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Zusammenfassung fir Laien

ZUSAI\/II\/IENFASSUNG FUR LAIEN

Lebererkrankungen betreffen weltweit Millionen von Menschen und die Anzahl der
Neuerkrankungen steigt stetig. Wihrend sich die Uberlebensraten fiir die meisten Krankheiten in den
letzten Jahrzehnten verbessert haben, stellen Lebererkrankungen nach wie vor eine erhebliche
Belastung fir das Gesundheitssystem dar. Gegenwirtige Therapien bei Erkrankungen der
Leberzellen (Hepatozyten) sind unzureichend und behandeln in den meisten Fillen nur die
Symptome. Daher sind verbesserte Therapiemdglichkeiten dringend erforderlich. Der zielgerichtete
Einsatz von Nanopartikeln fiir den Transport von Wirkstoffen oder genetischem Material zu einem
bestimmten Zelltyp hat das Potenzial, den Mangel an zufriedenstellenden und alternativen
Behandlungsméglichkeiten zu iiberwinden. Diese Doktorarbeit hat sich auf die Entwicklung von
neuartigen, nanomedizinischen Ansitzen fiir den gezielten Arzneimitteltransport zu Hepatozyten
spezialisiert (Schlissel-Schloss-Prinzip). Diese Technologien bieten die Méglichkeit, Medikamente
spezifisch zu Leberzellen zu transportieren und damit einen bestimmten Zelltyp in der Leber
anzusteuern. Das Projekt bestand aus zwei Hauptzielen, die wie folgt zusammengefasst werden

konnen:

Erstens wurden Strategien fir eine spezifische und hochselektive Arzneimittelabgabe an
Hepatozyten tber den Asialoglycoproteinrezeptor (Schloss) untersucht. Dieser Rezeptor wird in
groem Ausmal3 und fast ausschlieBlich auf Hepatozyten gebildet. Nach der spezifischen Bindung
von Nanopartikeln (Arzneimittel-Transportsystem) an den Ziel-Rezeptor (Schliissel-Schloss-Prinzip)
werden die Nanopartikel in die Leberzellen aufgenommen. Um herauszufinden ob diese gezielte

Therapie prinzipiell méglich ist, wurde die Haufigkeit des Zielrezeptors auf Hepatozyten untersucht.

6 “Hepatocyte-specific drug delivery



Zusammenfassung fir Laien

Dazu wurden mehrere menschliche Leberzelllinien und Gewebeproben von Patienten, welche an
verschiedenen Lebererkrankungen leiden, untersucht. Um die Durchfiihrbarkeit einer zielgerichteten
nanomedizinischen Therapie aufzuzeigen, wurden Nanopartikel auf der Oberfliche mit
Glycoproteinen (Schlissel) modifiziert und dann in menschlichen Zellen (zz vitro) und in lebenden
Organismen (7 vivo) getestet. Um die Arzneimittel-Transport-Systeme weiter zu verbessern, wurden
zusitzliche von Glycoproteinen abgeleitete Liganden (Schlissel), wie z.B. komplexe Kohlenhydrate
oder einfache Zucker, untersucht. Um zu untersuchen wie Nanopartikel in Zellen aufgenommen und

dann weiter transportiert werden, wurden dariiber hinaus neue Technologien entwickelt.

Zweitens wurden neuartige Nanopartikel fiir eine verbesserte Beladung mit genetischem
Material (Erbgut) entwickelt um dieses gezielt zu bestimmten Zellen zu transportieren. Der Fokus
dabei waren Nanomaterialien, die sich fiir eine intravendse Verabreichung in Patienten eignen. Dazu
wurden die physikalisch-chemischen Eigenschaften der mit Erbgut-beladenen-Nanopartikel
charakterisiert und die effektive und sichere Einbringung von genetischem Material in menschlichen

Zellen getestet.

Zusammengefasst war diese Doktorarbeit der erste Schritt zur Entwicklung neuartiger
Hepatozyten-spezifischer Nanopartikel, welche die eingeschlossenen Wirkstoffe schiitzen und den
zellspezifischen Transport effizient und ohne Nebenwirkungen ermdglichen. Diese Strategie ist von
grolem Interesse flir diagnostische und therapeutische Anwendungen bei der Behandlung einer

Vielzahl von Lebererkrankungen.

using active targeted nanomedicines” 7



Summary

SUI\/II\/IARY

Hepatic disorders affect millions of people around the globe and incidence rates are further
increasing. While survival rates have improved for most diseases during recent decades, liver diseases
still represent a considerable public health burden. Current therapies for diseases of hepatocytes are
limited and in most cases only treat symptoms. Therefore, improved therapeutic technologies are
urgently needed. Targeted nanomedicines for the delivery of small molecules or nucleic acids have
the potential to overcome the lack of satisfactory and alternative treatment options. This PhD
project focused on the development of novel nanomedicines for targeted drug delivery to liver
parenchymal cells. These technologies offer the possibility to specifically target drugs to hepatocytes,
thus giving access to a defined cell type within the liver. The project consisted of two major

objectives, which can be summarized as follows:

First, targeting approaches for specific and highly selective drug delivery to hepatocytes via
the asialoglycoprotein receptor (ASGPR) were evaluated. This receptor is abundantly and almost
exclusively expressed on hepatocytes. After binding to its target, the drug delivery system is
internalized by receptor-mediated endocytosis. The applicability of this targeting approach was
evaluated by analysis of ASGPR expression. Human tissue samples from patients suffering from
various liver diseases and several liver-derived cell lines were analyzed. As a proof-of-concept study,
asialofetuin-conjugated liposomal drug carriers were designed and tested 7z vitro and in vive. To
further improve ASGPR-specific nanocarriers, glycoprotein derived targeting ligands including
multiantennary glycans and monovalent sugars were evaluated. Furthermore, novel technologies

were developed to investigate the uptake mechanisms and the intracellular fate of nanocarriers.
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Summary

Second, in order to develop nucleic acid delivery systems, new nanomaterials for an
optimized loading and retention of DNA expression plasmids were evaluated. The focus were
nanomaterials applicable for a systemic administration 7z vivo. The physico-chemical properties were
characterized and the plasmid DNA nanoparticles were screened for efficient and safe transfection

activity # vitro.

In summary, this PhD project was the first step towards the development of novel
hepatocyte-targeted nanocarriers, which protect encapsulated drugs and facilitate the cell-specific
delivery efficiently and with low cytotoxicity. This strategy is of great interest for diagnostic and

therapeutic medical applications in the treatment of liver disorders.

LIVER

using active targeted nanomedicines” 9
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INTRODUCTION

I . I_IVER

1. Liver Structure and Different Cell Types
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Figure 1: Structure of liver lobules. The hepatic lobule is the functional unit of the liver. Each lobule
receives blood from the portal vein and the hepatic artery, which terminate in the hepatic sinusoids.
The bile canaculi transport bile from the liver to the gut. Sinusoidal endothelial cells (SEC) line the
blood vessels. Tissue-resident macrophages, i.e., Kupffer cells (KC), are interspersed in the lumen of
hepatic sinusoids. Stellate cells (SC) are located in the perisinusoidal space of Disse. Hepatocytes (HC)
form the liver parenchyma. Figures are adapted from Mosby and Lau et al.

1.1. Liver

Due to its wide range of functions, the liver is one of the most interesting organs in the
human body (estimated total number of 500 functions). >~ It is the key organ for metabolism and
clearance of endo- and exogenous substances. In addition, the liver is responsible for storage

(e.g., proteins, fats, vitamins, iron), protein production (e.g., clotting factors), cholesterol homeostasis
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or immune responses. The hexagonal formed liver lobules are the functional units responsible for
the different functions. ® Liver lobules are supplied with oxygen and nutrients by peripheral blood
from the hepatic artery and the portal vein, which is transported through liver capillaries
(ie., sinusoids) to the central vein (Figure 1). "® Bach liver lobule consists of parenchymal
(i.e., hepatocytes, HC) and non-parenchymal liver cells including sinusoidal endothelial cells (SEC),
hepatic macrophages (Kupffer cells, KC), and stellate cells (ito cells, SC). All cell types will be

discussed in detail in the next sections.

1.2. Hepatocytes

Hepatocytes, also called liver parenchymal cells, are located behind the space of Disse
separated from the blood by the sinusoids (Figure 1). They represent approximately 70-80% of all
cells in the liver and have many essential functions including protein synthesis, transformation of
carbohydrates or metabolism of xenobiotics. * The average lifespan of hepatocytes is around 150
days. Hepatocytes are highly differentiated and exhibit a polarized structure. They have a basolateral
(sinusoidal) membrane facing the sinusoidal space, an apical side towards the bile canaliculi and a
lateral surface connecting adjacent parenchymal cells. The basolateral membrane of hepatocytes has a
large amount of microvilli, therefore increasing the perisinusoidal surface for absorptive processes
(Figure 2). Besides the functional importance for the human body, the liver parenchymal cells are
considered as key pro-pathogenic cell type for many disorders. A summary of different hepatic

diseases, their frequencies, and the therapeutic strategies are discussed in “Section 2”.

1.3.Sinusoidal Endothelial Cells

The endothelial wall of hepatic blood vessels consists of sinusoidal endothelial cells (SEC)

(Figure 1). These cells have important morphological and physiological characteristics, which are

using active targeted nanomedicines” 11
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essential for hepatic metabolism as well as nanoparticulate drug delivery to hepatocytes. During the
last three decades, Wisse and colleagues have revealed many of these structural and functional
aspects. " Importantly, SEC form open pores in the sinusoidal wall, so-called liver fenestrae, which
allow the exchange of various substances between the blood and parenchymal liver cells via the space
of Disse. '* These pores have a size of approximately 100-200 nm in diameter and they are arranged
as groups of fenestrae, i.e., liver sieve plates (Figure 2). The precise diameter and number of hepatic
fenestrae in different species are represented in Table 1 and compared to fenestrations in other
organs/tissues. However, these fenestrae parameters might show inter- and intraindividual variations

due to drug induced effects or pathological conditions. '>'°

Table 1: Fenestrations of the vasculature. Fenestrations in hepatic blood vessels are given for different

species. In addition, the fenestrations of vasculature in other organs or pathological tissues are given

for comparison. The table is adapted from Braet et al. and Gaumet et al. 10,17

Species / Otgan Diameter [nm] Ref.
Hepatocytes
. Human 50 - 300 '
. Rat 98.0 £ 13.0 v
. Mouse 99.0 £ 18.0 2
. Rabbit 59.4 4.8 2
Other Organs/Tissues
. Kidney (rat, rabbit, guinea pig) 20 -30 22
. Spleen (mice) 150 25
. Bone marrow (rat, rabbit, guinea-pig) 85-150 %
. Skeletal, cardiac and smooth muscle (mice) <6 7
_ Tumor (mice) 200 — 780 829
. Inflamed organs (hamster) 80 — 1400 0

In general, around 6-8% of the sinusoidal surface is fenestrated, therefore giving blood
components, which are smaller than these pores, direct access to hepatocytes. Recently, among many

other proposed mechanisms, elevated serum cholesterol levels leading to the development of
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atherosclerosis have been related to decreased fenestrae size. '**"”' In general, chylomicron remnants
can pass liver fenestrae, whereas large triglyceride-rich chylomicrons are held back in circulation.
However, if the sieving capacity is impaired, the blood clearance of chylomicron remnants by
hepatocytes is limited. Therefore, several compounds have been investigated to increase the pore size
of fenestrae and thus influence the physiological access of lipoproteins to hepatocytes. '’ In case of
hepatic drug targeting, these pore-opening substances offer interesting therapeutic possibilities to
modulate the liver fenestration and thus enhance the delivery of nanoparticles to parenchymal liver

cells.

1.4. Kupffer Cells

Resident liver macrophages were first described by Carl von Kupffer. * Circulating
monocytes derived from bone marrow differentiate into liver resident macrophages, so-called
Kupffer cells. These cells are members of the mononuclear phagocyte system (MPS) (or
reticuloendothelial system, RES) and comprise more than 80% of the total population of tissue
macrophages in the body. »’ They are located in the lumen of hepatic sinusoids in close proximity to
sinusoidal endothelial cells (Figure 1/2). Due to their prominent location in the body, they are
involved in various immunological and inflammatory processes. ** Their endocytic activity is
important for host defense and elimination of particulate and foreign materials including
nanoparticles. Periportal-located Kupffer cells are more abundant, possess a greater phagocytic
potential and have a higher lysosomal enzyme activity as compared to petivenous/midzonal-located
Kupffer cells. * Kupffer cell uptake is mainly mediated by three mechanisms. * First, scavenger
receptors are activated by several factors including highly charged nanoparticles, thus triggering
endocytosis. Second, carbohydrate receptors including the mannose receptor initiate phagocytosis

after ligand recognition. Third, nanoparticles, which have been coated in circulation by complement

using active targeted nanomedicines” 13



Introduction

factors (e.g., C3b or Clq) or serum opsonins such as fibronectin, will be cleared by Kupffer cells. In

order to eliminate unwanted nanoparticle clearance, clodronate loaded liposomes can be injected

37,38

in vivo for the eradication of Kupffer cells.

Endoplasmic
reticulum

Microvilli on
hepatocytes

Lumen of )
sinusoids Space of Disse

SEC
Mitochondria

Endoplasmic
reticulum

e e ety AEEE

Al Rondil. fouedd

Figure 2: Liver Sinusoids. (A) Cross section of liver sinusoid, which is lined by sinusoidal endothelial cells
(SEC). Microvilli on hepatocytes are exposed towards the space of Disse. (B) Lumen of hepatic sinusoid
with fenestrated endothelium forming sieve plates. (C) Kupffer cell (KC) located in the lumen of

hepatic sinusoids in close proximity to SEC. Figures are adapted from Cormack et al., Vollmar et al. and

. . 39-41
missinglink.ucsf.edu.

1.5.Stellate Cells

Hepatic stellate cells (SC) are star-shaped cells located in the perisinusoidal space of Disse
between the sinusoidal endothelial cell wall and parenchymal liver cells (Figure 1). ® In literature,

there are several different names for this cell type including parasinusoidal cells, Ito cells, vitamin A
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storing cells, or lipid-storing cells. ** Two different types of stellate cells can be distinguished, a
quiescent and an activated/transdifferentiated form. * In a normal and healthy liver the main
function of stellate cells is the storage of vitamin A (retinol), which is essential for several growth and
differentiation processes in the body. Upon liver damage, several mediators induce the differentiation
of stellate cells into a myofibroblast-like cell type with diverse phenotypic changes. **

Platelet-derived growth factor (PDGF) and transforming growth factor beta (TGF-3) are the
most important activators stimulating proliferation and fibrogenesis, respectively. The normal
extracellular matrix remodeling changes qualitatively as well as quantitatively. Activated stellate cells
produce excessive amounts of connective scar tissue (especially collagen type 1) and in addition
secrete tissue inhibitors of matrix metalloproteinases (i.e., TIMP-1 and TIMP-2). The replacement of
normal hepatic tissue with a scar-like matrix finally leads to fibrosis and therefore impairment of the

physiological transendothelial transport in the liver (Figure 3).

2. Hepatocyte-related Diseases and Their Therapy

Hepatocytes are the key pro-pathogenic cell type within the liver implicated in various
diseases. Hepatocellular carcinoma, viral and parasitic infections, or genetic disorders affect millions
of people worldwide and incidence rates are further increasing (Figure 3). A list of hepatocyte-related
liver diseases is shown in Table 2.

One example from each group is described in more detail in the following sections. These
summaries also highlight the increasing need for alternative and improved treatment options. The
targeted delivery of small molecules (e.g., with poor pharmacokinetic properties) or nucleic acids
(where the pharmacological effect is dependent on cellular uptake) offers a promising strategy for

therapeutic interventions of these diseases.

using active targeted nanomedicines” 15
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Figure 3: Liver diseases. (A) During the last decades, the lack of efficient therapeutic options has
resulted in a strong increase in liver disease rates and mortality (exemplified for the UK). Cirrhosis, liver
cancer and acute hepatitis caused more than 2 million deaths worldwide in 2010. (B) While survival
rates have improved for most diseases during the last decades, liver diseases are on the rise and still
represent a considerable public health burden. (C) The initiation and development of hepatocellular
carcinoma is a multistep process occurring over years. Liver transplantation is still the only available
option for many incurable or late-stage liver diseases. Figures are adapted from Williams et al. and

. 45,46
Pellicoro et al.
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Table 2: Summary of hepatocyte-related diseases. Hepatocytes are the key pathogenic cell type for
many liver disorders including liver cancer, viral or parasitic infections, and genetic diseases. Different
diseases are summarized and current treatment options are indicated.

Disease Pathophy519logy / Symptoms Treatment Prevalence ¥ Ref.
Mechanism
Cancer
Hepatocellular Chronic liver inflammation ~ Liver damage, Curative or 16:100,000 and 4830
Carcinoma (HCC) - cirrhosis - HCC liver cancer palliative > 700,000 new
treatment cases per year
Viral Infections
Hepatitis B Hepatitis B Virus (HBV) Liver damage, Interferon o, 350 million 51-54
infection cirrhosis, HCC nucleos(t)ide  chronic carriers
Hepatitis C Hepatitis C Virus (HCV) Liver damage, Interferon «, 180 million 51,55
infection cirrhosis, HCC protease chronic carriers
inhibitors
Parasitic Infections
Malaria Plasmodium vivax / Fever, severe Primaquine, 70—=390 million ¢
Plasmodium ovale anemia, renal chloroquine cases per year
failure
Genetic Disease (without
parenchymal damage)
Bilirubin metabolism Uridine diphosphate Neurological Phototherapy < 1:1,000,000 60,61
disorders (e.g., Crigler- glucuronosyltransferase damage; kern- (10~12h per
Najjar syndrome 1) (UGT1A1) deficiency - icterus (bilirubin  day); Plasma
impairment of bilirubin encephalopathy) exchange
conjugation
Urea cycle disorders Ornithine transcarbamylase  Hyperammo- Nitrogen OTC: 1:80,000 6263
(e.g., OTC deficiency) (OTC) deficiency nemia; neuro- scavenger
[many other deficiencies logical damage therapy,
such as Argininosuccinate hemodialysis
synthetase (ASS; Citrullin-
aemia), N-acetyl glutamate
synthetase (NAGS), Carba-
moylphosphate synthetase
(CPS), Arginase (ARG)]
TTR Familial amyloid Transthyretin mutation - Neurodegene- Small mole- < 1:100,000, 64,65
polyneuropathy (FAP) deposition of insoluble ration, poly- cule drugs >in some
protein neuropathy (tafamidis) countries
Primary hyperoxaluria Alanine glyoxylate Calcium oxalate High fluid 1:333,000— 62,66
type 1 aminotransferase mutation accumulation, intake, kid- 1,000,000
kidney damage ney trans-
plantation
Familial Hyperchol- LDL receptor protein Coronary artery Statins, LDL.  Homozygous 67,68
esterolemia (e.g., LDL mutation [also ApoB or disease apheresis <10:1,000,000
receptor related) PCSK9 mutations] Hetero: 1:500
Hemophilia disorders Factor IX deficiency Blood clotting i.v. infusion 1:20,000 69,70
(e.g., Hemophilia B) [other coagulation factor disorder, of coagu-
mutations A and C] hemorrhage lation factor
Thrombotic disorders Thrombotic disease caused  Risk of Thrombo- 1:500,000— 71,72
(e.g., Protein C deficiency by PROC gene mutation thrombosis embolism, 750,000
type 1) [also other inherited protein C
thrombophilias] substitution

(continued on next page)
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Table 2 (continued)

Disease Pathophy51910gy / Symptoms Treatment  Prevalence ¥  Ref.
Mechanism
Genetic Disease (with
parenchymal damage)
al-antitrypsin deficiency Mutations in the Lung and liver Augmen- 1-5:10,000 73,74
SERPINAT gene; damage tation;
deficiency in protease replacement
inhibitor for neutrophil therapy
elastase
Wilson’s disease Copper-transport P-type Liver and neuro-  Copper 1:30,000— 7576
ATPase deficiency, Copper  logical damage complexation 100,000
accumulation individuals
Iron overload disorder HFE enzyme deficiency Liver cirthosis, Phlebotomy,  Type 1: 7,78
(e.g., Hereditary hemo- [other iron dysregulation; insulin resistance  iron- >1:1,000
chromatosis type 1) Type 2: HFE2 or HAMP chelating Type 2/3/4:
(hepcidin); Type 3: TFR2 < 1:1,000,000
(transferrin receptor 2);
Type 4: SLC40A1
(ferroportin)]
Tyrosinemia disorders Fumarylacetoacetate Hepatomegaly, Nitisinone 1:100,000 79,80
(e.g., Tyrosinemia hydrolase (FAH) deficiency  liver and kidney (inhibition of
type 1) - lack of tyrosine degra- dysfunction tyrosine
dation [other types with degradation)
enzyme deficiency in
tyrosine metabolism]|
Glycogen storage Various types of enzyme Hepatomegaly, Treatments 1:50,000— 81,82
diseases (GSD) deficiencies in glycogen hypoglycemia depending 1,000,000
(e.g., Pompe’s disease) synthesis on type

2.1.Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide. © More

than 700’000 new cases are reported each year, with increasing incidence during the last two

50
decades. ¥

Due to its poor prognosis, HCC is the third most common cause of cancer-related
deaths. The most frequent risk factors for HCC are chronic viral infections, i.e., HBV and HCV,
which account for approximately 80% of all cases. > Patients with cirrhosis are at the highest risk to
develop HCC. Other risk factors are alcohol abuse, toxins (e.g., aflatoxin B1), or genetic liver

disorders including hereditary hemochromatosis, Wilson’s disease, or al-antitrypsin deficiency. *

The development of HCC is a complex multistep and multifactorial process (Figure 3C). >
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Depending on the stage of HCC different curative or palliative treatment options are available. The
Barcelona Clinic Liver Cancer (BCLC) strategy establishes treatment recommendations for all five
stages of HCC. » In ecarly stages three treatment options are recommended including surgical
resection, liver transplantation, or ablation. The most frequently used form of local ablation therapy
is radiofrequency ablation (RFA). Alternatively, injection of chemicals (e.g., ethanol) or other physical
methods (e.g., microwave, cryoablation) can be used to induce tumor necrosis. For intermediate
stages of HCC, only palliative treatment options are available. Transarterial chemoembolization
(TACE) is the method of choice. Microparticles coated with chemotherapeutic agents are used to
obstruct the arterial blood supply of the tumor and thus induce ischemic tumor necrosis. The
multikinase inhibitor sorafenib is the only first-line therapeutic option for advanced stages of HCC.
Many other antiproliferative and antiangiogenic compounds or biologicals are currently investigated
in clinical trials. The discovery of biomarkers for early detection of HCC is an increasing field of
research. Thus, therapeutic regimens could be personalized and clinical outcomes might be

improved.

