration of liposomes with

PEG350 and the use of a different strain of bacteria. First, decoration with

short-chain PEG moieties such as PEG350 was shown to promote macrophage

accumulation as well, as demonstrated by Sieber and co-workers. [245] An

advantage of PEG350 is that it is commercially available as a well charac-

terized, high quality product, thereby eliminating issues associated with high

variability of small-scale polymer synthesis. Another possbility is the infection
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Figure 4: Confocal images showing the variability in macrophage
accumulation and circulation behavior between two batches of hy-
perbranched polyglycerol (hbPG). The different hbPG batches lead to
different macrophage accumulation and circulation behavior. Liposomes mod-
ified with hbPG batch 1 colocalized well with macrophages whereas liposomes
modified with hbPG batch 2 showed only poor colocalization.

of zebrafish embryos with a different bacteria strain, namely the TIMERbac

strain, a strain of Salmonella enterica serovar Typhimurium SL1344 published

by Claudi et al. in 2014. [255] This bacteria strain expresses two different flu-

orescent proteins depending on the growth rate. Briefly, the bacteria express

green fluorescent proteins in their replication phase and orange fluorescent pro-

teins in the non-replicative status. Thus, TIMERbac can be used as a growth

reporter. Using this strain, the effect of liposomal formulations of antibiotics

on the intracellular replication of bacteria can be assessed qualitatively. This

strategy does not allow for quantification of the effect but it could qualita-
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tively demonstrate the applicability of the approach to eradicate intracellular

pathogens in vivo.

In addition to the assessment of liposomal formulations of antibiotics, we em-

ployed our zebrafish embryo Salmonella infection model to assess the use of

4-hexylresorcinol (4-HR) as an antibiotic adjuvant, as well. Alkylresorcinols,

including 4-HR, can be found in agricultural products such as grain and are

considered safe bioactive nutrition components. [256] Doses up to 125 mg/kg

showed no carcinogenic properties in mice [257] but possess antimutagenic [258]

and antitumor properties. [259, 260] Alkylresorcinols are widely used in cos-

metics and food industry [261, 262] and are authorized to be used in medical

applications in humans. [257] 4-HR potentiated the activity of a selection of

widely used antibiotics in vitro and in vivo as demonstrated in Chapter 4.2.

Moreover, inclusion of 4-HR in antibiotic treatment was also highly efficient in

eradicating persister cells and in preventing germination of spore forms. Both

of these forms do not possess acquired antibiotic resistance but are consid-

ered an important link in the chain of antibiotic resistance development. The

zebrafish Salmonella infection model was used to the assess the benefit of com-

bination therapy. The zebrafish was chosen as a model organism because it

allows to monitor the survival of a large number of animals, thereby increasing

the reliability of the data and decreasing the impact of outliers. 4-HR is poorly

water soluble with a solubility of only 800 mg/L (determined experimentally by

Nikolaev and co-workers). Therefore, preliminary experiments aimed to assess

the tolerability of dimethyl sulfoxide (DMSO) injections into zebrafish em-

bryos. Injections of 100% DMSO were not well-tolerated by zebrafish embryos

(survival 60%; denaturation of the tissue surrounding the injection site) but

the survival drastically improved when the DMSO concentration was lowered.

Injections of 50% DMSO in Dulbecco’s phosphate-buffered saline (DPBS) were

better tolerated in zebrafish embryos with a survival of 100% of the treated fish
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after 24 h. However, the transparent surrounding tissue shifted to a black/grey

color upon injection, possibly due to interactions of DMSO with serum proteins

and cellular proteins (denaturation). Consequently, DMSO concentrations had

to be reduced further. Color shifts were not observed anymore for a concentra-

tion of 25% DMSO in DPBS (survival 100%), a concentration which allowed

to dissolve 2 mg/mL 4-HR. Therefore, injections of the maximum volume pos-

sible in zebrafish embryos (5 nL) enabled treatment with concentrations of up

to 100 mg/L 4-HR within the zebrafish. Concentrations of 4-HR up to 60

mg/L were tolerated by zebrafish (survival 100% after 28 h). However, the

combination of Salmonella injection, antibiotics injection (polymyxin), and 4-

HR injection led to a drop in survival below 25% after 24 h. We speculated

that this drop is caused by the injuries inflicted to zebrafish embryos by three

injections. Therefore, 4-HR and antibiotics were combined in one sample in

further experiments to reduce the number of injections. However, zebrafish

embryos did not tolerate these conditions as well. Even a reduction of 4-HR

concentration in the zebrafish embryos to 10 and 20 mg/L did not improve the

survival (25% after 24 h). Although 4-HR is toxic especially to water organ-

isms, the initial experiments indicating tolerability up to a concentration of 60

mg/L seemed promising at first. However, the combination of all interventions

likely led to a synergistic reduction in survival that was not observed for the

single factors alone. Finally, we aimed to improve the survival by eliminating

4-HR from the injection schedule. Zebrafish embryos were injected only with

Salmonella and polymyxin and the fish were maintained in zebrafish culture

medium supplemented with 10 or 20 mg/L 4-HR. However, zebrafish embryos

did not tolerate the presence of 4-HR in the culture medium at all: All fish

died within 4 hours irrespective of the 4-HR concentration (Figure 5). Proba-

bly, zebrafish embryos do not tolerate 4-HR in doses as high as 10 mg/L over

prolonged periods of time. It is reasonable to assume that the difference in tol-
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Figure 5: Survival analysis of zebrafish embryos treated with
4-hexylresorcinol (4-HR), Polymyxin, or combinations thereof.
Salmonella infected zebrafish were treated with 100 pg Polymyxin (light grey
dashed line), 20 mg/L 4-HR alone (dark grey solid line), 100 pg Polymyxin +
20 mg/L 4-HR (dark grey dashed line), or 100 pg Polymyxin in the presence
of 20 mg/L 4-HR in the zebrafish culture medium (black solid line). Injected
doses are given as the final concentration of 4-HR in the zebrafish embryos.
(n=20).

erability between the two treatment variants (i.e., 4-HR injection and addition

of 4-HR to the medium) is caused by the different resulting plasma concen-

trations. The concept of absorption, distribution, metabolism, and excretion

(ADME) can explain the observed effects. After injections of 2 ng 4-HR into

zebrafish (total volume at the day of injection of up to 100 nL [263], resulting

in a concentration of 20 mg/L in the fish), 4-HR is subjected to rapid elimi-

nation. The clearance of 4-HR in zebrafish can occur by several ways: Biliary

elimination via the gall bladder and subsequent excretion via the intestine, re-

nal excretion via the urine, elimination via the skin, and possibly elimination

via the gills. Furthermore, a contribution of metabolism cannot be excluded.

We therefore assume that intravenous injection of 4-HR results in transient

exposure only. Compared to the volume of zebrafish culture medium (25 mL),
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the total dose of 4-HR injected into all zebrafish embryos present in said vol-

ume of culture medium is negligible (40 ng). Injection of 4-HR is therefore

in contrast to experiments in which the culture medium is supplemented with

4-HR. In this case, topical absorption of 4-HR from the culture medium over-

comes excretion, resulting in a rapid increase of 4-HR plasma concentrations in

the zebrafish. Additionally, accumulation of 4-HR in lipophilic environments

cannot be excluded (logP = 3.45 [264]). As a consequence, zebrafish embryos

are exposed to 4-HR over a prolonged period of time and die rapidly due to

toxic effects. A drawback of the zebrafish embryo model is the fact that we

could not determine the contributions of metabolism and elimination to the

clearance of 4-HR. Therefore, clearance mechanisms for 4-HR need to be eluci-

dated in different animal models (e.g., mice or rats) because the measurement

of plasma concentrations in zebrafish embryos is very challenging. In fact,

novel methods sensitive enough to perform pharmacokinetic measurements in

zebrafish embryos have been published only very recently. [265,266] The tech-

nological advance may therefore enable pharmacokinetic studies in zebrafish

in the near future.

Conclusively, our zebrafish embryo Salmonella infection model is probably the

wrong animal model to investigate the effect of 4-HR (or other alkylresorcinols

that share the specific toxicity towards water organisms) on the treatment of

pathogenic microorganisms with antibiotics. Furthermore, the high variabili-

ties in polymer chemistry resulted in highly variable circulation behavior and

macrophage clearance for hbPG-modified liposomes. Therefore, the short-

comings in the preparation process of modified liposomes made it difficult

to demonstrate the applicability of liposomal antibiotics formulations for the

treatment of intracellular pathogens. Despite these setbacks, the established

zebrafish embryo Salmonella infection model could be an interesting research

tool for the screening of novel antibiotics because it was able to clearly differen-
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tiate the two antibiotics. The differences in effectiveness of the two antibiotic

compounds were reflected by both, survival analysis and confocal imaging and

are in good accordance with the physicochemical properties of the antibiotic

compounds. Moreover, the model can provide deeper insights into mechanisms

of antibiotic therapy, especially if the established model were combined with

the bacterial growth reporter Salmonella strain TIMERbac.
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7 Conclusion

In the context of this PhD thesis, four major working packages (Chapters

1-4) were investigated. The presented working packages cover four areas of

lipid-based gene and drug delivery from the inside to the outside, starting with

nanoparticle lipid composition and ending with the application of the zebrafish

embryo animal model.