2.2.Infections

o  Viruses (Hepatitis B Virus)

Hepatitis B virus (HBV) infection is one of the major causes for the development of cirrhosis
and liver cancer. Approximately 50% of all HCC cases are caused by chronic HBV infection. >’ More
than 350 million people are chronically infected worldwide and around 800 000 people die each year
due to HBV infection. > There are three major modes of transmission: first, transmission from
HBV-infected mothers to their newborn, second, sexual transmission, and third, transmission via

blood caused by blood transfusions, dialysis, or contaminated needles (e.g., drug abuse). > HBV
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infection can be prevented efficiently by avoidance of transmission or vaccination. However, the
global vaccination coverage strongly varies. Thus, a total number of around 2 billion people have
been infected worldwide (17.5% are still chronically infected) and almost 100°000 new cases are
reported each year. > One of the reasons for these high numbers is the high infectious potential of
the HBV. It has been reported that 1-10 virus particles are sufficient to infect a chimpanzee with
hepatitis B. * After transmission, the HBV specifically enters hepatocytes via the sodium-
taurocholate cotransporting polypeptide (NTCP/SLC10A1). *%

The replication in parenchymal liver cells finally results in an immune system activation
(ie., cytotoxic T-lymphocytes) and induction of necroinflammatory liver disease. ** This immune-
mediated liver damage will further progress into its final stages of cirrhosis and liver cancer. For the
treatment of HBV two therapeutic options are available: First, interferon «-2a is used owing to its

. . . . . . 86
antiviral and Immunostimulatory activity.

Second, nucleoside (i.e., lamivudine, entecavir,
telbivudine) and nucleotide analoga (i.e., adefovir, tenofovir) are used to inhibit the viral polymerase
and reverse transcriptase activity. > Notably, both therapies are not curative. In addition, both
therapeutic options suffer from significant drawbacks. Interferon therapy has severe side effects and

nucleos(t)ide analoga show a high risk of developing resistance. ¥ Several other strategies to treat

HBV-infected patients are in clinical trials including the first HBV entry inhibitor Myrcludex B. *

o Parasites (Malaria Vivax)

Malaria is an infectious disease caused by Plasmodium parasites. After the bite of an infected
female Anopheles mosquito, the Plasmodium sporozoites quickly enter the human body. * They
migrate to the liver, cross the sinusoids and enter hepatocytes. Inside hepatocytes, sporozoites
develop into thousands of merozoites, which will finally be released into the blood. After erythrocyte

invasion, merozoites replicate until the red blood cells are disrupted and the erythrocytic cycle starts
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again. This phenomenon causes the typical malaria symptom of recurrent paroxysmal fever at
intervals of 48/72 hours. * In total, five different Plasmodium species can infect human beings,
ie., P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi. The most severe infection is
caused by P. falciparum. All other forms are often assumed as benign, because they have a lower
mortality and morbidity rate. However, this misleading view has changed in recent years for several
reasons. *° First, P. vivax is responsible for up to 40% of all malaria cases and causes up to 390
million new clinical cases each year, mainly in Southeast Asia and South America. > Second,
P. vivax causes serious and life-threatening syndromes similar to P. falciparum including severe
anemia, renal failure, and hepatic dysfunction. ™ Third, P. vivax (also P. ovale) has a special
exoerythrocytic lifecycle. Some of the hepatic sporozoites do not develop into merozoites and thus
result in dormant liver forms so-called hypnozoites. *

This reservoir of infectious parasites can cause disease relapses months and even years after
the first infection. **”' The only treatment option against hypnozoites is the 8-aminoquinoline
derivate primaquine. ” However, high doses of primaquine (15 mg/day for 2 weeks or 45 mg/week
for 8 weeks) are needed because of its poor pharmacokinetic properties. *' In addition, primaquine
can cause severe cytotoxic effects. The dose limiting hemolytic toxicity is especially pronounced in
patients having a glucose-6-phosphate dehydrogenase (G6PD)-deficiency. ** Unfortunately, G6PD-
deficiency is most common in malaria vivax-endemic regions with 5-10% of all people having a
decreased G6PD activity. *' Therefore, new treatment options to treat dormant liver stages of

Plasmodia (i.e., hypnozoites) are urgently needed. **”

2.3.Genetic Diseases

Due to the lack of curative treatments for many inherited liver disorders, gene-replacement

therapies using hepatocyte-directed nanomedicines offer interesting therapeutic options. * In the
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following sections, two exemplary monogenetic liver diseases are described in detail. These examples
were chosen because of available animal models which facilitate the development of hepatocyte-

directed gene therapy approaches.

g Bilirubin Metabolism Disorder (e.qg., Crigler-Najjar Syndrome)

Disorders of bilirubin transport and its metabolism result in systemic accumulation of
bilirubin. In patients with Rotor syndrome or Dubin-Johnson syndrome, the transport of conjugated
bilirubin is impaired due to reduced hepatic uptake or biliary secretion, respectively. *' Notably, these
two bilirubin disorders are asymptomatic. By contrast, the impairment of bilirubin glucuronidation
due to defects in a gene encoding for UDP-glucuronosyltransferase 1A1 (UGT1A1, a 59 kDa protein
of 533 AA located in the endoplasmic reticulum) results in hyperbilirubinemia and clinical
manifestations including jaundice. Gilbert's syndrome, also called Gilbert-Meulengracht syndrome, is
a mild form of unconjugated hyperbilirubinemia. Phenobarbital treatment reduces the bilirubin levels
below neurotoxic levels. ” The complete loss of UGT1A1 function leads to a severe form of
jaundice, called hereditary Crigler-Najjar syndrome type 1 (1 case per 1°000°000 births). ©* Without
treatment, the excessive unconjugated bilirubin levels cause neurological damages with the final stage
of lethal encephalopathy (kernicterus). The only available symptomatic treatment consists of
phototherapy for 10 to 12 hours a day to reduce elevated bilirubin levels. At present, liver
transplantation is the only curative therapeutic option. ** To study hepatocyte-directed gene therapy

approaches, the Gunn rat is the animal model of choice for Crigler-Najjar syndrome type 1. >

a  Urea Cycle Disorder (e.g., Ornithine Transcarbamylase Deficiency)

Urea cycle disorders lead to elevated ammonia levels. Without treatment, the hyperammonia

results in severe metabolic encephalopathy. ” The reasons for this metabolic impairment are
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manifold, since many enzymes in the urea cycle can be mutated. In total, urea cycle disorders have an
incidence of around 1:20°000. The most common disorder is ornithine transcarbamylase (OTC)
deficiency (1 case per 80°000 births). *

Other urea cycle disorders are N-acetyl glutamate synthetase (NAGS) deficiency, Carbamoyl
phosphate synthetase (CPS) deficiency, Argininosuccinate lyase (ASL) deficiency (Argininosuccinic
aciduria), Arginase (ARG) deficiency (Argininemia), or Argininosuccinate synthetase (ASS) deficiency
(Citrullinaemia). The most important treatment options are dietary to reduce the protein intake and
removal of excessive ammonia from the blood using nitrogen scavenger therapy or hemodialysis.
Liver transplantation represents the only curative treatment for urea cycle disorders, especially for
neonatal OTC deficiency. The spf/ash mouse model can be used to study gene therapy approaches

in vivo, *”

| | . Nanomedicine — Drug Delivery and Drug Targeting

1. Drug Delivery Technologies

Nanoparticulate drug delivery systems offer a huge potential for the therapy of liver
disorders. """ The general concepts and advantages of nanomedicine-based therapeutics ate
explained in detail in Chapter I of the “Results” section for the treatment of cancer. "> However,
these strategies are also applicable for therapeutic interventions of hepatic diseases in order to
enhance efficacy and reduce toxic side effects of administered drugs. "' The strategy might change
depending on the type of disease or drug to be delivered. For example, liver structure, accessibility of
target cells, or target receptor expression might change during disease progression. Therefore, the

targeting strategy and type of nanomaterial have to be chosen carefully to design a nanocarrier with
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an increased therapeutic benefit. Two main groups of nanomaterials were used during this PhD
project, namely lipid- or polymer-based materials. "> In the following sections, these drug delivery

systems and targeting strategies are described with a focus on hepatocytes and the barriers, which

need to be overcome.

A Lipid based Polymer based

Nanocarriers Nanocarriers
NPh/r'nricl :____*-}\\\“M%'/{_

anoparticle = =
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Polymersome

Liposome

Solid Lipid _ ‘5&‘ ¥
Nanoparticle Polymeric ""‘::f;;s*fr‘J
Micelle Layer-by-Layer
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Targeted Theranostic

Figure 4: Lipid and polymer-based nanoparticles. (A) Different nanoparticle structures for lipid and
polymer-based drug delivery systems are shown. Hydrophilic and/or lipophilic drugs can be
encapsulated. (B) Conventional nanoparticles can be functionalized to endow stealth, targeted, or
theranostic drug delivery systems. Figure A is adapted from Wicki & Witzigmann et al. 102
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1.1. Lipid-based Nanomedicines

The use of lipid-based vesicles as drug delivery system was first described by Gregory

Gregoriadis in 1971. ' He discovered that liposomes, which were initially called “banghasomes”

107,108
b

(after their discoverer Alec Bangham) change the pharmacokinetic behavior of encapsulated
drugs. Based on their structure, lipid-based nanomedicines can be divided into two groups:
liposomes and solid lipid nanoparticles (Figure 4). ' Both lipid systems are multicomponent
nanomedicines consisting of various lipids, mainly phospholipids, optionally cholesterol as a
stabilizer (i.e., to decrease leakage) and the drug of interest. ' Liposomes are vesicles with a
hydrophilic cavity and a lipophilic membrane, whereas solid lipid nanoparticles are solid spheres,
which are surrounded by a lipid monolayer. Depending on the encapsulated drug and formulation
method, either hollow or solid lipid-based nanoparticles will be generated. Hydrophilic drugs can be
encapsulated inside liposomes, whereas lipophilic drugs can be incorporated in the lipid bilayer. Solid
lipid nanoparticles can encapsulate drugs such as nucleic acids inside the nanoparticle core.

Today, lipid-based nanomedicines are the most advanced nanoparticulate drug delivery
systems with several formulations in clinical use. '” Chapter I of the “Results” section describes in
detail some of these advances. Several other excellent reviews discuss the field of lipid-based

nanomedicines and their advantages for drug delivery in detail. '*>'"'""""'"* The reader is advised to

read these publications for further information.

1.2. Polymer-based Nanomedicines

Polymer-based nanomedicines are another type of nanoparticulate drug delivery system used
to modulate the pharmacokinetic and pharmacodynamics profile of drugs. In general, polymer-based
nanomedicines consist of natural (e.g., proteins or glycans) or synthetic polymers (especially block

copolymers consisting of a stealth, hydrophilic block and a lipophilic block). ' The huge advantage
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of synthetic polymers for therapeutic applications is their great chemical variability. ''> This offers the
possibility to influence nanoparticle structure, to modify the surface with targeting ligands or to
implement responsiveness to internal or external stimuli. Based on their structure polymer-based
nanomedicines can be divided into vesicles (i.e., polymersomes), polymer nanoparticles (i.e., solid
spheres), micelles or layer-by-layer capsules (Figure 4). The different forms and their advantages are
described in detail in Chapter I of the “Results” section. " In addition, several excellent reviews

: sl 116-118
summarize the field of polymer-based nanomedicines.

2. Drug Targeting Strategies
The general concepts of passive or active targeting and triggered drug release are described in
Chapter 1/11 of the “Results” section. '"” This paragraph focuses on the various factors, which have
to be considered to overcome the different hurdles for successful hepatocyte-specific drug delivery
(Figure 5A). In addition, the targeting of the hepatic ASGPR is described in detail. Different
targeting ligands are evaluated and recent drug targeting systems from research projects and clinical

trials are emphasized.

2.1. Active Targeting of Hepatocytes

The implementation of active drug targeting strategies to parenchymal liver cells offers a
huge potential for therapeutic interventions of liver disorders. Importantly, four factors have to be
considered for a successful drug delivery to hepatocytes.

First, the general pharmacokinetic properties of the nanoparticulate drug delivery systems

(NDDS) have to be optimized, i.c., size, surface charge and surface modification (Figure 5). '
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Nanoparticles for hepatocyte-specific drug delivery have to be small enough to escape from Kupffer
cell recognition and pass the fenestrations of liver sinusoids. " Nanoparticles with a size below
150 nm are needed in order to pass the fenestrations and gain direct access to the target cell
(i.e., hepatocytes). Furthermore, the zeta potential (i.e., surface charge) of nanoparticles has to be
controlled. Positively charged nanoparticles have unfavorable pharmacokinetic properties. ' Upon
1.v. injection, these nanoparticles show a high interaction with negatively charged cell surfaces and
thus they are quickly sequestered in the lung. '*’ By contrast, nanoparticles with a high negative
surface charge trigger the recognition by the scavenger receptor on Kupffer cells and resulting in
phagocytic clearance. "' Therefore, ideal hepatocyte-specific nanoparticles should have a slightly

negative zeta potential between 0 to -10 mV. '*

Another important physico-chemical characteristic, which highly influences the
pharmacokinetic properties of nanoparticles, is the chemical composition of their surface.
Conventional (classical) nanoparticles have no surface modification (Figure 4B). Upon i.v. injection,
serum proteins such as complement factors attach to nanoparticles (i.e., opsonization) resulting in a
complete change of biodistribution. '* The reticuloendothelial system (RES, mononuclear phagocyte
system) including the hepatic Kupffer cells and macrophages in the spleen recognize these “foreign”
particles. "** As a result, the nanoparticles are rapidly taken up and accumulate in the RES. This fast
nanoparticle clearance prevents any pharmacological effect in hepatocytes and in addition enhances
extrahepatic side effects. A solution to this problem is the concept of PEGylation (Figure 4B),
Le., grafting of nanoparticles with polyethylene glycol (PEG). PEGylated (stealth, long-circulating,
sterically stabilized) nanoparticles have a hydrophilic corona which prevents opsonization. '** This
strategy enhances circulation half-life, and thus increases the chance to deliver drugs to the target

cell.
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The second factor, which is important for hepatocyte-specific drug delivery, is the target
receptor (Figure 5A). An ideal target receptor should fulfill following criteria: abundant expression
on cell surface (i.e., binding probability and accessibility), predominant/exclusive expression on the
target cell type (i.e., selectivity), and efficient internalization properties (i.e., uptake into cells). **'*’
These entire factors are important to increase the therapeutic efficacy in hepatocytes and decrease
off-target effects on other organs and other hepatic cell types. One receptor, which fulfills all these

criteria for hepatocyte-specific drug delivery, is the asialoglycoprotein receptor. A detailed analysis of

the receptor properties can be found in the next section.

Importantly, pathological changes (i.e., tissue alterations) within the liver during disease
progression have to be considered. '* These changes include (i) variations in tissue architecture,
which influence the accessibility of the target cell type, and (ii) receptor expression alterations, which
influence the targeting specificity. Both pathological changes might have a huge impact on the
therapeutic outcome and concomitant side effects. First, liver damage during chronic infections or
due to genetic diseases might alter fenestrations of liver sinusoids or change the arrangement of the
space of Disse. For instance, elevated production of fibrotic matrix during fibrosis/cirrhosis might
limit the extravasation of nanoparticles and therefore the delivery of sufficient concentrations to the
side of action, i.e., hepatocytes. * Second, target receptor expression might decrease during disease
progression as shown for the ASGPR in hepatocellular carcinoma. '** Both pathological changes
influence the targeting strategy significantly and might decrease the therapeutic benefit considerably.
To compete with such pathological variations between different patients or within a patient’s organ,
diagnostic tools to assess the targeting ability of nanoparticulate drug delivery systems are needed
(i.e., prognostic factor). '®' The combination of therapeutic and diagnostic strategies,

L.e., theranostics, is a promising approach to increase the success rate of targeted nanomedicines.
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The third important factor for the development of drug targeting strategies is the targeting
ligand (Figure 5). During the last decades, various ligands have been investigated to recognize and
bind to parenchymal liver cells including monovalent and complex carbohydrates, glycomimetics,
peptides, proteins or antibodies. In general, the targeting ligand and its surface density on
nanocarriers need to be optimized for efficient binding and increased uptake. On one hand, a ligand
with a high affinity to its target receptor should be selected resulting in efficient and specific binding
to the target cell. On the other hand, it is crucial to optimize the ligand density on the nanoparticle
surface. "> If the ligand density is too low, the targeting ability and cell type specificity is decreased.
By contrast, an excessive nanocarrier modification with a high ligand density might results in a
recruitment of opsonins which could completely change the pharmacokinetic profile in favor of the

reticuloendothelial system.

The fourth factor that has to be considered for active targeting of hepatocytes is the
availability of suitable in vitro and in vivo models (Figure 5A) to test the developed drug delivery
technologies. Successful preclinical tests depend highly on suitable 7z vitro and in vive models
(e.g., species independence). Thus this factor might even influence the selection of the target

receptor.
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Figure 5: Important factors for active drug targeting using nanoparticles. (A) For active drug targeting
using nanoparticulate drug delivery systems (NDDS) four important factors have to be considered:
Nanocarrier, Receptor, Ligand, Model System (NRLM). (B) The physico-chemical properties of
nanoparticulate drug delivery systems play an important role in the development of targeted

nanomedicines. They influence the biodistribution, targeting ability and toxicity profile. Panel B is
134

adapted from Bertrand et al.
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2.2.ASGPR-specific Targeting

For successful hepatocyte-specific drug delivery, the abundant and exclusive expression of a
target receptor on the sinusoidal membrane of parenchymal liver cells is necessary. One receptor,
which fulfills this requirement, is the asialoglycoprotein receptor (ASGPR or Ashwell-Morell
receptor). "> The following sections explain the structure of the ASGPR and its ligand specificity.

In addition, recent approaches for ASGPR-specific drug targeting are described.

o ASGPR Structure

The hepatic ASGPR is a C-type (“calcium dependent”) lectin receptor, which specifically
binds carbohydrates with terminal galactose (Gal) or N-acetylgalactosamine (GalNAc) residues. >
Its physiological function is the clearance of desialylated glycoproteins (i.e., after removal of sialic
acid and thus exposure of the terminal key sugars Gal or GaNAc) from circulation. '

The ASGPR is a hetero-oligomeric receptor complex consisting of two different subunits,
called H1 (hepatic lectin 1, HLL1) and H2 (hepatic lectin 2, HL.2) (Figure 6A). Both subunits contain
an extracellular carbohydrate recognition domain (CRD). A functional receptor is formed by
numerous subunits with ratios of 2-5:1 (H1:H2). "*"'** Therefore, several sugars can be recognized at
the same time. After ligand binding, the receptor is internalized within minutes by receptor-mediated
endocytosis (clathrin-dependent pathway) (Figure 6B/C). "' Approximately 500000 ASGP
receptors per cell are expressed by human or rodent hepatocytes 7 vivo. '* This receptor density
exceeds by orders of magnitude the expression levels in other extrahepatic regions such as the
intestine, immune cells or kidney. These extrahepatic tissues account only for 1-5% of the total

binding capacity. *'* In summary, the ASGPR is an ideal receptor for drug targeting due to its

abundant and predominant expression on hepatocytes and the high internalization rate.
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Figure 6: Asialoglycoprotein receptor (ASGPR) structure and endocytosis. (A) Schematic representation
of the heterooligomeric ASGPR with carbohydrate recognition domains (CRDs) on each subunit
(i.e., H1 and H2). The optimal geometrical conformation of multiantennary carbohydrate ligands is
shown. (B) Receptor-mediated endocytosis via clathrin-dependent pathway after ligand binding is
represented. Acidification of endosomes leads to separation of the ligand-receptor complex. The
receptor recycles back to the membrane, whereas the ligand is further processed (i.e., lysosomal
pathway). (C) Transmission electron microscopy analysis of clathrin-dependent uptake. Typical

electron dense clathrin pits are visible. Figures are adapted from Khorev et al., Andersen et al. and

Piccinotti et af. 1*°7***

o ASGPR-specific Ligands
Natural ligands of the ASGPR are glycoproteins from which the terminal sialic acid has been

removed. These glycoproteins (e.g., asialofetuin or asialoorosomucoid) have several multiantennary
carbohydrates with terminal galactose moieties specifically binding to the ASGPR and thus triggering
internalization. In general, these protein-carbohydrate interactions are rather weak, with dissociation
constants in the millimolar range. However, with increasing number of sugars binding at the same
time to several receptor subunits, the affinity/avidity increases exponentially (tetraantennary > tri-
>> bi ->> mono-). This enhancement of affinity due to multivalent binding is called “cluster
glycoside effect”. *>'> Dissociation constants of tri- or tetravalent glycans are decreased down to the
low nanomolar range. In addition to the multivalent binding, the spatial arrangement of these

multiantennary carbohydrates is important for specific binding. Lee e al proposed a model
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containing the ideal distances of terminal sugars. This model is optimal for the development of
multiantennary ligands with a strong and specific ASGPR binding (Figure 6). > Notably, the
terminal sugars play an important role for the binding. These influence the affinity significantly,
e.g., the ASGPR has a higher affinity for GalNAc as compared to Gal (up to 60-fold). '**'* The huge
advantage of carbohydrate ligands for ASGPR targeting as compared to protein-based ligands is the
species independence. The human and rodent ASGPR on hepatocytes exhibit the same carbohydrate
recognition pattern. Therefore, iz vitro results can easily be investigated in first preclinical iz vivo

experiments in rodents.

Complex
Carbohydrates
_e.g. N-Glycans

Monovalent
sugars
‘e.g. Galactose

Figure 7: Ligands for Asialoglycoprotein receptor targeting. ASGPR-targeted nanoparticles can be
functionalized with different ligands. The targeting ability, conjugation efficiency or immunogenicity of
these ligands have to be considered for the selection of an ideal ligand. Carbohydrate ligands are
species independent, whereas the amino acid sequence, which is important for recognition by
antibodies, might be species dependent.
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o ASGPR-specific drug delivery technologies
ASGPR-specific drug delivery technologies offer the possibility to specifically target

hepatocytes, thereby giving access to a defined cell type within the liver. ** Several approaches and
different ligands for ASGPR-specific targeting have been investigated in research projects as well as
in clinical trials (Figure 7). In general, these strategies can be divided into three groups of ligands,
i.c., protein-based ligands (e.g., antibodies), natural and synthetic carbohydrates. "> Antibody-based
targeting strategies including antibody-drug conjugates (ADCs) or immunoliposomes are commonly
used approaches to target a specific cell type. ' Therefore, this approach has also been evaluated for
ASGPR-specific delivery of an immunotoxin using an anti-ASGPR single-chain antibody. "’
However, most ASGPR-specific targeting strategies are based on carbohydrate derived
ligands. First, naturally occurring glycoproteins bearing multiantennary carbohydrates specifically
bind to the ASGPR. Several, research groups have used these hepatotropic glycoproteins to guide

P11 For instance, Dasi and

nanomedicines specifically to parenchymal liver cells (Figure 7).
colleagues mediated the gene transfer of human al-antitrypsin using asialofetuin-modified lipid
nanoparticles. ' In addition, glycoproteins have been enzymatically digested to isolate smaller
glycopeptides as ligands. '* The smallest possible ligands are isolated glycans from glycoproteins,
which still have a high binding affinity (Figure 7). The use of such natural, glycoprotein-derived
ligands was one part of this PhD project.

The second approach for ASGPR-specific drug targeting is the chemical synthesis of
glycomimetics (Figure 7). Monovalent glycomimetics with dissociation constants down to 0.69 uM
have been synthetized. '**'* Furthermore, many attempts have been performed to develop chemical
analogues mimicking natural multivalent sugars. '**'*""* Either the ligand itself was synthetized in a

multivalent form or several monovalent sugars have been attached to a nanomaterial backbone to

obtain multivalency.
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The most successful approaches using this multivalency have been developed in the field of
RNA interference therapy (RNAI). Either siRNA is conjugated directly to a trivalent glycan ligand
(siRNA-ligand conjugate, Alnylam technology, ALN) or the siRNA is combined with a pegylated
polymer backbone (dynamic polyconjugate nanoparticles, Arrowhead Research Corporation
technology, ARC). Both technologies are in several clinical trials for the treatment of liver disorders
including transthyretin-mediated amyloidosis (NCT02292186, ALN-TTRsc/Revusiran) *, hyper-

cholesterolemia (NCT02314442, ALN-PCSsc) '”, hemophilia (NCT02554773, ALN-AT3) '™

b

chronic hepatitis B virus infection (NCT02065336, ARC-520) '”, or al-antitrypsin deficiency

(NCT02363946, ARC-AAT).

In conclusion, ASGPR-targeted nanomedicines, which enhance drug delivery and thereby
decrease severe side effects associated with conventional medicines, offer promising therapeutic

options and have the potential to overcome the striking limitations of existing, conventional drugs.

| | | . Gene Delivery

Gene therapy is one of the most important directions for the treatment of genetic liver

. 17
disorders. '

However, the translation from bench-to-bedside remains a major hurdle for most
nucleic acid delivery systems since there is a lack of efficient and safe carrier systems. So far, only
3.7% of all clinical trials involving gene therapy reached a late clinical phase. ' These delivery
strategies were mostly based on the use of viral vectors. The low success rate of these studies can
therefore be attributed to limitations of viral systems with respect to immunogenicity and generalized

toxicity. '™ As an alternative, non-viral gene delivery systems are an interesting and safe option,

which offer several advantages. ' Ongoing research projects on RNAi therapeutics using non-viral
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carriers are at present one of the most important directions in the treatment of hepatic disorders.
Several companies have initiated research programs and first clinical trials. '™'* The ligand
conjugated and stabilized siRNA constructs used in these studies were designed to efficiently transfer
small nucleoside analogues (size of 21-23 bp) into cells to knock down the gene of interest. '™
However, the induced pharmacological effects obtained by this siRNA-based strategy are short-lived,
i, in the range of days in contrast to weeks for gene delivery using a DNA expression plasmid. '**
For example, long-term silencing of Intersectin-1 (a protein regulating the mitochondrial apoptotic
pathway in endothelial cells) in the lung necessitated repeated intravenous administration (every 72

hours, for 24 consecutive days) of siRNA/cationic liposome complexes. '® Therefore, the gene

delivery of expression plasmids is the favorable option for long-term therapeutic effects.

1. Plasmid DNA Delivery

Plasmid DNA (pDNA) delivery strategies are based on the use of nanocarriers, which are
loaded with a plasmid DNA of interest (e.g., an expression plasmid) (Figure 8). Such delivery systems
can accommodate large pPDNA polynucleotides with a size of up to 8 kilo bp. It is thus possible to
both transfer a gene of interest (“gene delivery” including “knock-in” strategies) leading to the
expression of a functional protein or to “knock-down” target genes by gene silencing using DNA-
directed RNA interference (ddRNAI). For successful delivery of pDNA and subsequent expression
of the encoded, exogenous protein several hurdles have to be overcome: (I) efficient nucleic acid
packaging, (II) long plasma circulation, (III) extravasation from sinusoids, (IV) cellular uptake by
endocytosis, (V) endosomal escape, (V1) intracellular pPDNA release, and (VII) nucleus entry. '**

To address the major challenge of endosomal escape, specific technologies such as pH

: : : : 187-189
responsive systems, pore forming agents, or fusogenic compounds can be used (Figure 8). In
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the case of the pH buffering effect (i.e., proton sponge effect) ionizable groups of the nanocarrier are
protonated during the endo-lysosomal pathway. Thus, the acidification of endosomes is
counterbalanced which enhances the action of ATPase enzyme pumps. Finally, the increased

intraendosomal ion concentration results in osmotic swelling and endosomal burst.
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Figure 8: Hurdles for plasmid DNA delivery in vivo. (1) Stable plasmid DNA loaded nanoparticles are
formed. (2) After injection, the stealth gene delivery system circulates in the blood. (3) After passage
of fenestrated sinusoids, (4) the targeted nanoparticles specifically bind to hepatocytes. Subsequently,
the cellular uptake of pDNA-nanoparticles is triggered. (5) After endosomal escape, (6) the pDNA is
released from the nanocarrier 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
cell or in circulation in vivo.
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1.1. Targeted Gene Delivery

For the design of targeted nanoparticles, established and safe delivery systems should be used
such as sterically stabilized liposomal drug carriers. Thus, a systemic administration of pDNA is
possible. Coupled targeting ligands promote tissue-specific nucleic acid delivery. Advantages of such
targeted nanoparticulate gene delivery systems can be summarized as follows:

First, the cargo is protected from metabolic degradation since it is enclosed within a
nanoparticle. In particular, DNA expression plasmids need to be protected to avoid degradation by
plasma derived nucleases. Second, the system is versatile in that different types of molecules can be
loaded into nanocarriers, including peptides, polynucleotides, fluorescent markers or small drug
molecules. Thus, diagnostic technologies can be combined with therapeutic drug delivery
(i.e., theranostics).

Third, the targeting efficiency of the targeting ligand is increased since a limited number of
such ligands are needed to direct a nanoparticle loaded with several nucleic acid molecules to a target
tissue. This approach is more efficient than direct coupling of a single drug molecule to a single
targeting vector. ' Fourth, the technology can be considered as a modular platform technology
where different components can be readily combined and exchanged. Target specificity and
pharmacokinetics of the nanocarriers are solely a function of the used targeting vector and the
physico-chemical properties. They are not influenced by the transported cargo. Targeting specificity
can be adjusted by a simple exchange of the targeting vector or variation of its density. Fifth, the host

system is protected from the cargo reducing the risk of unwanted immunological reactions.

In conclusion, the most important key factors for the design of gene delivery systems are the
combination of efficient and targeted nucleic acid delivery with low cytotoxicity, cellular uptake,

intracellular release and transcription of pDNA (Figure 8).
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Aim of the thesis

AII\/I OF THE THESIS

As outlined above, conventional therapeutics for the treatment of hepatocyte-related diseases
are often insufficient. For many incurable or late-stage liver disorders, liver transplantation still is the
only available treatment option. Hepatocyte-specific targeting technologies represent a promising
therapeutic strategy to overcome the limits of conventional drugs in the treatment of cancer,
infections, or genetic diseases. Therefore, the aim of this PhD thesis was the development of drug
delivery and targeting strategies for hepatocyte-related disorders and the implementation of imaging

and gene delivery technologies. To achieve these objectives several factors had to be explored:

» Evaluation of nanoparticulate drug delivery technologies
. Which nanomaterials are used in clinical applications?

. Which nanomaterials have stealth properties?

» Evaluation of hepatocyte-specific targeting strategies
. Which receptors are specific for hepatocytes?
. Which targeting strategies have already been evaluated?

» Investigation of selected target receptor
. What is the receptor expression in health or disease?
. Are there suitable 7z vitro/in vivo models available?

» Assessment of targeting ligands
. Which targeting ligands can be used?
. What advantages/disadvantages do these ligands have?

» Development of imaging technologies to analyze uptake mechanisms
. Which imaging methods can be used?

., How can the intracellular fate of nanocarriers be visualized?

» Exploration of novel nanomaterials for gene delivery
. What are important factors for gene delivery?

. Is it possible to use stealth nanomaterials for gene delivery?
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Chapter I

“Nanomedicine in Cancer Therapy: Challenges,
Opportunities, and Clinical Applications”

Witzigmann D*, Wicki A*, Balasubramanian V, Huwyler J.

Journal of Controlled Release. 2015 Feb 28; 200:138-57.
doi: 101016/]]COHF€|201412030 (*contributed equally)

http://www.sciencedirect.com/science/article/pii/S016836591400827X

Highlights: Nanomedicine therapeutics represent an opportunity to achieve sophisticated targeting
strategies and multi-functionality. They can improve the pharmacokinetic and pharmacodynamic
profiles of conventional therapeutics and thus optimize the efficacy of existing anti-cancer
compounds. This review article highlights advances in the field of nano-delivered anti-cancer drugs.
In particular, a comprehensive overview of ongoing and completed clinical trials is provided. State-
of-the-art drug conjugates and nanocarriers are described. Challenges faced in using nanomedicine
products and translating them from experimental conditions to the clinical setting are emphasized,
i.e., complex physico-chemical features, safety concerns, and regulatory as well as manufacturing
issues. In addition, aspects of nanoparticle engineering that may open up new opportunities for next-

generation nanomedicine products in the clinic are covered.
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Nanomedicine in cancer therapy: Challenges, opportunities, and @Cmm
clinical applications
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ARTICLE INFO ABSTRACT

Aru'dle history: Cancer is a leading cause of death worldwide, Currently available therapies are inadequate and spur demand for
Received 12 November 2014 improved technologies, Rapid growth in nanotechnology towards the development of nanomedicine products
Accepted 23 December 2014 holds great promise to improve therapeutic strategies against cancer. Nanomedicine products represent an

Reallibleonine 26 Deckinber 2014 opportunity to achieve sophisticated targeting strategies and multi-functionality. They can improve the pharma-

cokinetic and pharmacodynamic profiles of conventional therapeutics and may thus optimize the efficacy of

gmrf:;nonwdicine existing anti-cancer compounds, In this review, we discuss state-of-the-art nanoparticles and targeted systems

Clinical trisls that have been investigated in clinical studies. We emphasize the challenges faced in using nanomedicine prod-

Nanoparticle ucts and translating them from a preclinical level to the clinical setting. Additionally, we cover aspects of

Liposome nanocarrier engineering that may open up new opportunities for nanomedicine products in the clinic.

Drug delivery © 2014 Elsevier BV, All rights reserved.
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1. Introduction First, nanoparticles may help to overcome problems of solubility and

For more than two decades, advances in understanding cancer
biology have only slowly been translated into significant improvements
in cancer care. The World Health Organization (WHO) attributed 8.2
million deaths to cancer in 2012, which constituted 13% of all deaths.
Within the next two decades, new global cancer incidences are expect-
ed to increase from 14 million in 2012 to as many as 22 million. One of
the main reasons is the lack of selective delivery of anti-cancer com-
pounds to neoplastic tissue. High systemic exposure to anti-neoplastic
agents frequently results in dose-limiting toxicity. Therefore, targeted
delivery is of utmost importance in order to overcome current limita-
tions in cancer therapy. Recent developments in nanotechnology are
expected to improve drug delivery, thereby increasing efficacy while
decreasing the side effects of anti-cancer drugs.

Nanocarriers” have unique properties such as nanoscale size, high
surface-to-volume ratio, and favorable physico-chemical characteris-
tics. They have the potential to modulate both the pharmacokinetic
and pharmacodynamic profiles of drugs, thereby enhancing their thera-
peutic index. Loading of drugs into nanocarriers can increase in vivo
stability, extend a compound's blood circulation time, and allow for
controlled drug release. Thus, nanomedicine compounds can alter the
biodistribution of drugs by allowing them to accumulate preferably at
the tumor site. This phenomenon is known as enhanced permeability
and retention effect (EPR) (Section 2.2.1).

A wide range of nanomaterials based on organic, inorganic, lipid,
protein, or glycan compounds as well as on synthetic polymers have
been employed for the development of new cancer therapeutics
(Fig. 3). According to the registry maintained by clinicaltrials.gov, a
total of 1575 nanomedicine formulations (search terms ‘liposome’/
‘nanoparticle’/'micelle’) had been registered for clinical trials by
December 2014. As many as 1381 of these are in the field of cancer
therapy | 1] (Fig. 1B). However, most clinical trials focus on marketed
products, such as liposomal doxorubicin or albumin-bound paclitaxel. Ei-
ther new indications or therapies in combination with other anti-cancer
agents are investigated. Our search of the key word ‘cancer nanoparti-
cles’ in Web of Science® yielded 57,944 publications available in Decem-
ber 2014 (Fig. 1A). This illustrates the huge gap between technical and
clinical development. There are concerns that a delay in clinical develop-
ment of new nanomedicine drugs may be detrimental to cancer patients.
With this in mind, we discuss in this review the recent developments of
nanomedicine therapeutics in early and late clinical trials. We cover op-
portunities to develop next-generation clinical nanomedicine therapeu-
tics with advanced functionalities. In addition, we address challenges
encountered during drug development and regulatory approval.

2. Key principles of nanomedicine

2.1. Rationale for the development of nanomedicine products for cancer
therapy

There are convincing arguments in favor of developing nano-sized
therapeutics |2].

* The term “nanocarrier” is used in the review article as an umbrella term to describe
different types of drug carriers such as micelles, vesicles, and solid nanoparticles,

chemical stability of anti-cancer drugs. Poor water solubility limits the
bioavailability of a compound and may hamper the development of
anti-cancer agents identified during early drug screens |[3]. Uptake and
delivery of poorly soluble drugs may be increased by enveloping the
compound in a hydrophilic nanocarrier. At the same time, this may
increase chemical stability. The PI3K inhibitor and radiosensitizer
wortmannin is an example for a drug whose development was stopped
because of poor solubility and chemical instability. Using a lipid-based
nanocarrier system, the solubility of wortmannin was increased from
4 mg/L to 20 g/L while increasing its stability in vivo [4]. Albumin-
bound paclitaxel is another example and will be discussed in detail in
Section 3.2.3.

Second, nanocarrier can protect anti-cancer compounds from
biodegradation or excretion and thus influence the pharmacokinetic
profile of a compound. For example, drugs cleaved enzymatically
{e.g., siRNA by RNAses in the plasma, proteins by pepsin or trypsin in
the stomach) can be prevented from being degraded by enzymes.
Encapsulation of anti-cancer agents into nanocarriers or coupling of
biodegradable compounds to synthetic polymers may overcome this
problem (Section 3.2).

Third, nanotechnology can help to improve distribution and targeting
of anti-tumor medication, Distribution of anti-cancer drugs is de-
fined by their physico-chemical properties and is limited by drug
penetration into tumor tissue [5,6] (Fig. 4). Not all nanocarriers in-
trinsically penetrate tumor tissue |7|. However, nanomedicine com-
pounds can be constructed to improve drug penetration and to
redirect chemotherapy or targeted compounds selectively to tumor
cells or cells of the stromal compartment. Both passive and active
targeting strategies are used to redirect anti-cancer drugs (Sections
2.2 and 3.2).

Fourth, nanocarriers can be designed to release their payload upon
a trigger resulting in stimuli-sensitive nanomedicine therapeutics
(Section 2.2.3). For example, drugs whose delivery is not primarily
pH-dependent, such as doxorubicin, can be conjugated with a pH-
sensitive nanoparticle to increase cellular drug uptake and intracellular
drug release 8],

Finally, targeted nanomedicine therapeutics may decrease resis-
tance of tumors against anti-cancer drugs. Generally, specific uptake re-
duces the probability for unspecific, MDR/ATP efflux pump-driven
elimination. Therefore, nanomedicine therapeutics may prolong the cir-
culation time of a compound and mediate stimuli-responsive drug re-
lease as well as endocytic drug uptake (Section 2.2). This may lead to
reduced resistance of tumor cells against targeted nanocarriers [9,10).

2.2. Opportunities: advanced functionalities

In any cancer therapy, there is a balance between potential benefit
and potential harm of the treatment. The aim of any nano-application
of a drug is to shift this balance in favor of the benefits. General strate-
gies and advanced functionalities of nanomedicine products to improve
the drug's therapeutic index are discussed below.