First, an overview of the current state of lipid-based gene delivery was provided

and factors influencing gene delivery in vitro and in vivo were discussed. Fur-

thermore, the successful application of a simplified lipid synthesis for DNA de-

livery was demonstrated. Short-chain aminolipids synthesized in a straightfor-

ward one-pot synthesis improved the gene delivery efficiency of a clinically rel-

evant lipoplex formulation. Moreover, molecular structures important for gene

delivery were discussed theoretically and evaluated practically in a Structure-

Activity-Relationship experiment (Chapter 1).

Second, a fluorescence-based tool to investigate DNA-nanoparticle interactions

was evaluated. The investigation of fluorescently-labeled DNA and nanoparti-

cles using FCCS enabled the determination of the number of DNA molecules

per nanoparticle. Moreover, the tool revealed qualitatively different interac-

tions with DNA depending on the type of lipid-based gene delivery vehicles.

These results demonstrate that ideally, DNA-nanoparticle interactions should

be evaluated for each individual formulation (Chapter 2).

Third, novel approaches towards targeted delivery and enhancement of circu-

lation properties of nanomedicines were evaluated. The presented targeting

strategy relying on peptides derived from hepatitis B virus promoted highly

efficient and selective uptake into hepatocytes. Enhancement of circulation

properties similar to PEG but with reduced immunogenicity was achieved us-

ing a shielding strategy based on bisalkyl polysarcosines (Chapter 3).
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Fourth, a zebrafish embryo animal model for the screening of antibiotic com-

pounds was established and validated. The model was used to evaluate liposome-

based antibiotic therapy and antibiotic adjuvants. Shortcomings of polymer

synthesis for liposome-based antibiotic therapy and high toxicity of the ad-

juvant to zebrafish embryos prevented further examinations. Despite these

drawbacks, the basic model could be very useful for the screening of novel an-

tibiotic compounds and, when combined with bacterial growth reporters, for

mechanistic investigations of antibiotic treatments as well (Chapter 4).

Conclusively, the the findings of this PhD thesis aim to improve our under-

standing of lipid nanoparticle-based gene and drug delivery and to provide

additional tools for their preclinical investigation.
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Abbreviations

4-HR 4-hexylresorcinol

ABC Accelerated blood clearance

ABR Antibiotic resistance

ADME Absorption, distribution, metabolism, and elimination

ASGPR Asialoglycoprotein receptor

BA-pSar Bisalkyl polysarcosine

Cas9 CRISPR-associated protein 9

CRISPR Clustered regularly interspaced short palindromic re-

peats

DLin-MC3-DMA Dilinoleylmethyl-4-dimethylaminobutyrate

DMSO Dimethyl sulfoxide

DOTAP 1,2-dioleoyl-3-(trimethylammonium) propane

DOTMA N-[1-(2,3-dioleyloxy)-propyl]-N,N,N-

trimethylammonium chloride

DPBS Dulbecco’s phosphate-buffered saline

DSPE-mPEG2k 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]

EPR effect Enhanced permeation and retention effect

FCS Fluorescence correlation spectroscopy

FCCS Fluorescence cross-correlation spectroscopy

hbPG Hyperbranched polyglycerol

GOI Gene of interest

HBV Hepatitis B virus

HBVpreS Large HBV envelope protein

LDLR Low density lipoprotein receptor
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LNP Lipid nanoparticle

MIC Minimum inhibitory concentration

MPS Mononuclear phagocytic system

mRNA Messenger RNA

NTCP Sodium-taurocholate cotransporting polypeptide

ORI Origin of replication

PDI Polydispersity index

PEG Polyethylene glycol

polyA Polyadenylation

pSar Polysarcosine

qPCR Quantitative polymerase chain reaction

RES Reticuloendothelial system

RISC RNA-induced silencing complex

RNAi RNA interference

SCID Severe-combined immunodeficiency

SCV Salmonella containing vacuole

siRNA Small interfering RNA
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 PhD Retreat Bio/Pharm Uni Basel in Montreux, 
Juni 2017 

 6. EuPFi-Konferenz (European Paediatric 
Formulation Initiative) in Athen, September 
2014 

Awards:  

Poster Award Special Prize 12. Swiss Pharma Science Day in Bern, 28. August 

2019 for the poster: “Development of a 

Salmonella Infection Model in Zebrafish 

Embryos” 

Best Poster Award 6. EuPFi-Konferenz (European Paediatric 
Formulation Initiative) in Athens, 17. – 18. 
September 2014 for the poster: “Development 
And Characterization of Dispersible Tablets 
Employing Novel Characterization Methods” 
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