2.2.1. Passive targeting
Most clinically available nanocarrier-based cancer therapeutics are
passively targeted first-generation nanomedicine drugs. First generation
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Fig. 1. Total number of publications {Web of Science®]) and clinical trials (clinicaltrials.gov) during the last 10 years. (A) The number of publications in the field of nanoparticles for cancer
therapy is increasing exponentially. The ratio between new publications in the field of cancer and new publications in the field of toxicology has remained stable over the last 4 years.
(B) The number of launched clinical trials (phases 1, 2, 3. and 4) investigating nanomedicine drugs for cancer therapy is increasing constantly over the last 10 years. However, the total
number of clinical trials is only about 2% of the total number of publications in the field of cancer nanomedicine.

nanomedicine drugs mainly rely on controlling the pharmacokinetics
and biodistribution of a compound by modulating its physico-
chemical properties | 15]. For example, pegylated liposomal doxorubicin
(Doxil®/Caelyx®) (Fig. 2D) and nab-paclitaxel (Abraxane®) are first-
generation nanomedicine drugs based on passive targeting.

Pathophysiological characteristics of cancers and their environment
have been exploited for passive targeting, In particular, the EPR effect
promotes the accumulation of nanomedicine drugs in the tumor
(Fig. 2A/D). This effect is based on the presence of leaky intratumoral
blood vessels, whose endothelium is fenestrated with gaps between
100 nm and 780 nm of size [16]. For example, Kaposi sarcoma is a
tumor type with fenestrated vasculature (Fig. 2D} [7]. Thus, by convec-
tion and diffusion processes, passive directing of nanomedicine thera-
peutics into tumors can occur without any specific ligand attached to
the surface of the nanocarrier. However, it has been widely accepted
that passive targeting based on the EPR effect is not sufficient to control
the side effects of cytotoxic drugs and fully exploit the benefits of
targeted delivery.

Heterogeneity of the tumor and its stroma, such as a hypoxic
gradient, can severely impact on the efficacy of drugs delivered by
passive targeting. This can result in reduced or abrogated transport of
the compound into the tumor [ 17]. Recent research has focused on nor-
malization of tumor vasculature before initiating anti-cancer treatment
and image-guided analysis of the EPR effect (theranostic approach, see
Section 2.2.4) [18,19].

Another factor that limits the access of nanomedicine drugs to the
tumor is increased interstitial fluid pressure [20]. Furthermore, the
extracellular matrix of certain malignancies, such as pancreatic cancer,
limits drug penetration into the tumor [21]. Finally, passive targeting
does not prevent accumulation of nanocarriers in other organs with
fenestrated endothelium, e.g., the liver and spleen [22].

Therefore, the development of next-generation nanomedicine
drugs with advanced functionalities is certainly warranted. Second-
generation nanomedicine compounds are based on drug-delivery tech-
nologies with an active targeting vector or smart nanocarriers with
stimuli-responsive properties, Thus, second-generation nanomedicine
compounds hold the promise of improved targeting and increased
efficacy [23]. Several next-generation nanomedicine drugs have been
developed at a preclinical level, and a few have entered early clinical
testing (Tables 3-5). However, none of them has been approved for
commercial use as yet.

222, Active targeting

In the case of active targeting, a high-affinity ligand is attached to the
surface of a nanocarrier. The ligand binds selectively to a receptor on the
target cell (Fig. 2B). Targeted delivery is ensured by the high specificity
of the ligand for its cognate receptor. A wide range of ligands have been
used for such purposes including small molecules such as folic acid
and carbohydrates, or macromolecules such as peptides, proteins,

antibodies, aptamers, and oligonucleotides. One example in clinical tri-
als are doxorubicin-loaded immunoliposomes targeted against the epi-
dermal growth factor receptor (EGFR) (Fig. 2E/F). These active targeted
nanocarriers will be further discussed in detail in Section 3.2.2, The li-
gand must be chosen in a way to allow binding to the target cells
while minimizing binding to healthy cells. For efficient targeting,
nanocarriers should be stable enough to avoid premature release and
degradation of the drug in the circulation.

Similarly, sufficiently prolonged circulation of the drug is vital to
avoid unwanted interactions with serum proteins or the immune sys-
tem (opsonization process), and thus to prevent untimely clearance
| 24]. Therefore, the density of the targeting ligand needs to be optimized
in order to maintain stealth properties and avoid rapid recognition by
the reticulo-endothelial system (RES) [25].

As mentioned, active targeting depends on the availability of a target
and a specific ligand. However, it is equally important to optimize the
density of the targeting ligands per nanocarrier to achieve not only
high targeting efficiency but also to ensure an optimal internalization
[26]. For instance, gold nanoparticles with different densities of
targeting antibodies on the surface exhibit distinct mechanisms of up-
take [27,28]. Briefly, gold nanoparticles were targeted with an antibody
(€225, cetuximab) to EGFR. Surface-saturated, cetuximab-targeted gold
nanoparticles showed dynamin-2 dependent caveolae endocytosis. In
contrast, partially cetuximab-covered gold nanoparticles showed
Cdc42 dependent phagocytosis involving actin polymerization.

In specific cases, cellular uptake may lead to enhanced pharmacolog-
ical effects (as demonstrated for immunoliposomes) or may even be a
prerequisite when it comes to the implementation of gene therapy ap-
proaches (i.e, targeting of nucleic acids). Nevertheless, internalization
of nanocarriers is not always needed. For example, small molecules
such as doxorubicin can cross the cell membrane by passive diffusion.
Creation of a “depot” in the vicinity of the tumor may be sufficient to in-
duce a pharmacological effect, Based on this principle, targeting of the
extracellular matrix of tumors by antibody drug conjugates (ADCs) led
to curative effects in experimental animals [29,30].

Pitfalls such as anatomical and physiological barriers have to be
taken into account for the development of cancer cell targeted
nanocarriers (Fig. 2B) [7]. Such barriers may prevent direct interaction
between the nanocarrier and its target cell (Fig. 2B, pathway 1) or
may hamper deep penetration into neoplastic tissue { binding-site barri-
er phenomenon) |31}, Active targeting of tumor vasculature can over-
come these limitations (Fig. 2B, pathway 2).

In conclusion, nanomedicine aims at achieving an optimal balance be-
tween high avidity of the ligand and low opsonization of the nanocarrier.
Targeted nanoparticles carry a considerable amount of drug per binding
event. This is a further difference between nanocarriers and drug conju-
gates. Actively targeted nanoparticulate delivery can enhance drug re-
tention in the tumor due to increased cellular binding, minimize non-
specific uptake, and circumvent mechanisms of resistance |32].
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Fig. 2. Schemaric illustration of drug targeting strategies (A-C) and examples of nanomedicine therapeutics in clinical cancer care (D-G). (A) Extravasation of nanomedicine therapeutics
through fenestrated vasculature leads to passive targeting of tumor tissue, {B) Active targeting of cancer cells (1) or tumor endathelium (2) using ligand-modified nanocarriers.
(C) Stimuli-responsive nanocarriers release their payload by internal or external triggers. (D-C) Three different targeting strategies for doxorubicin loaded liposomes are illustrated.
(D) Scintigraphy of a patient with Karposi sarcoma (left leg, right arm, and face) after treatment with radiolabeled, pegylated liposomes. Typical accumulation of long-circulating liposomes
such as Doxil in neoplastic tissue with leaky vasculature is shown. [ E) Active targeting of cancer cells using immunoliposomes against EGFR (anti-EGFR-1Ls). Superior therapeutic effect of
anti-EGFR-1Ls (C225-ILs-dox ) in a multidrug-resistant xenograft model compared to free doxorubicin (free dox) or pegylated liposomes (PLD), (F) Waterfall plot representing change in
tumor size in patients treated with anti-EGFR-ILs in a phase 1 clinical trial. (G) Intravascular release of doxorubicin (red) from thermosensitive liposomes (TSL) such as thermodox after
mild hyperthermia [+ HT). Liposomes were injected into nude mice. Drug release was abserved using intravital confocal microscopy. Figures are adapted with permission from |[11-14]

2.2.3. Stimuli-responsive systems/triggered release

Stimuli-responsive systems act in response to physical, chemical, or
biological triggers that promote release of drugs by interfering with the
phase, structure, or conformation of the nanocarrier. Stimuli-responsive
nanocarriers are similar to the feedback mechanism of biological sys-
tems, in which serial biochemical signaling processes are based on the
modulation of physico-chemical parameters. The advantage of using
stimuli-responsive systems is obvious: the drug is released through a
trigger present in the neoplastic tissue, thus minimizing systemic expo-
sure to the compound (Fig. 2C).

Triggers can be divided into internal { patho-physiological/patho-
chemical condition) and external (physical stimuli such as temperature,
light, ultrasound, magnetic force, and electric fields) stimuli.

Internal stimuli include changes in pH, redox, ionic strength, and
shear stress in the target tissues [33,34]. For instance, in solid tumors,
the extracellular pH is more acidic than the systemic pH [35]. Similarly,
the pH of intracellular organelles (e.g., endosomes and lysosomes) dif-
fers from that of the cytoplasm or blood. This condition can be used to
enhance intracellular release of drugs from nanocarriers. For example,
pH-responsive liposomes were used to trigger the release of the drug
and therefore increase the therapeutic efficacy |36].

Furthermore, the overexpression of certain biomolecules and recog-
nition of host-guest interactions within diseased tissues can be used as
internal stimuli. Numerous enzyme-based biochemical stimuli, includ-
ing proteases and glucuronidases that are differentially expressed in
normal cells and cancer cells, are useful for responsive systems. For in-
stance, multistage gelatin nanoparticles deeply penetrated into tumor
tissue after MMP-2 triggered shrinkage, thereby overcoming anatomi-
cal and physiological barriers [37].

Another type of microenvironment that can serve as a trigger for
drug release is the hypoxic area of tumors exhibiting low oxygen pres-
sure and poor nutrient levels. Such an environment is rich in reductive
agents, which can be used for triggered release from redox-responsive
nanocarriers | 38]. Disulfide-containing nanocarriers are the most wide-
ly studied redox-responsive technology. Increased glutathione levels
lead to a cleavage of disulfide bonds and hence trigger the release of
drugs in the tumor tissue [39,40].

Physical stimuli are usually applied externally to trigger the release
of drugs. Local hyperthermia can induce the release of drugs from
thermo-responsive nanocarriers such as ThermoDox (Fig. 2G). In addi-
tion, hyperthermia increases vascular permeability thus facilitating
delivery of the anti-cancer agents deep into the tumor [41]. The
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temperature range for local hyperthermia lies between normal body
temperature (37 °C) and a maximum of 42 °C [42].

Using light as an external stimulus is promising due to the simplicity
of the application, precise control over spatial exposure, and biocom-
patibility. Light sources include the ultraviolet or near-infrared ranges
|43 ,44]. With increasing wavelength, the light penetrates deeper into
the body. Special devices such as fiberoptic catheters can help to over-
come the limitation of light absorption by superficial tissue [7,34].

Moreover, ultrasound has been used to trigger the release of drugs
(mainly contrast agents) from responsive systems for cancer diagnosis
|45,46]. Release of contrast agents at the tumor site contributes to the
specificity of an imaging technique, Magnetic and electric fields are
other possible external stimuli. Inorganic and paramagnetic nano-
particles (iron oxide nanoparticles) are responsive to an applied
magnetic field. Thus, the nanocarrier can be guided to the tumor with
high specificity and release its payload at the target side through a hy-
perthermic effect. External electric fields can trigger the drug release
from conducting polypyrrole nanoparticles [47].

Advances in stimuli-responsive nanocarriers have been discussed in
detail in several recent reviews [34,48,49).

2.2.4. Multi-functionality/theranostics

Beyond the first and second generations of nanomedicine drugs that
confer single functionality, multifunctional nanocarriers are expected to
shortly enter clinical development. Multifunctional nanocarriers have
the capability to perform several functions in parallel, such as co-
delivery of drugs for combination therapies, multi-targeted delivery,
or simultaneous diagnosis and therapy. Recently, numerous types of
multifunctional nanocarriers have been developed at the proof-of-
concept level and some are described in this section.

Simultaneous delivery of multiple drugs such as doxorubicin and
paclitaxel, together with DNA or siRNA, can be an effective strategy
against cancer. For instance, multifunctional polymeric nanoparticles
loaded with doxorubicin and DNA showed more pronounced suppres-
sion of tumor growth than single delivery of either DNA or doxorubicin
in both in vitro and in vivo studies [50,51]. In another study, biodegrad-
able polymersomes co-loaded with doxorubicin and paclitaxel were
more effective than the free drugs |52). Likewise, multifunctional
pegylated liposomes are able to co-deliver the P-glycoprotein inhibitor
tariquidar and paclitaxel to overcome multidrug resistance in tumors
[53].

Advanced multifunctional nanomedicine therapeutics have been de-
veloped by combining targeted delivery with stimuli-responsive sys-
tems. For example, multifunctional polymeric micelles have been used
to load drugs into the hydrophobic part and to use the hydrophilic
part to attach a targeting ligand (folate-receptor targeting molecules
in this case) for enhanced cellular uptake. Additionally, drug release
was modulated by a pH-sensitive linker under in vivo conditions [54].
Even more complex multifunctional systems have been developed by
combining multiple targeting and delivery of multiple chemotherapeu-
tics [49].

Theranostics are an emerging subset of multifunctional nanomedicine
compounds [55]. In general, theranostics provide both the diagnosis
and treatment with the same nanoformulation. Theranostic agents
can monitor the accumulation of nanomedicine compounds at the tar-
get site, visualize biodistribution, quantify triggered drug release, and
assess therapeutic efficacy. One of the most important aspects of
theranostics is their capability to predict response in individual pa-
tients, thus paving the way for personalized medicine. They may also
offer a means of dealing with tumor heterogeneity since they do not
only indicate the presence of a target but also its exact location in the
body. The innovative concepts and strategies of theranostics have not
yet been fully evaluated in clinical trials. An exception from this rule
is the radiopeptide DOTATOC, which is discussed in Section 3.2.1. How-
ever, there are several nanotheranostics in preclinical development
[56-58).

3. Nanomedicine in clinical cancer care

Various types of nanomedicine compounds have been used in
clinical cancer care, including viral vectors, drug conjugates, lipid-
based nanocarriers, polymer-based nanocarriers, and inorganic
nanoparticles (Fig. 3) [2]. The different nanomedicine products are
discussed below, with special emphasis placed on clinical trials.
Most nanomedicine therapeutics are investigated in phase 1 trials
in patients with solid tumers. Specific cancer indications are ex-
plored in advanced (phases 2 and 3) clinical trials. Nanomedicine
products in clinical studies or approved for clinical cancer care are
summarized in Tables 1-6, Whenever possible, specific cancer types
are indicated.

3.1. Viral nanoparticles for cancer therapy

An elegant way to construct nanoparticles for cancer therapy is the
use of tumor-homing viruses engineered to express therapeutic pro-
teins. Pox viruses, such as myxoma or vaccinia strains, preferentially
replicate in tumor cells. Specific features of cancer cells, e.g., block of
apoptotic pathways, deregulation of cell replication, and immune
evasion, are also beneficial for successful pox virus replication [59]. JX-
594 is a poxvirus designed to replicate in tumor cells and destroy
them via activation of the EGFR-Ras-MAPK signaling pathway. In addi-
tion, JX-594 expresses granulocyte colony-stimulating factor (G-CSF)
to potentially increase the immunological anti-tumor response.
Intratumoral injection of this oncolytic virus in 10 patients with primary
or metastatic liver cancer resulted in 3 cases of partial remission and 6
cases of stable disease. Flu-like symptoms and hyperbilirubinemia
were the most frequent side effects [G0].

In a second phase 1 trial, [X-594 was injected intravenously (iv.) in
23 patients with advanced solid tumors [61]. The virus homed success-
fully to the tumor tissue, and dose-related anti-tumor activity of JX-594
was observed. Normal tissue was negative for viral replication. Immedi-
ately adjacent epithelium showed uptake, but no replication of the
virus. This proof-of-principle study was the first to show dose-related
viral replication and tumor response after i.v. injection of an oncolytic
virus.

The first successful phase 3 trial with oncolytic viruses was the
OPTiM study in patients with advanced (stage llIIB-1V) melanoma [62],
Patients were randomized to receive multiple injections of a Herpes
simplex virus (HSV) type 1-derived and GM-CSF-expressing virus
(T-Ver) into non-visceral melanoma metastases and a subcutaneous
application of GM-CSF. The primary endpoint of the study was durable
response (defined as partial or complete remission for 6 or more
months), Overall, 16,3% of the patients injected with the virus achieved
durable response while only 2.1% did in the control arm [62]. Interest-
ingly, responses were also observed in non-injected metastases, indicat-
ing that the virus may also spread to non-injected tumor sites. Cellulitis
was the most frequent grade 3/4 toxicity occurring in 2.1% of the study
participants. There was a trend towards prolonged survival, which still
needs to be confirmed. T-Vec has the potential to become the first
oncolytic virus approved for cancer care.

Another phase 3 trial (ASPECT study) investigated sitimagene
ceradenovec [63]. This adenoviral vector induces the expression of
thymidine kinase in infected cells. Subsequent ganciclovir therapy kills
the infected cells because thymidine kinase converts ganciclovir into a
cytotoxic nucleoside analog (thymidine kinase/ganciclovir-mediated
suicide effect) [64]. Although the trial met the primary endpoint (a com-
posite of time-to-death or reintervention}, no convincing improvement
of the overall survival was observed.

Several other oncolytic viruses have been tested in clinical trials over
the last years, but none of these has reached the market as yet. Their
major drawbacks are concerns about biosafety and cytocompatibility
|65]. The clinical results and challenges have been discussed in several
reviews [66-68].
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Fig. 3. Schematic illustration of established nanotherapeutic platforms. Different nanomedicine products such as drug conjugates, lipid-based nanocarriers, polymer-based nanocarriers,

inorganic n icles, and viral particles are used in clinical cancer care,

3.2, Organic nanocarriers for cancer therapy

Organic nanocarriers comprise a wide range of natural or synthetic
compounds designed for targeted or non-targeted drug delivery. They
can roughly be divided into drug conjugates, lipid carriers, protein car-
riers, glycan carriers, and synthetic polymer carriers. While drug conju-
gates have made their way well into the clinic, only tentative efforts
have been made to introduce nanocarriers based on lipids, proteins, or
polymers into clinical practice (Tables 1 and 2).

3.2.1. Drug conjugates

At present, the most successful nanomedicine therapeutics in clini-
cal cancer care are drug conjugates (Tables 1-3). They are defined as
nanotherapeutics because of their size scale in the lower nanometer
range and their conjugation to active pharmaceutical ingredients [69,
70]. The active agents are covalently linked to targeted antibodies and
peptides or to polymers. The conjugate is usually mono- or oligomeric,
intended to improve targeted delivery of the drug without necessarily

Table 1

impacting on drug solubility, stability, or biodegradability. In contrast,
nanocarriers based on lipids, proteins, glycans, or synthetic polymers
usually encapsulate the drug, and they obviate the need to link the
drug covalently to the carrier.

ADCs approved by regulatory authorities include trastuzumab-
emtansine against HER2-overexpressing breast cancer [71] and
brentuximab-vedotin against CD30-positive Hodgkin lymphoma
and anaplastic large-cell lymphoma [72] (Table 1). Trastuzumab
has been in clinical use for some time and is effective in both the
adjuvant and palliative settings. Its conjugation to emtansine (DM1), a
plant-derived inhibitor of microtubules, significantly increases the
ant-tumor activity of trastuzumab. Furthermore, it provides a survival
benefit compared to lapatinib and capecitabine in patients with metas-
tasized breast cancer after previous trastuzumab and taxane therapy
[71,73].

Vedotin or monomethyl auristatin E is a cytostatic compound with
considerable toxicity and is therefore not used in patients in its unconju-
gated form. However, coupled to an anti-CD30 antibody (brentuximab),

Approved antibody drug conjugates (ADCs). Three different ADCs are on the market today (two out of five approved ADCs have been withdrawn from market). They either have a cyto-
toxic drug payload or a radionuclide payload. More than 30 ADCs are currently undergoing clinical trials. For a detailed list of all ongoing clinical trials see Chari et al., Flygare et al, and Hess

etal. [75-77].

Product [company] ADC Target Drug Indication Approval Reference

Cytotaxic drug payload

Mylotarg® [Mfizer/Wyeth| Cemtuzumab ozogamicin - CD33  Calicheamicin Acute myeloid leukemi, 2001 (withd: 12010) [166]

Adcetris® [Seattle Genetics] Brentuximab vedotin CD30 MMAE Non-Hodgkin lymphoma 2011 [74]

Kadeyla® |Roche/Cenentech/immunoGen| Trastuzumab emtansine  HERZ  DMI Breast cancer 2013 173]

Rodionuclide payload

Zevalin® [IDEC/Spectrumm] Ibritumomab tiuxetan CD20  Ytrium-90 or Indium-111  Non-Hodgkin lymphoma 2002 [167]

Bexxar® [Corixa/GlaxoSmithKline| Tositumomab €D20  lodine-131 Non-Hodgkin lymph 2003 (withd! 12014) [168]
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Table 2
Approved drug conjugates and nanocarriers for cancer therapy. Marketed products are listed alphabetically. Alternative names for the products are given in brackets.
Product [company | Material Drug Indication Approval Reference
Abraxaned® (ABI-007) Nanoparticle Paclitaxel Breast cancer, pancreatic cancer, 2005 |168]
|Abraxis/Celgene] albumin-bound non-small-cell lung cancer
DaunoXome® [Galen] Liposome Daunorubicin Kaposi's sarcoma 1996 [170]
DepoCyt® |Pacira) Liposome Cytosine Arabinoside Neoplastic meningitis 1999 1171]
(cytarabine)
Doxil®/Caelyx® Liposome Doxorubicin Kaposi's sarcoma 1995 [172]
[Johnson & johnson] Qvarian cancer 1999
Breast cancer 2003
Multiple myeloma 2007 (Europe, Canada)
Genexol-PME (1G-001) PEG-PLA polymeric Paclitaxel Breast cancer 2007 (South Korea) [173]
[Samyang Biopharm] micelle Lung cancer
Ovarian cancer
Lipo-Dox® Liposome Doxorubicin Kaposi's sarcoma, breast and 1998 (Taiwan) 1174]
[Taiwan Liposome] ovarian cancer
Marqibo® [Talon] Liposome Vincristing Acute lymphoid leukemia 2012 (USA) [175]
Mepact® [Takeda] Liposome Mifamurtide MTP-PE Osteosarcoma 2009 (EU) [176]
Myocet® [Cephalon| Liposome Doxorubicin Breast cancer (cyclophosphamide) 2000 (Europe) 177
NanoTherm® [Magforce Iron oxide nanoparticle Thermal ablation glioblastoma 2010 (Europe) 1135]
Nanotechnologies]
Oncaspar® |Enzon/Sigma-tau] PEG protein conjugate |-asparaginase Leukemia 2006 1178]
Zinostatin stimalamer® Polymer protein Styrene maleic anhydride Liver cancer 1994 (Japan) 1179]
(Zinostatin} [Yamanouchi] conjugate neocarzinostatin (SMANCS) Renal cancer

thus redirecting it selectively to CD30-expressing cancer cells, vedotin is
much less toxic but highly efficacious in patients with Hodgkin's lympho-
ma [72,74]. Many other ADCs are in clinical trials and further research
towards bi- and multispecific hapten binding antibodies will hopefully
lead to a next generation of ADCs |75-77].

Polymer-drug conjugates are another interesting group of nano-sized
(5-20 nm) drug delivery systems which change the pharmacokinetic

profile of a drug |69,78]. More than 15 anti-cancer conjugates are in
clinical development (Table 3). All accumulate within tumors via the
EPR effect (Section 2.2.1) [79]. The HPMA copolymer-doxorubicin conju-
gate PK1 is a novel anti-cancer agent with a significantly lower frequency
of cardiotoxicity and alopecia than free doxorubicin. A phase 2 study
showed promising signs of activity in breast cancer and non-small-cell
lung cancer [80]. Additionally, the copolymer backbone of PK1 has been

Table 3

Polymer drug conjugates in clinical trials. Among the available polymer drug conjugates, PK2 is the only one using a conjugated ligand for active targeting, Products are listed alphabet-
ically. Alternative names for the products are given in brackets.

Product [company] Platform Ligand Drug Indication Status Reference
(target)
ADI-PEG 20 |Polaris| PEG protein conjugate Arginine deaminase Hepatocellular carcinoma, Phase2/3  [180]
melanoma
AP5280 |Access Pharmaceuticals] HPMA drug conjugate Platinum Solid tumors Phase 1/2  [181]
(CT-2106 [CT1 Biopharma) Polyglutamic acid drug Camptothecin Colon cancer, ovarian cancer Phase 172 [182]
conjugate
DE-310 [Daiichi Pharmaceutical] Carboxymethyldextran DX-8951 Solid tumors Phase 1 [183]
polyalcohel drug conjugate {camptothecin derivate)
Delimotecan (Men 4901/T-0128) Carboxymethyldextran T-2513 Solid tumors Phase 1 1184]
drug conjugate (camptothecin analogue)
DOX-0XD (AD-70) Dextran drug conjugate Doxorubicin Solid tumors Phase 1 |185]
MAG-CPT [ PNU166148/Mureletecan)  HPMA drug conjugate Camptothecin Solid tumors Phase 1 | 186]
|Pfizer|
MTX-HSA HSA drug conjugate Methotrexate Kidney cancer Phase 2 1187]
NKTR-102 (Etirinotecan pegol) PEG drug conjugate Irinotecan Breast cancer, ovarian cancer, Phase 3 |188]
[Nektar] colorectal cancer
NKTR-105 |Nektar] PEG drug conjugate Docetaxel Solid tumors, ovarian cancer Phase 1/2 |189]
Pegamotecan (EZ-248) [Enzon] PEC drug conjugate Camptothecin Gastric cancer Phase 2 [190]
PegAsys [Genentech|/Pegintron PEC protein conjugate IFNee2a/-IFNo2b Melanoma, leukemia Phase 2 [191]
|Merck]
PEG-SN38 (EZN-2208) PEG drug conjugate SN38 (irinotecan derivate)  Solid tumors, breast cancer, Phase2  [192]
|Belrose Pharma/Enzon| lymphoma, colorectal cancer
PK1 (FCE28068) HPMA drug conjugate Doxorubicin Breast cancer, lung cancer, Phase 2 [193]
[UK Cancer Research/Plizer] colorectal
PK2 (FCE28069) HPMA drug conjugate Galactosamine  Doxorubicin Hepatocellular carcinoma Phase 2 181]
|UK Cancer Research/Plizer| (lectin)
PNU166945 [Phzer) HPMA drug conjugate Paclitaxel Solid tumors Phase 1 |194]
ProLindac (AP5346) HPMA drug conjugate DACH-oxaliplatin Ovarian cancer Phase 2 [195]
Taxoprexin [Protarga) Docosahexaenoic acid Paclitaxel Melanoma, liver cancer, Phase 2/3  |196]
drug conjugate adenocarcinoma, kidney cancer,
non-small-cell lung cancer
KMT-1001 [Mersana] Fleximer drug conjugate Camptothecin Gastric cancer, lung cancer Phase 1 [197]
Xyotax, Opaxio (CT-2103) Polyglutamic acid Paclitaxel Lung cancer, ovarian cancer Phase 3 |198]
[|Cell Therapeutics] (polyglumex)
drug conjugate
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Table 4

Lipid-based nanocarriers in clinical trials, Lipid-based nanocarriers are the most widely studied drug delivery systems and several clinical trials are ongoing. Some second-generation drug
delivery systems using active targeting or triggered-release mechanisms were evaluated. For active targeting strategies, the targeting ligand and the cognate receptor are indicated. All
nanocarriers are intended for parenteral application with the exception of LINC and SLIT cisplatin {aerosol ). Products are listed alphabetically, Alternative names for the products are given

in brackets.

Product [company] Platform Ligand (target) Drug Indication Status Reference

2B3-101 [to-BBB] Liposome Glutathione Dexorubicin Brain metastases of breast Phase 1/2a [199]

cancer

ALN-VSP [Alnylam] Lipid nanoparticle  Association with ApoE  RNAI targeting KSP and VEGF Liver cancer and liver Phase 1 1112]
in vivo (LDLR) metastases

Anti-EGFR Immunaoliposomes Liposome Antibody fragment Doxarubicin Solid tumors Phase 1 [13]

[University of Basel] (EGFR)

Aroplatin (L-NDDP} [Aronex] Liposome DACH platin Colorectal cancer, solid Phase 172 [200]

malignancies

ATI-1123 [Azaya Therapeutics]  Liposome Docetaxel Solid tumors Phase 1 [201]

Ar027 [Silence Therapeutics]  Liposome/Lipoplex sIRNA against PKN3 Solid tumors, pancreatic Phase 1,2 [202]

cancer, head and neck cancer

CPX-1 [Celator] Liposome Irinotecan HCl/floxuridine Colorectal cancer Phase 2 [203]

CPX-351 |Celator] Liposome Cytarabine/daunorubicin Acute myeloid leukemia Phase 2/3 [204]

C-VISA BikDD [MD Anderson Lipid conjugate Pro-apoptotic Bik gene Pancreatic cancer Phase 1 [205]

Cancer Center|

DCR-MYC (DCR-M1711) Lipid nanoparticle Dicer substrate RNAI (DsiRNA)  Solid tumors, multiple Phase 1 [206]

|Dicerna Pharmaceuticals| targeting MYC oncogene myeloma, lymphoma

DPX-0907 (DepoVax) Liposome complex HLA-A2-restricted peptides, T Cancer vaccine for ovarian,  Phase 1 [207]

[ImmunoVaccine] Helper Peptide, polynucleotide  breast and prostate cancer
adjuvant
E7389 Liposome [Eisai] Liposome E7389 (Eribulin Mesylate) Solid tumors Phase 1 [208]
EGFR antisense DNA Liposomes  Liposome EGFR antisense DNA Head and neck cancer Phase 1 [209]
[University of Pittsburgh]
Endo-Tag-1 (MBT-0205) Liposome Paclitaxel Pancreatic cancer, triple Phase 2 [210]
[Medigene] negative breast cancer, head  Phase 2
and neck cancer Fhase 1/2
EphA2 Targeting Liposomes [MD  Liposome sIRNA rargeting the oncoprotein - Solid tumors Phase 1 [211]
Anderson Cancer Center]| EphA2

IHL-305 [Yakult Honsha) Liposome Irinotecan (CPT-11) Solid tumors Phase 1 1212]

INGN-401 [Introgen/Genprex]  Lipid nanoparticle FUST gene Lung cancer Phase 1/2 [213]

Interleukin-2 gene therapy [H.  Liposome Interleukin-2 Gene Head and neck cancer Phase 2 [214]

Lee Moffitt Cancer Center|

INX-0076 (Brakiva) |Tekmira] Liposome Topotecan Solid tumors Phase 1 [215]

INX-0125 (Alocrest) [Tekmira]  Liposome Vinorelbin Solid tumors Phase 1 [216]

LONC [University of Mexico] Liposome 9-Nitro-20 (S}-Camptothecin Non-small-cell lung cancer  Phase 2 [217]

[aerosol)

L-Annamycin [Callisto] Liposome Annamycin ALL, AML, Phase 1 [218]
doxorubicin-resistant breast  Phase 1
cancer Phase 2

LE-DT [NeoPharm/Insys| Liposome Docetaxel Solid tumors, Phase 1 [219]
pancreas/prostate cancer Phase 2

LEM-ETU [NeaPharm/Insys) Liposome Mitoxantrone Solid tumors, lymphoma Phase 1 [220]

LEP-ETU (PNU-93914) Liposome Paclitaxel Ovarian cancer, breast Phase 12 [221]

[NeoPharm/Insys] cancer, lung cancer

LErafAON [INSYS] Liposome c-Raf antisense oligonucleotide  Advanced malignancies Phase 1 [222]

LE-SN38 [NeoPharm/Insys] Liposome SN38 (active metabolite of Colorectal cancer Phase 2 1223)

irinotecan)

LiPlaCis [LiPlasome Pharmal Liposome Cisplatin Solid tumors Phase 1 [224]

Lipocurc [SignPath Pharma) Liposome Curcumin Advanced cancer Phase 1b [225]

Lipoplatin [Regulon] Liposome Cisplatin Non-small-cell lung cancer  Phase 3 [226]

Liposomal Grb-2 [MD Liposome Grb2 antisense nucleotide Leukemia Phase 1 [227]

Anderson/Bio-Path|
Liposomal Tretinoin (ATRA-IV]  Liposome Tretinoin Refractory Hodgkin disease,  Phase 172 [228]
[MD Anderson/NCI] kidney cancer, solid tumors

Lipovaxin-MM [Lipotek] Lipid based Single domain antibody Melanoma antigens and IFNy Melanoma vaccine Phase 1 [229]

formulation fragment (DC-SIGN)

Lipusu [Luye Pharma] Liposome Paclitaxel Solid tumors, gastric cancer,  Phase 2 [230]

metastatic breast cancer Approved in
China

MBP-426 [Mebiopharm] Lip Transferrin (transferrin -~ Oxaliplatin Gastric cancer Phase 2 [231]
receptor)

MCC-465 [Mitsubishi Pharma)]  Liposome Human Antibody Doxorubicin Gastric cancer Phase 1 [106]
Fragment GAH {tumor (discontinued )
antigen)

MM-302 [Merrimack] Liposome Antibody Doxorubicin ErbB2-positive breast cancer  Phase 1 [232]
(ErbB2/ErbB3)

MM-398 (PEP02) [Merrimack] Liposome CPT-11 (Irinotecan) Pancreatic cancer, gastric Phase 3 [233]

cancer, glioma Phase 2
Phase 1
MEX34 [Mirna Therapeutics| Liposome miR-RX34 Liver cancer, solid tumors,  Phase 1 |234)

lymphoma, myeloma

{continued on next page)
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Table 4 (continued )

Product [company] Platform Ligand (target) Drug Indication Status Reference
MNanoVNE [Taiwan Liposome] Liposome Vinorelbine Solid tumors Phase 1 [95]
NL CPT-11 [UCSF] Liposome Irinotecan Recurrent glioma Phase 1 1235]
Onco-TCS [Inex/Enzon] Liposome Vincristin Non-Hodgkin lymphoma Phase 2/3 1236]
051-211 [08] Pharmaceuticals]  Liposome Lurtotecan small cell lung cancer, Phase 2 [237]
ovarian cancer, head and
neck cancer
05179041 [OS1 Liposome Thymidylate synthase inhibi Colorectal cancer, gastric Phase 2 [238]
Pharmaceuticals| cancer, head and neck cancer
PNT2258 [ProNAi Therapeutics|  Liposome DNAI targeting BCL-2 Non-Hodgkin lymphoma, Phase 1 239]
solid tumors
Promitil |Lipomedix] Liposome Mitomycin-C Prodrug Solid tumors Phase 1 1240}
Sarcodoxome [GP Pharma] Liposome Doxorubicin Soft tissue sarcoma Phase 1/2 1241]
S-CKDB02 [Alza] Liposome CKDGO2 (belotecan) Solid tumors Phase 1,2 [242]
S5GT-53 [SynerGene Liposome scFv Antibody p53 plasmid DNA Solid tumors Phase 1b [243]
Therapeutics] (transferrin receptor)
SGT-94 [SynerGene Liposome scFv Antibody RB94 plasmid DNA Solid tumors Phase 1 [244]
Therapeutics) (transferrin receptor)
SUT cisplatin [Transave/Insmed]  Lipid product Cisplatin Lung cancer (Aerosal) Phase 2 |245]
(aerosol)
SPI-077 [Alza)] Liposome Cisplatin Solid tumors, ovarian cancer, Phase 2 |246]
head and neck cancer
Stimuvax (BLP25) Liposome Anti-MUCT cancer vaccing Non-small-cell lung cancer  Phase 3 [247]
|Oncothyreon/Merck]
STMN-1 [Gradalis] Lipoplex Phi-shRNA STMN1 Solid tumors, metastatic Phase 1 |248]
cancer
ThermoDox |Celsion] Thermo-sensitive Doxorubicin Primary hepatocellular Phase 3 |249]
liposome carcinoma, refractory chest  Phase 2
wall breast cancer, colorectal Phase 2
liver metastases
TKM-PLK1 (TKM 080301) Liposome (SNALP) RMAI targeting polo-like kinase  Liver cancer, neuroendocrine  Phase 1/2 |250]
[Tekmira] 1 (POLO) tumors, adrenocortical
carcinoma

modified with galactosamine residues for active targeting of the liver. The
resulting PK2 was the first drug conjugate with active targeting proper-
ties tested in a clinical trial [81] (Table 3).

Radiopeptides represent a specific class of drug conjugates because
their size {around 1 nm) is at the limit of the conventional definition of
a nanomedicine agent (Section 4.3). The most widely used therapeutic
radiopeptides are DOTATOC [82| and DOTATATE. Radiopeptides are
built from a peptide component determining the specificity of the com-
pound, and a chelator binding the radioisotope (e.g.. *°Y or '"7Lu).
DOTATOC and DOTATATE bind mainly to the somatostatin receptor 2
(sst2) and thus guide the radioisotope selectively to sst2-overexpressing
(usually neuroendocrine) cells. Unfortunately, no phase 3 data are cur-
rently available for this treatment modality. A phase 3 trial (NETTER-1,
NCT01578239) comparing '7’Lu-DOTAO-Tyr3-octreotate with octreotide
LAR in patients with advanced sst-expressing neuroendocrine mid-gut
tumors is running, with data expected in 2017.

3.2.2. Lipid-based nanocarriers

There are different forms of lipid-based nanocarriers (reviewed by
Fang and Al-Suwayeh [83]), the most frequently investigated are
liposomes (closed phospholipid bilayers) and micelles (normal phase,
oil-in-water micelles), Lipid nanocarriers provide a carrying capacity
three to four orders of magnitude greater than ADCs, which typically
comprise 1 to 6 drug molecules per monoclonal antibody. Pegylated
liposomal doxorubicin (Doxil® or Caelyx®) was the first nanocarrier
approved by the US Food and Drug Administration (FDA) in 1995 [84,
85|, Today, five more lipid nanocarriers are approved for clinical use:
non-pegylated liposomal doxorubicin (Myocet®) [8G], non-pegylated
liposomal daunorubicin (DaunoXome®) [87], non-pegylated liposomal
cytarabine (DepoCyt®) [88], vincristine sulfate liposomes (Marqibo®)
[89], and liposomal mifamurtide (Mepact®) [90,91] (Table 2). Of note,
none of the six approved lipid nanocarriers is targeted. However, the
nano-formulations of doxoerubicin, daunerubicin, and vincristine pro-
long the half-life of the cytotoxic compounds and profoundly improve
their toxicity profiles.

As discussed already, lipid nanocarriers, and in particular pegylated
liposomes, tend to accumulate in tumor tissue due to the enhanced
permeability of intra- and peritumoral vessels and somewhat prolonged
retention in cancerous tissue (Section 2.2.1) [92]. Many other non-
targeted liposomes are being evaluated in clinical trials (Table 4) [93].
In a recent phase 2 trial, MM-398 (PEP02), a nanocarrier formulation
of irinotecan, showed some signs of activity against gastric and gastro-
esophageal junction adenocarcinomas in the second line setting [94].
Non-targeted liposomal vinorelbine (NanoVNB®) was tested in a
phase 1 trial [95]. With this nano-compound, skin rash was the dose-
limiting toxicity.

A well-studied example for altered pharmacokinetics and toxicity of a
nano-delivered compound is doxorubicin. The critical cardiotoxicity free
(water-dissolved) doxorubicin is markedly reduced with the liposomal
formulation. However, liposomal doxorubicin induces more hand-foot
syndrome ( palmar-plantar erythrodysesthesia) than free doxorubicin.
While many would have predicted the lowered cardiotoxicity of
pegylated liposomal doxorubicin (it was already known that longer infu-
sion times decreased cardiac side effects of doxorubicin), it is difficult to
foresee in silico or in vitro the hand-foot syndrome. This illustrates the dif-
ficulty of predicting toxicity profiles of nano-applications of known drugs
(Section 4.2). A better understanding of the underlying mechanisms of
toxicity is necessary to predict the side effects in humans more accurately,

While liposomal formulations allow for stable encapsulation of a
drug, they do not address the issue of targeted delivery. To achieve
true targeted delivery, liposomes must be modified on their surface
with an agent that confers specificity. One possible approach is the
conjugation of antibodies, antibody fragments, or single-chain antibod-
ies to the liposomal surface [96,97], Coating of liposomes with whole
antibodies was reported to reduce the plasma half-life of the resulting
immunoliposomes (ILs), probably due to entrapment of Fc-containing
ILs in the RES. Therefore, Fc-free antibodies are preferred [98,99]. For
example, antibodies such as anti-EGFR (e.g,, C225, cetuximab) or anti-
VEGFR2 (e.g., DC101) may be cleaved and reduced to produce Fab' frag-
ments. The Fab' fragment is then covalently conjugated to maleimide
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groups at the termini of PEG-DSPE chains which reside in the lipid
bilayer [ 100].

In several preclinical experiments, the surface of liposomes was
coated with anti-HER2, anti-EGFR, anti-VEGFR2, or other antibodies
[101-103]. In mouse models of human cancer, these nanocarriers
were shown to deliver cytotoxic compounds specifically to cells
expressing the target antigen. Cellular uptake was depended on the

Table 5

Polymer-based nanocarriers in clinical trials, Polymer-based nanocarriers consist of a natural or synthetic

147

interaction of the target antigen on the cell surface and the antibody
coating the surface of the liposome. Tumors treated with anti-VEGFR2-
targeted and doxorubicin-loaded ILs shrank to 1/6 of the size of those
treated with an identical dose of non-targeted liposomal doxorubicin
[103]. This illustrates the potency of targeted lipid nanocarriers com-
pared to their non-targeted counterparts. An additional advantage is
the capability of targeted ILs, for example anti-EGFR-ILs, to overcome

Most ¢ ly used natural

are proteins (e.g. albumin) or

glycans (e.g., cyclodextrin), For active targeting strategies, the targeting ligand and cognate receptor are indicated. Products are listed alphabetically. Alternative names for the products are

given in brackets.

Product [company| Palymer Ligand (targer) Drug Indication Status Reference
ABI-008 |Abraxis/Celgene]| Albumin nanoparticle Dacetaxel Metastatic breast cancer, Phase 2 [251]
prostate cancer
ABI-009 [Abraxis/Celgene| Albumin nanoparticle Rapamycin Solid tumors, bladder Phase 1/2 |252]
cancer
ABI-011 [Abraxis/Celgene]| Albumin nanoparticle Thiocolchicine dimer Solid tumars, lymphoma Phase 1/2 [253]
BIND-014 [Bind Therapeutics| PEG-PLGA polymeric Aptamer (PSMA) Docetaxel Non-small-cell lung cancer, Phase 1/2 [127]
nanoparticle prostate cancer
CALAA-D1 |Calando Cyclodextrin polymeric Transferrin SIRNA targering Solid tumars Phase 1 [254]
Pharmaceuticais| nanoparticle (transferrin ribonucleotide
recepror) reductase subunit 2
CRLX-101 (IT-101) Cyclodextrin nanoparticle Camptothecin Solid tumaors, renal cell Phase 1,2 [255]
[Cerulean Pharmal carcinoma, rectal cancer,
non-small-cell lung cancer
DHAD-PBCA-NP Polymeric nanoparticle Mitoxantrone Hepatocellular carcinoma  Phase 2 [130]
Docetaxel-PNP [Samyang Polymeric nanoparticle Docetaxel Solid tumaors Phase 1 [256]
Biopharmaceuticals|
Lipotecan {TLC388) Polymeric micelle TLC3BS (Camptothecin  Liver cancer, renal cancer  Phase 1,2 [257]
[Taiwan Liposome] derivate) {orphan
drug status)
Nanotax [CritiTech] Polymeric nanoparticle Paclitaxel Peritoneal neoplasms Phase 1 [258]
Nanoxel [Fresenius Kabi Oncology]  Polymeric micelle Paclitaxel Advanced breast cancer Phase 1 [259]
NC-4016 [NanoCarrier] Palymeric micelle Oxaliplatin Solid tumars, lymphoma Phase 1 [260]
NC-6004 (Manoplatin) PEG-PCA polymeric Cisplatin Pancreas cancer Phase 2/3 [124]
[NanoCarrier] micelle
NC-6300 (K-912) [NanoCarrier] PH sensitive polymeric Epirubicin Solid tumaors Phase 1 (Japan)  [129]
micelle
NK-012 [Nippon Kayaku] PEG-PCA polymeric SN-38 (active Solid tumors, small cell Phase 2 [261]
micelle metabalite lung cancer, breast cancer,
of innotecan)
NK-105 [NanoCarrier Nippon PEG-PAA polymeric Paclitaxel Gastric cancer, breast Phase 2/3 [262]
Kayaku] micelle cancer
NK-911 [Mational Cancer Institute  PEG-PAA polymeric Doxorubicin Solid tumors Phase 1 [263]
Japan/Nippan Kayaku) micelle
Paclical [Dasmia Pharmaceutical | Polymeric micelle Paclitaxel Ovarian cancer Phase 3 (orphan  [264]
drug status}
SP1049C |Supratek Pharma) Polymeric micelle Pluronic Doxorubicin Advanced adenocarcinoma  Phase 2/3 [265]
(P-Glycoprotein)
Transdrug BA-003 {Livatag) Palymeric nanoparticle Doxorubicin Hepatocellular carcinoma  Phase 3 (2004 [266]
[BioAlliance Pharmal EU orphan
drug status)

Table 6

Inorganic nanoparticles in clinical trials. Inorganic nanomaterials are used for several applications but only Aurimune is designed for drug delivery. Products are listed alphabetically. Al-
ternative names for the products are given in brackets.

Product [company] Platform Ligand Application Indication Status Reference
(target)
Aurimune (CYT-6091) Colloidal gold Tumor necrosis factor delivery  Solid tumors Phase 172 [137]
Cytimmune Sciences)
AuroLase [Nanospectra] Gold-coated silica Photothermal ablation Head and neck cancer Phase 1 [267]
nanoparticle
Ferumoxtran-10 (Sinerem/Combidex) Iron oxide nanoparticle Magnetic resonance imaging Prostate cancer Phase 3 [268]
[Guerbet/AMAG]
Ferumoxytol (Feraheme) Iron oxide nanoparticle Magnetic resonance imaging Head and neck cancer, Phase 1 [269]
[MD Anderson/AMAG] lymph node cancer
NanoXray (NBTKR3) |Nanobiotix] Hafnium oxide Radiotherapy Solid tumars Phase 1 [136]
nanoparticle
Targeted SNP [Memorial Sloan Silica nanoparticle cRGDY Lymph node imaging Head and neck melanoma Phase 0 [270]
Kettering Cancer Center] (integrin)
using active targeted nanomedicines” 51
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multidrug resistance in cancer cells (Fig, 2E) [12,104]. In particular,
membrane transporters such as P-glycoprotein or MRP-1, which
expel anti-cancer agents from cells, are bypassed by targeted ILs
[10,105].

The first clinical trial with targeted liposomes involved GAH-coated,
doxorubicin-loaded ILs (MCC-465) in patients with metastatic stomach
cancer | 106]. GAH is a human monoclonal antibody reacting against
>90% of human gastric cancers |107,108]. GAH-ILs were given in
3-weekly cycles up to a maximum of 6 cycles. Myelosuppression was
the relevant dose-limiting toxicity. Overall, 10 of 18 evaluable patients
had stable disease, but no remissions were observed.

The second trial assessing ILs in advanced solid tumors was pub-
lished recently [13]. In this prospective proof-of-principle study, a
fragment of the anti-EGFR antibody cetuximab was conjugated to
doxorubicin-loaded pegylated liposomes. Anti-EGFR-ILs were given i.v.
every 4 weeks for a total of 6 cycles or until toxicity or progression
occurred. Again, myelosuppression was the relevant dose-limiting
toxicity. In this heavily pretreated study cohort, some preliminary
signs of clinical activity were observed, including one complete remis-
sion among 24 evaluable patients (Fig. 2F). With regard to toxicity,
anti-EGFR-ILs did not exhibit any cardiac side effects, thus mimicking
the favorable cardiotoxicity profile of liposomal doxorubicin. Intriguing-
ly, no case of hand-foot syndrome was observed when treating patients
with liposomal doxorubicin labeled with anti-EGFR. In this respect, the
toxicity of anti-EGFR-ILs was more similar to free doxorubicin than to
liposomal doxorubicin.

Lipid nanocarriers are also being investigated for systemic delivery
of nucleic acids and other substances with short plasma half-life
(Table 4) [109,110]. Although no such drug has been approved for clin-
ical use as yet, feasibility and efficacy of siRNA delivery (RNAi) with lipid
nanocarriers have been demonstrated in first-in-man trials [111,112]. A
number of phase 1 trials in solid tumors are ongoing, e.g., NCT01158079
with RNAi directed against kinesin spindle protein (KSP) and vascular
endothelial growth factor (VEGF), NCT01262235 with RNAi against
polo like kinase 1 (PLK1), and NCT00938574 with RNAi against PKN3,
a protein kinase C related molecule in vascular endothelium. More
than 15 different lipid-based nanocarriers are currently undergoing
clinical trials for the delivery of regulatory nucleic acids in order to
silence oncogenes, such as Myc, c-Raf, or Bcl-2, or to express tumor
suppressors, such as p53 or Fus1 (Table 4).

Another innovative lipid-based approach in preclinical testing is
the squalenoylation technology [113,114]. Anti-cancer drugs, e.g.
doxorubicin, are chemically linked to the natural lipid squalene. These
conjugates self-organize in water to nanoassemblies with unique char-
acteristics such as high drug payload and prolonged systemic circula-
tion. Squalene-doxorubicin nanoassemblies showed a 95% reduction
of pancreatic tumors in xenograft mice models, compared to 29%
achieved by free doxorubicin.

3.2.3. Natural polymers: protein and peptide nanocarriers

Only one protein-based nanoparticle has found its way into the
clinic so far: albumin-nanoparticle-bound paclitaxel (nab-paclitaxel;
Abraxane®) is used for the therapy of breast cancer, non-small-cell
lung cancer, and pancreatic cancer (Table 2). Paclitaxel is a cytotoxic
compound isolated from the bark of the pacific yew tree (Taxus
brevifolia). Since paclitaxel itself is poorly water soluble, it is dissolved
in Cremophor EL, a polyethoxylated castor oil. However, this solvent is
the reason for the frequent allergic reactions to the drug. Therefore, al-
ternative formulations were investigated. By incorporating paclitaxel
into an albumin-nanoparticle, drug solubility is improved and the use
of castor oil can be avoided.

At the same time, the pharmacokinetic profile of paclitaxel is altered,
which may account for the increase in neurological side effects ob-
served with nab-paclitaxel compared to solvent-based paclitaxel. Nab-
paclitaxel is not an active targeted nanoparticle in the strict sense of
the term. However, albumin may mediate transcytosis of the compound

via the gp60 receptor on the endothelium and thus enhance its delivery
to the tumor [115]. In clinical trials, nab-paclitaxel improved response
rates compared to conventional paclitaxel in breast cancer patients
[ 116]. In combination with gemcitabine, nab-paclitaxel increased sur-
vival compared to gemcitabine monotherapy in patients with pancreat-
ic cancer [117]. In a phase 3 study, the combination of nab-paclitaxel
with carboplatin was tested in patients with advanced non-small-cell
lung cancer (CAD31 study, NCT00540514). Patients in the nab-
paclitaxel/carboplatin arm had longer progression-free survival than
those in the solvent-based paclitaxel/carboplatin arm, but overall sur-
vival was not significantly different [ 118].

The success of nab-paclitaxel has paved the way for the development
of other albumin stabilized nanoparticles undergoing clinical trials
such as ABI-008, ABI-009, and ABI-011 (Table 5). Other peptide-based
nanocarriers such as self-assembling avidin-biotin-based nanocomplexes
are being evaluated in preclinical models and may hopefully undergo
clinical trials in the near future [119].

3.2.4. Natural polymers: glycan nanocarriers

Currently, there are no approved glycan nanocarriers for systemic
cancer therapy. However, glycan nanoparticles have been tested in
proof-of-concept phase 1 and in phase 2 trials (Table 5). In a phase 2
clinical trial, cyclodextrin nanoparticles were used as carriers for
camptothecin in patients with advanced solid tumors. CRLX-101 (for-
merly IT-101) showed fewer side effects than free camptothecin and
the overall response rate was 64% [ 120].

CALAA-01 is another polymer nanoparticle (50-70 nm) based on cy-
clodextrin and PEG in clinical development for siRNA delivery. It is
targeted to human transferrin receptors overexpressed on cancer cells
to silence the expression of the M2 subunit of ribonucleotide reductase.
Intracellular release of siRNA is triggered by an acidic endosomal pH
[121].

Preclinically, chitosan-based glycan nanoparticles have been used to
develop an oral formulation of the cytotoxic compound gemcitabine
| 122]. Gemcitabine-loaded chitosan nanoparticles were about 95 nm
in diameter. Intestinal uptake increased 3-5 fold compared to free oral
gemcitabine,

32.5. Synthetic polymer-based nanocarriers

Because of their chemical versatility, synthetic polymer nanocarriers
are a promising tool for nanomedicine therapeutics [123]. Table 5 sum-
marizes all synthetic polymer nanecarriers in clinical trials.

As an example, the PEG-PGA polymeric micelle NC-6004
(Nanoplatin®) for the delivery of cisplatin was tested in a phase 1
trial. Compared to the free drug, NC-6004 was associated with less
oto- and neurotoxicity as well as nausea, and the disease control rate
was encouraging [124]. A phase 3 clinical trial in patients with pancre-
atic cancer is underway. In addition, several other polymeric micelles
such as NK-012 or NK-105 are investigated in advanced clinical trials
(Table 5) [125].

The first targeted polymeric nanoparticle in clinical trials is BIND-
014. It is made up of docetaxel-encapsulated PLGA-PEG nanoparticles
targeted to prostate-specific membrane antigen (PSMA). In various
animal models, BIND-014 has delivered up to 10 times more docetaxel
to tumors than free docetaxel. The nanoparticle system exhibited
prolonged residence time in circulation, and more extensive retention
in the tumor. In addition, tumor shrinkage in animal models was the
same at a fifth of the dose of free docetaxel. There are also some prelim-
inary signs of activity in phase 1 studies [126,127]. The same nanoparti-
cle platform technology is in preclinical evaluation for the delivery of
cisplatin [128].

A variety of other synthetic polymer nanocarriers have been evaluat-
ed in phase 1 trials, including epirubicin-loaded polymeric micelles
[129] and mitoxantrone-loaded polybutylcyanoacrylate nanoparticles
[130] (Table 5).
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Furthermore, phase 1 clinical trials for other polymeric nanocarriers
are expected in 2015, The Cristal therapeutics polymeric technologies
(CriPec®) approach is used to formulate transiently stable polymeric
micelles with biodegradable crosslinking for tunable drug release
[ 131]. Through cleavage of the linker, the drug is released at a constant
rate from its polymeric, micellar form. First preclinical studies have
shown that accumulation of CriPec docetaxel at the tumor site is
much higher than free docetaxel.

An innovative approach to improve liver function and reduce tumor
burden in hepatocellular cancer (HCC) is the delivery of short-activating
RNA (saRNA) with poly(amidoamine) dendrimers (PAMAM). This
approach was successfully tested preclinically in a rat model of HCC
and will hopefully enter clinical trials soon [ 132],

3.3. Inorganic nanoparticles for cancer therapy

Inorganic nanoparticles are used for a variety of applications, includ-
ing tumor imaging, enhancement of radiotherapy, or drug delivery
[133]. Iron oxide nanoparticles are mainly used for diagnostic purposes
|134] and some are tested in clinical studies for magnetic resonance
imaging of tumors. NanoTherm® is an aqueous colloidal dispersion of
iron oxide nanoparticles. Upon instillation in the tumor, thermal
ablation is performed with an alternating magnetic field applicator
(magnetic hyperthermia). The most robust data are available for glio-
blastoma [135]. NanoTherm@® has gained marketing approval in several
European countries.

Recently, the first clinical trial with hafnium oxide nanoparticles has
started. The nanoparticles are investigated in patients with soft tissue
sarcoma as a radiosensitizer [ 136). A phase 2 clinical trial is expected
to start at the end of 2014.

No inorganic nanoparticle for drug delivery has reached marketing ap-
proval as yet (Table 2). Some of themn are in early clinical testing (Table 6),
for example pegylated colloidal gold-TNFo particles for cancer therapy
|137] and silicon nanocarriers for parenteral peptide delivery [ 138].

4. Challenges and current limitations

Nanomedicine is as one of the most promising and advanced ap-
proaches in the development of frontier cancer treatment. Thousands of
publications suggest that nanomedicine therapeutics are effective in can-
cer treatment, both in vitro and in vivo (Fig. 1A). However, only very few
nanocarrier-based cancer therapeutics have successfully entered clini-
cal trials (Fig. 1B). Thus, it is important to address the challenges in de-
veloping optimized nanomedicine products for clinical use [139].

4.1. Physico-chemical characterization of nanomaterials

In general, the main physico-chemical features of nanocarriers are
structure, composition, size, surface properties, porosity, charge, and
aggregation behavior [140,141]. Variability within these properties
makes it difficult to characterize nanomedicine products before and
after administration. Quantitative analytical methods have to be able
to monitor all necessary quality aspects of the nano-sized compounds.

Polydispersity (PD) is a measure of heterogeneity of particles
with regard to size, shape, or mass, It plays a major role in character-
izing nanocarriers because even small variations in PD and physico-
chemical characteristics can cause dramatic changes in secondary prop-
erties such as biocompatibility, toxicity, and in vivo outcomes (Fig. 4)
[142-145].

Therefore, nanomedicine products should be characterized on a
batch-to-batch basis, using multiple methods. The majority of
nanomedicine drugs are formulated in aqueous buffers representing
the ionic strength of physiological pH. However, nanocarriers may
interact with other biological fluids (e.g. blood serum) or biomolecules
(e.g. proteins), which may lead to aggregation or agglomeration of par-
ticles [146]. Such interactions can significantly alter the function of

nanomedicine compounds in biological systems. As discussed earlier,
the final form of nanomedicine products should be fully characterized
under clinically relevant conditions.

Characterization of stability and storage aspects (shelf-life) of
nanomedicine products is also challenging. Biodegradable nanomaterials
such as polymers have been increasingly used in the development of
nanomedicine products [147]. After polymer degradation and when
reaching biological fluids such as blood serum, nanocarriers can
again change their physico-chemical properties such as size, drug
loading, and release profile. This may have an impact on their perfor-
mance in vivo. Similarly, storage in aqueous solutions including
buffers and even in a lyophilized powder form can alter the properties
of nanocarriers [148].

There is a substantial need to improve quality assessment of
nanomaterials by developing well-defined and reproducible standards.
Moreover, in vitro and in vivo models accurately representing the clin-
ical setting must be developed.

4.2, Safety concerns

Wide-spread use of nanoparticles makes it necessary to address
toxicity issues for the human health and environment. The nano-scale
dimension of nanomedicine products is similar to that of intracellular
organelles or biomolecules involved in cell signaling. Several studies
have demonstrated that nanoparticles may be associated with detri-
mental biological interactions. This has led to the emergence of
nanotoxicology as an independent field of research [ 143,149]. An in-
creasing amount of data is becoming available regarding the toxicity
of nanoparticles (Fig. 1A).

Nonetheless, it remains difficult to compare the toxicity of
nanomaterials with that of macromaterials. Currently used toxicity
assays for nanomaterials are the same as those used for classical
drugs. Thus, assessment of nanoparticle toxicity may be inadequate
at present and the development of complementary toxicity assays
for nanomedicine compounds should be encouraged [ 150,151], Mul-
tiple factors modulate the toxicity of nanomaterials. Properties such
as size, shape, surface area, surface charge, porosity, or hydrophobic-
ity affect the behavior and performance of nanomedicine drugs at
the nano-bio interface (Fig. 4). The many variables involved hamper
the full toxicological characterization of nanomedicine products.
Acute toxicity of nanomedicine compounds usually comprises com-
plement activation, hemolysis, inflammation, oxidative stress, or im-
paired mitochondrial function (Fig. 4) [152,153]. Analyzing chronic
toxicity is more demanding, and data are largely missing.

In clinical development, risks may be minimized by combining more
advanced or even predictive diagnostic tools with novel targeting strat-
egies. Thus, “safe-responders” may be identified, and individualized
cancer therapy can be realized [154]. Theranostic approaches offer a
huge potential in this direction (Section 2.2.4).

Apart from medical issues, environmental concerns have also been
expressed. The biomedical, chemical, and cosmetic industry is increas-
ingly using nanomaterials in large-scale production. This renders the
monitoring of environmental or occupational exposure to nanoparticles
and its consequences more challenging but also more important | 155].

4.3. Regulatory issues

A number of nanomedicine products for cancer therapy have
been approved by the FDA and European Medicines Agency (EMA)
(Tables 1 and 2). They fulfill the current safety requirements set
forth by these agencies. However, FDA, EMA, and other regulatory
bodies have not yet implemented specific guidelines for drug products
containing nanomaterials. The FDA approach to regulate products of
nanotechnology has been outlined in a recent article [156]. In June
2014, the FDA released a guidance for industry entitled “Considering
Whether an FDA-Regulated Product Involves the Application of

using active targeted nanomedicines”
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Fig. 4. Cascade for nanomaterial characterization. The physico-chemical properties of nanocarriers affect their pharmacokinetic and pharmacodynamic profiles (Sections 2 and 4.1). De-
tailed characterization of nanomedicine products is necessary to predict their performance in the clinical setting.

Nanotechnology” | 157]. There, nanomaterials are defined as engineered
materials with at least one dimension between 1-100 nm. Materials
with dimensions up to 1 pm are also included if they exhibit nano-
properties, i.e., if quantum effects can be observed. An update of the
EMA definition is expected in 2015.

In the absence of evidence and guidance, regulatory decisions on
nanomedicine therapeutics are based on individual assessment of
benefits and risks [ 158]. However, this process is time-consuming
and may result in regulatory delays for nanomedicine products. Ef-
fective regulation requires maintaining high-level expertise in inno-
vative technologies. For example, the FDA collaborates with the
Nanotechnology Characterization Laboratory (NCL) to facilitate the
regulatory review and in-depth characterization of nanomedicine
products, As a part of the Horizon 2020 project, the European Technol-
ogy Platform on Nanomedicine {ETPN) intends to set up a European
Nano-Characterisation Laboratory (EU-NCL) [159].

Regulatory issues are not only relevant for clinical trials and the
approval process, but alse for the development of cutting-edge technol-
ogies to characterize nanomedicine products and monitor their quality.
In particular, there is an urgent need for clear guidelines for characteri-
zation and quality control of nano-similars, i.e. generic derivatives of
nanomedicine products | 160]. Lipodox, the first generic liposomal prod-
uct was approved by the FDA in 2013,

In conclusion, regulatory approval of nanomedicine therapeutics
remains challenging. Emergence of nanocarriers developed with more
advanced and multifunctional tools is expected to even increase the
complexity of the approval process, It will be critical for regulatory
agencies to refine and standardize requirements for the approval of
nanomedicine products to provide patients with timely access to inno-
vative treatments.

4.4, Manufacturing issues

Manufacturing of nanomedicine products for commercialization
is technically challenging and Good Manufacturing Practice (GMP)-
compliant production is a major hurdle, Usually, preclinical and
early clinical studies have been carried out with a small amount of
nanomaterial. In large-scale production, batch-to-batch variations of
physical and chemical properties may occur due to the polydispersity
of the nanomaterial [161]. Therefore, manufacturing of nanoparticle-

based cancer therapeutics at an industrial level requires tight control
of physico-chemical properties on a batch-to-batch basis [162]. This
makes the chemistry, manufacturing, and control (CMC) process more
demanding. An example for the challenges encountered in the produc-
tion of nanomedicine therapeutics is the Doxil® shortage [ 163,164]. The
production of Doxil® had to be suspended in November 2011 due to
manufacturing and sterility issues. The ensuing shortage of Doxil®
lasted until 2014 and resulted in delayed therapies for patients, in-
creased medication costs, and the adoption of an alternate manufactur-
ing approach for Doxil®,

Thus, reproducibility and product analysis are critical parameters for
a GMP-compliant, large-scale production of nanomedicine products.
For instance, common bioconjugation methods such as maleimide or
succinimide reactions oceur ata very narrow pH interval in order to pre-
vent hydrolysis. When advanced, pH-responsive nanomedicine com-
pounds are produced, the pH interval must be maintained during the
whole manufacturing process. Thus, well-defined production steps are
required [158].

The high costs of the raw materials and the need for a tedious multi-
step production process make the production of nanomedicine thera-
peutics expensive, For example, manufacturing of commercially avail-
able nano-sized drugs such as Abraxane® and Doxil® is far more
expensive than the production of their free-drug counterparts ( paclitaxel
and doxorubicin) [165]. This may dissuade pharmaceutical companies
from taking up large-scale production of nanocarriers. Therefore, the
clinical benefit of nanomedicine drugs has to be large in order to offset
the development and manufacturing costs and to justify higher prices
compared to conventional therapeutics [93].

5. Conclusions

Nanomedicine represents one of the fastest growing research areas
and is regarded as one of the most promising tools for frontier cancer
treatment. Several nanomedicine platforms have been developed
and many are used in clinical cancer care. The most important
advantages and disadvantages of the different strategies are summa-
rized in Table 7. This table provides an expert opinion on clinical oppor-
tunities and summarizes preferred applications for the discussed
technologies. Several phase 3 trials have already proven clear benefit
of nano-delivered anti-cancer drugs. Nevertheless, nanomaterial
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characterization, safety concerns, and regulatory as well as manufactur-
ing issues hamper the widespread application of cancer nanomedicine
therapeutics. Comprehensive and reproducible characterization of
nanomedicine products to predict their efficacy and safety in humans
is warranted. Standards for in vitro and in vivo models are required to
predict the performance of nanomedicine therapeutics in the clinic.
Moreover, well-defined criteria and comprehensive guidelines for
both regulatory approval and large-scale industrial production are ur-
gently needed. Timely contact with regulators is recommended to dis-
cuss new nanotechnology platforms at an early stage and to expedite
evaluation and approval processes, In this promising area of cancer
nanomedicine, the cooperation of all parties involved (i.e., research
laboratories, regulatory agencies, and industry) is necessary to afford
patients rapid access to innovative, safe, and efficacious treatment
options.
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Highlights: During the last decades, intensive efforts have been made to develop new types of
nanomaterials for biomedical applications. Polymers that spontaneously self-assemble in aqueous
solution into various nanoscale structures such as micelles, nanoparticles, and vesicles have a huge
potential to serve as nanocarriers for various therapeutic applications. This review article highlights
the fundamental and physicochemical properties of self-assembled morphologies like micelles,
polymeric nanoparticles, vesicles (polymersomes), and layer-by-layer capsules. Formulation
characteristics such as loading efficiency, stability, and release properties of polymeric nanocarrier
systems are covered. Biological properties of the polymeric nanomaterials and their therapeutic

applications from the delivery of small drug molecules to proteins and gene delivery are emphasized.
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Abstract

In recent years, uses of engineered nanomaterials have increased in day-to-day life, especially in biomedical
applications. In this direction, advances in polymer science have significantly contributed to the development
of polymeric nanomaterials for drug delivery applications. Particularly, intensive efforts have been made to
develop new types of nanomaterials through self-assembly techniques. Polymers that can spontaneously
self-assemble in agqueous solution into various nanoscale structures such as micelles, nanoparticles. and
vesicles have huge potential to serve as nanocarriers for various therapeutic applications. By controlling the
number of physicochemical parameters that can influence the self-assembly process, it is possible to tailor
the desired morphology of the nanostructures and to engineer different properties of the nanostructures.
This entry reviews the fundamental and physicochemical properties of self-assembled morphologies like
micelles, nanoparticles, vesicles (polymersomes), and layer-by-layer capsules that are driven by template-
directed assembly. We cover formulation characteristics such as loading efficiency, stability, and release
properties of polymeric nanocarrier systems with recent examples. We emphasize the biological properties
of the polymeric nanomaterials and their therapeutic applications from the delivery of small drug molecules

to proteins and gene delivery.

INTRODUCTION

Drug molecules have often unfavorable pharmacokinetic
properties. Encountered problems may include low bioavail-
ability, poor distribution to target tissues, accumulation in
non-target tissues and low metabolic stability. Consequently,
their therapeutic efficiency is decreased and off target toxicity
is more pronounced in conventional approaches. Those issues
raise the pressing need of more sophisticated and smart drug
delivery systems (DDSs) to improve the performance of clas-
sical therapeutics. Nanomaterial-based formulations offer the
possibility to modulate pharmacokinetic properties of deliv-
ered drugs. Unique nanoscale properties of nanomaterials
such as high surface-to-volume ratio due to their nanoscale
size (20-200 nm) and enhanced physicochemical properties
make them an ideal candidate for nanocarriers. They can, for
example, be loaded with a drug of interest. As a result,
increase in the apparent solubility of the administered drug
and change in the pharmacokinetic properties has the poten-
tial to improve the therapeutic efficiency and efficacy.

The main aim of the present review is to discuss the ther-
apeutic use of nanocarriers as DDSs. A wide range of nano-
materials made of organic, inorganic, lipid, polymer, and
peptide-based compounds have been proposed as nanocar-
riers for such therapeutic applications. As compared to clin-
ically established nanocarriers such as liposomal DDSs,
polymeric nanomaterials have recently gained attention due

to their unique properties. First, physicochemical properties
and chemical versatility nature of polymers can be used to
combine polymers with drugs (covalent and noncovalent
approach) that can dramatically improve the drug character-
istics in terms of solubility, stability, and permeability.
Second, polymers can be chemically modified to conjugate
with targeting vectors such as antibodies, peptides, and
aptamers (o guide them to specific tissue or cells in the
body. Third, environmental responsiveness such as pH and
temperature of polymers can be used to control the release
profile of the drug in a specified area of interest. It has to be
emphasized that polymers can offer the biological proper-
ties to be nontoxic, biodegradable, and biocompatible.
These are essential requirements for therapeutic applica-
tions. In this entry, we discuss recent developments of poly-
meric nanomaterials forming self-assembled nanostructures
such as micelles, nanoparticles, polymersomes, and
template-directed assembly-forming layer-by-layer (LbL)
capsules for various therapeutic applications (Fig. 1).

POLYMERIC MICELLES
General Characteristics
Polymeric micelles are self-assembled nanostructures con-

sisting of a compact hydrophobic core surrounded by a
hydrophilic corona. Micelles are dynamic structures
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Schematic illustration of different types of polymeric nanomaterial based nanocarriers (A) polymeric micelle, (B) polymeric NP,

(C) polymersome, and (D) LbL capsule. Gray dots represent the transported drug.

composed of amphiphilic block copolymers possessing
both hydrophilic and hydrophobic blocks. Amphiphilic
copolymers begin to self-assemble in solution into micelles
at a specific and narrow concentration range, which is
known as critical micelle concentration (CMC). One of the
main reasons why amphiphilic copolymers self-assemble
themselves in aqueous solution is their tendency to isolate
the hydrophobic blocks from the aqueous environment and
to reach a state of minimum energy. This process is driven
by an increase in entropy of water molecules interacting
with hydrophobic molecules.!'"! Above the CMC, micelle
structures are thermodynamically stable and below the
CMC, micelles are unstable. The relative size of the hydro-
phobic block of the copolymer is the most important factor
that affects the process of micelle formation.

Amphiphilic block copolymers can form a variety of seli-
assembled structures in solutions where the solvent preferen-
tially solvates one of the blocks. The most common structures
formed by these amphiphilic copolymers are spherical
micelles, cylindrical micelles, and vesicles. Depending on the
length of the hydrophobic block. spherical micelles can be
classified as star-like or crew-cut micelles. When the length of
the hydrophilic block is longer than the hydrophobic block, it
forms the star-like micelles. Crew-cut micelles are formed
when the hydrophilic block is shorter than the hydrophobic
block. As the hydrophilic block length decreases. the mor-
phology of the micelles change from spherical to cylindrical
(also called worm-like or rod micelles). Recent approaches
showed that by controlling the sell-assembly of the amphiphi-
lie block copolymers different types of micellar morphologies
can be obtained. These types of micellar morphologies
include disk-like, toroidal, bi-continuous, cross-linked, and
Janus micelles.** In most cases, polymeric micelles are pre-
pared by two different methods. In the first method, amphi-
philic copolymers are directly dissolved in water. During
spontaneous self-assembly, drugs can be loaded simply by
adding them to the polymers. In the second method, copoly-
mers are dissolved in organic solvent. The solvent is removed
by evaporation resulting in a thin film of copolymers. Drugs
can then be loaded during the rehydration and self-assembly
process of the film exposed to an aqueous solution. These
techniques are referred to as direct dissolution and film
rehydration method, respectively.t!

Formulation Characteristics

Classically, polymeric micelles have been utilized Lo
improve the solubilization and loading of hydrophobic
drug molecules. When maximum solubilization capacity
of the micelles is achieved. drugs cannot be loaded further
into the micelles. Thus, solubilization and drug loading
efficiency are directly linked parameters.!" To improve
drug solubilization, hydrotropic polymers can be used
instead of conventional amphiphilic copolymers.*#
Furthermore, solubilization and loading efficiency can
also be dependent on the hydrophobicity level of the
drugs. For instance, conventional poly(ethylene glycol)-
polylactide acid (PEG-PLA) micelles improved the solu-
bilization of paclitaxel (PTX) by a factor of 50, compared
to the less hydrophobic nifedipine (factor of 20), due to a
higher hydrophobicity level. Similarly, hydrotropic poly-
mer based poly(ethylene glycol)-poly(2-amino-2-methyl-
butyDacrylamide (PEG-PDMBA) micelles showed the
dramatic solubility enhancement for PTX (6000-fold
increased solubility) compared with nifedipine (60-fold
increased solubility). Interestingly, poly(ethylene glycol)-
poly [2-(4-vinylbenzyloxy)-N.N-diethylnicotinamide] (PEG-
PDENA) micelles showed high specificity toward the
solubilizing properties for PTX (about 9000-fold increased
loading) than for the other drugs.

Compatibility between drug molecules and the micelle
core is the major determinant of drug solubility and load-
ing efficiency.”! In one study, the influence of copolymer
was investigated on the solubilization of PTX. In this study,
PEG-PDENA (hydrotropic polymer) micelles showed the
highest loading capacity of PTX (37.4%) compared to the
conventional poly(ethylene glycol)-polyphosphoramidate
(PEG-PPA) and PEG-PLA micelles that showed 14.7%
and 27.6% of PTX loading due to the compatibility between
PTX and PDENA."! In addition to the single drug loading,
micelles offer the possibility to load multiple drugs
into single micelles at clinically relevant doses. PTX, eto-
poside (ETO), docetaxel (DTXL), and 17-allylamino-
17-demethyoxygeldanamycin (17-AAG) were solubilized
in PEG-PLA micelles within the combinations PTX/17-
AAG, ETO/17-AAG, DTXL/17-AAG, and PTX/ETO/17-
AAG. Two-drug and three-drug combinations in micelles
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retained the 94% and 97% of loaded drugs, respectively,
compared to the single drug micelles that retained 16% to
32% of the loaded drugs. The presence of 17-AAG in those
micelles helped to stabilize the formulation and to offer
greater stability of the drugs at the same level of solubiliza-
tion as single drug micelles."”

Stability of micelles is crucial for drug delivery applica-
tions. To improve the stability of drug loaded micelles, sev-
eral strategies have been explored such as enhancing the
compatibility between the drug and the block copolymer,
cross-linking of the micelle core/corona, and lowering the
CMC by altering the polymer!*! Classical PEG-PLA
micelles loaded with PTX showed stability over a period of
4-5 days. To overcome this limitation, hydrotropic poly-
mers have been linked to PEG to develop PEG-PDENA
micelles that increase the micellar stability for a period of
25 days due to the compatibility of PDENA and PTX.I*
Polymeric micelles cross-linked with ionic cores by using
block ionomer complexes of poly(ethylene oxide)-
poly(methacrylic acid) (PEO-PMA) and divalent metal
cations showed colloidal stability for a prolonged period of
time.'* Moreover, cross-linking of micelles increased the
stability without affecting the drug loading capacity.”

Therapeutic Applications

Polymeric micelles are one of the widely used nano-carrier
systems due to their unique properties, usually ranging from
20 to 200 nm in size for drug delivery application.""’ High
colloidal stability of polymeric micelles is mainly due to the
low CMC of the polymers that prevents the dissociation of
micelles and offers high stability in biological systems,
where it is diluted after intravenous injection. Polymeric
micelles have better rigidity and stability than phospholipid
micelles due to the covalent link between the polymeric
blocks.""! The hydrophobicity of the micellar core permits
the incorporation and stabilization of wide range of small
drug molecules, such as doxorubicin (DOX), PTX,
amphothericin B, cisplatin, cyclosporine, and hydroxyl
camptothecin.” Hydrophilic corona of the micelle offers
the stealth properties to escape the reticuloendothelial sys-
tem (RES). These properties lead to a significant increase in
the blood residence time of micelles, allow them to perme-
ate the blood vessels, and to accumulate efficiently at the
tumor site.'"! The nano-size of polymeric micelles may also
facilitate the deep penetration of carrier to tumor tissue and
ease of their uptake by tumor cells."

Anticancer drugs such as DOX and PTX are commonly
used cancer therapeutics. However, low water solubility,
acute toxicity to normal cells, and multidrug resistance are
the major issues that can be surmounted by using polymeric
micelles. For instance, poloxamer micelles [poly(ethylene
oxide—poly(propylene oxide)] loaded with DOX entered
clinical trials in Canada in 1999 and completed phase Il
in esophageal adenocarcinoma.'' Pharmacokinetic and
biodistribution of these micelles in healthy mice showed

Nanomaterials: Therapeutic Applications

a 2.1-fold increase of area under the curve (AUC), 2.1-fold
decrease in clearance, and 1.5-fold decrease in volume of
distribution compared to the free DOX. In-vivo (in mice)
and at equal dose, poloxamer micelles showed to be more
effective than free DOX in solid tumor models. In another
approach, use of polymeric micelles made of PEO—poly(p,L-
lactic acid) [PDLLA] hamper the unwanted toxic side
effects associated with solubilizing agent, Cremophor EL?,
which is present in the commercial PTX formulations
(Taxol®). Intravenous administration of PTX micelles in
nude mice caused 91% decrease in the tumor volume that
showed high therapeutic efficiency. Additionally, polymeric
micelles offer the possibility of introducing high dose of
PTX without any potential side effects.""* In another study,
PEO-poly(4-phenyl-i-butanoate)-1.-aspartamide) (PPBA)
micelles loaded with PTX (NK-105) showed 87-fold
increase in AUC, 86-lold decrease in clearance, and 15-fold
decrease in volume of distribution compared with marketed
product Taxol® after intravenous injection. Micelles had a
long circulation time in blood and were able to evade
serum protein binding. Enhanced accumulation in the tumor
(25-fold) and stronger antitumor activity in C-26 tumor
bearing mice model at a single administration of NK-105
leads to the efficient tumor regression.!!!

In addition to the delivery of small hydrophobic mole-
cules, micelles can serve to deliver large therapeutic pro-
teins. Different PEG-PLA diblock copolymer-based micelles
have been investigated for the delivery of recombinant
human erythropoietin (rhEPO) in Sprague-Dawley rats.'""!
This study showed a twofold increase of AUC with the
micelles (from 23 pg/L-hr to 33 pg/L-hr) compared to the
native thEPO (16 pg/L-hr). Plasma concentration of rhEPO
was twofold higher with the micelles (i.e., 39.88 ng/ml.)
than with the native rhEPO. Micelles increased the half-life
of thEPO in blood circulation from 2.0 hr (native rhEPO) to
4.4 hr due o the stealth property of the PEG.'"Y Micellar
formulation of rhEPO enhanced the pharmacological effect
of the drug (i.e.. increased level of hemoglobin by 48.72%)
demonstrating that micellar delivery of the protein did not
affect protein functionality. In an alternative approach,
human serum albumin (HSA) was loaded into poly(ethylene
glycol)-poly(amino ester) (PEG-PAE) micelles and the
delivery was enhanced by a pH-dependent stimulus at
reduced pH in ischemic tissue. Accumulation of labeled
albumin in ischemic brain areas of rats after TV injection
indicated that this type of formulation can be used for tar-
geted protein delivery in experimental models of cerebral
ischemia (Fig. 2).1"!

Polycationic-based polymeric micelles have an ability
to form complexes with negatively charged plasmid DNA
(pDNA). Thus, DNA can be packed into micelles for gene
delivery. DNA is thereby protected from enzymaltic and
hydrolytic degradation. Intravenous injection of pDNA/
PEG-poly-L-lysine (PLL) micelles showed circulation of
intact pDNA in the blood circulation for 3 hr when com-
pared to naked pDNA that is eliminated from the
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Fig. 2 Schematic representation of pH-tunable micelles loaded
with a therapeutic protein to implement a drug targeting strategy.
At appropriate pH for noninvasive administration (pH 7 or over),
the protein-loaded micelles are stable. If the pH turns acidic
(pH < 7). the ionized amino groups of the PAE block forming the
micelles are positively charged. This promotes uptake into a dis-
cased tissue, which is characterized by a low pH (e.g., ischemic
tissue). At low pH. block copolymers from micelles dissolve and
release the transported protein.

Source: From Gao et al.'®! © 2012, with permission from
Elsevier.

circulation within 5 min."'* Micelles are also capable of
co-delivering DNA and other drugs. Micelles composed
of copolymer poly(N-methyldietheneamine sebacate)-
[(cholesteryl oxocarbonylamido ethyl) methyl bis(ethylene)
ammonium bromide] sebacate (PMDS-CES) were shown
to transport PTX within the hydrophobic core and pDNA
within the corona. Combined delivery of PTX and pDNA
suppressed the tumor growth in a 4T1 mouse breast cancer
model three times more efficiently than the single delivery
of drug and pDNA in micelles."” Furthermore, a combina-
tion of small interfering ribonucleic acid (siRNA) and PTX
demonstrated synergistic effects. MDA-MB-231 human
breast carcinoma cells were incubated with micelles con-
taining drug and siRNA. After 4 hr, cell viability decreased
from 78% to 58%. As the siRNA cytotoxicity was only
about 8%, there was a clear synergistic effect associated
with the co-delivery of PTX and siRNA.!'"

POLYMERIC NANOPARTICLES
General Characteristics

Polymeric nanoparticles (NPs) are spherical, colloidal par-
ticles consisting of macromolecular materials. in which the
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active pharmaceutical ingredient (API) is dissolved,
entrapped. encapsulated, and/or adsorbed or attached."'™
Although NP size ranges from 10 to 1000 nm, the optimal
requirement for drug delivery applications is <200 nm.
Three approaches are used to prepare polymeric NPs:
(i) dispersion of preformed polymers: (ii) polymerization
of monomers for synthetic polymers; and (iii) ionic gela-
tion or coazervation for hydrophilic polymers. Depending
on the method of preparation, nanospheres or nanocapsules
are designed to tune the release profile (Fig. 3). In general,
the process of drug release from NPs is mediated by
(i) drug solubility; (ii) diffusion through the NP matrix/
polymer wall; (iii) NP matrix erosion; (iv) desorption of
adsorbed drug; or (v) a combination of all these factors.”*"!

Nanospheres are matrix systems, in which the drug is
physically and uniformly dispersed and released by diffu-
sion and erosion.”! If the erosion of the matrix is faster
than the diffusion process, the release mainly depends on
the degradation kinetics of the material and results typi-
cally in a first order kinetics. Biodegradable polymers have
the advantage that they degrade in vivo either enzymati-
cally or nonenzymatically to nontoxic, biocompatible
products. One of the disadvantages ol nanospheres is the
direct contact of the API to the environment at the surface,
which can lead to degradation of the compound and burst
release. From a drug delivery point of view, nanocapsules
can overcome these negative characteristics. Nanocapsules
are vesicular systems, in which the drug is encapsulated in
a cavity surrounded by a polymer membrane.'* Depending
on the inner core liquid, aqueous or lipophilic, variations of
drug solubility are possible. As compared to nanospheres,
nanocapsules have the advantage of (i) increased drug pro-
tection; (ii) advanced controlled release: and (iii) higher
drug loading capacity. Nanocapsules release drugs by a
zero order diffusion driven process, which is influenced by
the preparation method for these nanocarriers.!!

Formulation Characteristics

Two different types of polymers have been employed for
the development of NPs, namely natural and synthetic
materials. The most commonly used natural polymers are
gelatin, alginate, albumin, and chitosan, which are consid-
ered to be biodegradable and nontoxic.*¥ To prepare albu-
min-bound nanoparticles (NAB), the API is mixed with
HSA in a solvent and pressed through a jet to form NPs in
the size range of 50-200 nm. The first polymeric NP prod-
uct, which is used clinically, is the NAB-formulation
Abraxane” (ABI-007) containing the mitotic inhibitor
PTX. This technology is approved for the treatment of
breast cancer and non-small cell lung cancer (NSCLC).
Additional clinical trials are ongoing. 1%

Another commonly used natural polymer is chitosan,
which offers additional advantages like increased para-
cellular permeability and excellent mucoadhesive proper-
ties.”7?* pDNA-loaded chitosan NPs demonstrated nasal
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Fig.3 Schematic representation of methods used to prepare dif-
ferent types of NPs (e.g., nanocapsules and nanospheres). Drug is
entrapped within particles or absorbed to the surface. Black dots
represent the transported drug.

Source: From Kumari et al." © 2010, with permission from
Elsevier.

mucosal immunization against hepatitis B at low pH.*"
However, at physiological pH, the permeation effect by
interactions with components of the tight junctions is lim-
ited due to the decreased charge (pK, of amine groups is
6.2). Therefore, quaternary chitosan derivatives such as
N-trimethyl chitosan (TMC) have been evaluated to over-
come this limitation. This derivative has a positive charge
independent of the pH and is soluble over a wide pH
range, which affects the mucoadhesive and penetra-

tion-enhancing properties.™” Nasal administration of

mucoadhesive and rapid antigen-releasing TMC NPs
demonstrated the promise of noninvasive vaccination.™"
Furthermore, chitosan has a high loading capacity for
nucleic acids with an encapsulation efficiency of 96.2%,
owing to ionic interactions.™

The use of synthetic polymers in place of natural poly-
mers can offer a wide range of chemical versatility. This
includes improved loading efficiency. functionalization
properties, and pharmacokinetic profiles. Synthetic poly-
mers like PLA, polyglycolide acid (PGA), polylactide-
co-glycolide acid (PLGA), poly(g-caprolactone) (PCL),
polyalkyleyanoacrylate (PACA), polyanhydrides. or poly-

methacrylates have been prepared from a great pool of

synthetic and readily available monomers. Depending on
the material, different release characteristics from hours
up to weeks could be achieved."! The polyester PLGA/
PLA and PCL are the most commonly used synthetic
materials since they are biocompatible, biodegradable,
and nontoxic. They are approved for clinical use by the

Nanomaterials: Therapeutic Applications

Food and Drug Administration (FDA) and European Med-
icines Agency (EMA).F** In presence of water, the ester
linkages of PLGA and PLA are hydrolyzed and the drug is
released. The metabolites (monomers), lactide acid and
glycolide acid, are not toxic and are removed by endoge-
nous metabolic pathways such as the citric acid or cori
cycle.™ An interesting property of PLGA is its degrada-
tion kinetic, which is a function of the copolymer ratio.
Higher glycolide content lowers the time required for its
degradation.'™ A significant decrease in the release rate
and enhanced entrapment efficiency of estradiol in PLGA
NPs were observed with increase in lactide content and
molecular weight."® However, an acidic microenviron-
ment is generated during degradation that may negatively
affect the stability of the loaded APLY! Common PLGA
copolymer ratios (lactide/glycolide molar ratio) are 50:50
and 75:25."% To overcome the limitation of hydrolytic sta-
bility of polylactides, PCL is often preferred for long-last-
ing DDSs. A drug release of up to 20 days was achieved
with vinblastin loaded PCL-NPs."™

Therapeutic Applications

During the last decades, polymeric NPs were used to
deliver small molecules, larger peptides and proteins, and
expression plasmids.""! For instance, the natural compound
curcumin has chemotherapeutic activity in cancer but a
poor bioavailability and suboptimal pharmacokinetic char-
acteristics are limiting factors. However, the encapsulation
into PLGA-NPs enhanced the therapeutic efficacy in-vitro
compared to free curcumin.*!! The IC50 of curcumin-NPs
was 9.1 uM in MDA-MB-231 cells compared to 16.4 uM
for the free curcumin. In another study. coencapsulation of
the anticancer drug vineristine and chemosensitizer vera-
pamil into PLGA-NPs showed moderate reversion of mul-
tidrug resistance in breast cancer cells in vitro.*?! In an
alternative approach., DOX combined with the thermal-
optical agent indoeyanine green (ICG) allows dual applica-
tion of chemotherapy and hyperthermia for improved
cytotoxicity,. The DOX-ICG-PLGA-NPs resulted in
enhanced cytotoxicity in Dx5 human uterine cancer cells
in vitro.*!!

NPs have to be sterically protected in order to prolong
their half-life in the circulation. Using PEG. a hydrophilic
protective layer can be created to block and delay the opso-
nization process.**! To further increase the therapeutic effi-
cacy, targeted delivery of the NPs to specific cells is
performed. A  aplamer-funtionalized polymeric NP
(BIND-014), which is a PEG-PLGA formulation of DTXL.,
currently completed a phase 1 clinical study (Fig. 4).1°! In
another study, stealth PEG-PLGA-NPs were used as a
delivery vehicle for cisplatin,'*® resulting in an 80 times
increased toxicity of the cytotoxic agent. Another aptamer-
funtionalized PEG-PLGA-NP containing PTX showed a
significant decrease in mor growth and an increase in
survival in a glioma xenograft model compared to the
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Fig. 4 Comparative prostate tumor regression study in a xeno-
araft mouse model. The left panel shows mice of each treatment
group. Black arrows indicate the position of the prostate cancer
cell tumor. The right side indicates the tumor size at the endpoint.
In the DTXL-NP-Apt group (i.e., mice treated with DTXL loaded
PEG-NPs with prostate specific membrane antigen (PSMA) tar-
geting aptamers) the tumor was completely regressed compared
with the control treated mice. which received placebo (Saline).
empty nanoparticles (NP), DTXL., or nontargeting DTXL-NPs.

Source: From Farokhzad et al.*! © 2006, with permission from
National Academy of Sciences.

unmodified counterparts.”” Therapeutic proteins and pep-
tides have very limited gastrointestinal bioavailability.
They are sensitive to proteolytic enzymes and do not cross
passively the biological barriers. NPs can be used to over-
come issues associated with peptide and protein delivery.
Oral administered insulin-Eudragit-PCL-NPs showed a
52% reduction in blood glucose level in diabetic rats. Their
mucoadhesive properties were proposed to enhance gastro-
intestinal bioavailability."**! In another study, erythropoietin
loaded into oligochitosan NPs was investigated in rats for
neuroprotection.*

Polymeric NPs also have a great potential for the appli-
cation of nucleic acid gene delivery, because they can over-
come the major drawbacks of their viral counterparts like
immunogenicity and toxicity. Additionally, they offer the
possibility of cheaper large-scale production. The natural
polysaccharide chitosan and the noncationic polymer
PLGA are the most commonly used nonviral gene vectors
for siRNA and pDNA. The inhibition of tumor angiogene-
sis and growth by PLGA-NP-mediated p53 gene therapy in
mice was evaluated recently.”" In this study, xenografts of
p53 mutant tumors were treated with a single intratumoral
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injection of p53-gene-loaded NPs. Greater levels of apop-
tosis, antiproliferative activity, decreased angiogenic activ-
ity, and finally improved survival indicate that PLGA has
potential for sustained gene delivery. The effectiveness of
gene silencing with siRNA loaded PLGA-NPs have been
evaluated to overcome tumor drug resistance.™ Silencing
of the multidrug resistance protein 1 (MDRI) gene sensi-
tized resistant tumor cells to chemotherapy, as demon-
strated by increased PTX accumulation. In a recent study,
RGD (Arg-Gly-Asp) peptide-labeled chitosan NPs loaded
with siRNA were used for targeted silencing of multiple
growth-promoting genes.* An inhibition of tumor growth
(87% reduction, P < 0.001) in an avp3-integrin tumor
mouse model was shown with siRNA targeting plexin
domain-containing protein 1 (PLXDC-1) that is upregu-
lated in ovarian cancer vasculature. A promising approach
for the treatment of NSCLC based on the inhibition of
telomerase in cancer cells was carried out with chitosan-
coated PLGA-NPs. These NPs with a mean size of 160 nm
enhanced the delivery of the antisense oligonucleotide
2'-0-methyl-RNA to human lung cancer cells. Telomerase
inhibition (80%) and telomere shortening (from 5.8 kb to
4 kb) in A549 indicated the potential for in-vivo applica-
tions. The cationic NPs showed no cytotoxicity and could
be easily modified for active tumor-cell targeting.™*

POLYMERSOMES
General Characteristics

Polymersomes are artificial vesicles made of synthetic
amphiphilic block copolymers and form via a self-assembly
process. Generally speaking. polymersomes are hollow
spheres, containing an aqueous core that is surrounded by
a bilayer membrane. This membrane is composed of a
hydrophobic layer sandwiched between internal and exter-
nal hydrophilic layer forming coronas.™ Polymersomes
were developed as DDS for the transport of either
hydrophilic and/or hydrophobic molecules. Compared with
liposomes that are lipid analogs, polymersomes have a thick
and strong synthetic membrane, conferring a better physi-
cochemical stability as well as lower elasticity and perme-
ability.””! Polymersomes can be prepared from various types
of block copolymers such as nonbiodegradable polymers.
degradable polymers, and biocompatible polymers.!®!
Depending on the type of polymerization used for synthesis,
di-block copolymers (AB), tri-block copolymers (ABA,
BAB, or ABC), or even multiblock copolymers can
be designed, allowing to tune different properties of the
polymersomes.””! Many factors influence the formation of
polymersomes including hydrophilic/hydrophobic block
lengths of the copolymer, solvent ratios, concentration of
the polymer, and method of preparation. More importantly,
volume ratio of hydrophilic to hydrophobic block copoly-
mer fraction influences the formation of polymersomes.
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It has been reported that hydrophilic to hydrophobic ratio of
less than 1:2 highly favors the formation of polymersomes
followed by the ratio of less than 1:3 and ratio more than 1:1
favor the micelle formation.*” However, the hydrophilic to
hydrophobic ratio is not the only determining parameter for
polymersome formation.

Although several techniques have been employed to
prepare polymersomes, solvent switch and film rehydra-
tion techniques are the commonly used methods. In sol-
vent switch amphiphilic block copolymer is dissolved in
a suitable organic solvent that is slowly exchanged by an
aqueous solution either by adding water to organic poly-
mer solution or vice versa. This technique makes the
hydrophobic blocks insoluble, generating copolymer
self-assembly into polymersomes as a result of increas-
ing interfacial tension between the hydrophobic blocks
and water. In film rehydration, amphiphilic copolymers
are dissolved in an organic solvent that is removed by
evaporation to form a thin film. An aqueous solution is
used to rehydrate the film. Upon mixing, the aqueous
phase permeates through defects in the film layers that
inflate and finally form vesicles upon separation from the
surface.*™57 Different mechanisms have been reported
and proposed for the formation of polymersomes. %
Conventionally, copolymers form a bilayer and close-up
to form a vesicular structure. In another mechanism,
spherical micelles are formed and then changed into
rods, which become flattened and form paddle shape
structures. Then these structures transform to circular
lamellae that finally close-up to form polymersomes./*!

Formulation Characteristics

High loading efficiency is a prerequisite for polymersome-
based formulation in drug delivery. Loading efficiency can
be dependent on preparation method, formation mecha-
nism, and molecular composition of the copolymers. In
one study, PEO-poly(benzyl-i-aspartate) (PEO-PBLA)
and PEO-poly(2.4.6-trimethoxybenzylidene pentaerythri-
tol carbonate) (PEO-PTMBPEC) based polymersomes
were loaded with DOX and showed loading efficiencies of
12% and 8%, respectively.! Loading efficiency can be
improved using poly(trimethylene carbonate) if the pH of
the loading solution is raised to a pH above the pK of DOX
during the loading process.'™ Using direct dissolution of
PEG-polypropylene sulfide (PPS) copolymers, polymer-
somes achieved higher encapsulation efficiencies for larger
protein molecules such as ovalbumin (37%), bovine serum
albumin (19%), and bovine gamma-globulin (15%). This
method requires a short time for encapsulation, is solvent-
free, and simple as compared to methods used for loading
of liposomes and other polymersomes.'* It should be
noted that the hollow core of the polymersomes encapsu-
late the surrounding environment during the self-assembly.
Therefore, encapsulation efficiency can also be dependent
on the formation mechanism of the polymersomes.

Nanomaterials: Therapeutic Applications

Polymersomes usually exhibit higher stability than
polymeric micelles and liposomes due to their thicker
membrane. For example, polymersomes made of poly(y-
benzyl L-glutamate)-hyaluronan (PBLG-HYA) loaded with
DTXL have shown excellent colloidal stability both at
room temperature and at 4°C for one month. More than
90% of DTXL was recovered after storage of DTXL-
loaded polymersomes and can be readily lyophilized with-
out alternation in loading content of DTXL for a period of
six months storage at 4°C. However. redispersion of lyoph-
ilized polymersomes needed a sonication step Lo accelerate
the dispersion time and eliminate the few aggregates still
present in solution."™!

Polymersomes release the loaded drugs through various
mechanisms. Furthermore, recently third generation smart
systems were designed, where release of drugs from poly-
mersomes can be controlled with external environmental
stimuli such as UV light, temperature, and oxidation-
reduction.™ The widely used mechanism for release is
degradation of hydrophobic blocks of the polymersomes
mediated by simple hydrolysis. This type of degradation is
accelerated at acidic pH as found within the endolysosomal
compartments of cells.'™! Another possible release mecha-
nism involves the diffusion based permeation of the loaded
drug through the polymersome membrane. PEO-PCL
polymersomes loaded with DOX showed immediate burst
release of 20% of DOX (from 0 hr to 8 hr) by diffusion,
followed by a sustained release (up to 14 days) facilitated
by pH-driven hydrolysis of the polymersome membrane.!*!
The advantages of using stimuli-responsive polymersomes
for DDSs have been reviewed extensively elsewhere.[*”!

Therapeutic Applications

Polymersomes can readily accommodate a number of drug
molecules in the aqueous compartment as well as in their
hydrophobic membrane. For instance, to overcome the lim-
itations of DTXL such as low solubility and side effects,
this chemotherapeutic drug was incorporated in PBLG-
HYA polymersomes, New Zealand rabbits received an IV
injection of either polymersome-encapsulated DTXL or
free drug. Comparing the plasma profiles, the DTXL-loaded
PBLG-HYA polymersomes exhibited a higher maximal
concentration (17.97 pg/mL) than the DTXL solution
(11.72 pg/mL). The polymersome formulation significantly
improved half-life and AUC of DTXL (1, = 19.90 hr and
AUC = 209.32 pg/mL) compared to the DTXL solution
(1,, = 4.79 hr and AUC = 60.6 pg/mL). Hemolysis tests
were performed on human blood and about 30% red blood
cell hemolysis (DTXL side-effect) was observed with
DTXL solution while less than 5% hemolysis occurred with
DTXL-loaded PBLG-HYA polymersomes. Biodistribution
studies showed an accumulation of the polymersome for-
mulation at the tumor site in BalB/c mice, and a signifi-
cantly higher uptake by tumor cells with the polymersomes
than with the free drug.'!l
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In another series of experiments, biodegradable poly-
mersomes based on PEO-PLA block copolymers were pre-
pared. A hydrophobic drug (PTX) was incorporated into
the vesicle membrane. Alternatively, a hydrophilic drug
(DOX) was encapsulated within the vesicle core. DOX-
PTX loaded into polymersomes showed higher maximum
tolerated doses (MDT) of 3 mg/kg for DOX and 7.5 mg/kg
for PTX, which is increased by the factor of two compared
to free DOX and PTX. In-vitro studies in MDA-MB231
human breast cancer cells with DOX-PTX polymersomes
showed a potent antitumor activity without any other toxic
side-effects. Polymersomes loaded with DOX-PTX showed
16-fold increased toxicity in tumor cells as compared o
both free drugs, leading to a high tumor apoptosis and ulti-
mately increased therapeutic efficacy (Fig. 5).1%

Therapeutic applications of proteins are challenging
due to poor tlissue distribution, rapid elimination by renal
clearance, and enzymatic degradation. Polymersomes
may be promising candidate for delivering a wide range of
proteins without affecting their functionality. Polymer-
somes formed by film rehydration are able to incorporate
transmembrane proteins in the bilayer as well as encapsu-
late proteins in the aqueous core without loss of their func-
tional conformation 136

Recently, polymersomes were utilized to encapsulate
DNA for delivering into cells. Biomimetic, pH-sensitive
polymersomes were prepared using poly|2-(methacryloyloxy)
ethyl-phosphorylcholine]-co-poly|2-(diisopropylamino)
ethyl metherylate] (PMPC-PDPA) diblock copolymers.!™
Under mild acidic condition, pDNA formed a complex with
PMPC-PDPA copolymer by electrostatic interaction and

T T
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Fig. 5 Tissue accumulation profile of DOX loaded polymer-
somes in breast cancer tumors. Fluorescence intensity analysis of
DOX reveals that accumulation of polymersomes in tumors
regions was higher (dark grey) compared to the free drugs
(DOX & PTX). Maximal release and tumor tissue accumulation
of DOX + PTX loaded polymersomes occur within one day.
Source: From Ahmed et al"™ @ 2006, with permission from
Elsevier.
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the pDNA was encapsulated into the polymersomes at
pH 7.5."" The pDNA-encapsulated polymersomes used the
endocytic pathway to enter the cells and the pDNA escaped
to the cytosol due to low pH in the endosomal environment.
Experiments with DNA-encapsulated polymersomes
clearly showed that the pH-dependent release of plasmid
and the transfection efficiency was comparable with the
commercially available transfection agent Lipofectamine®
(Fig. 6)."" In addition, the polymeric vesicles exhibited less
toxicity and no proinflammatory response with less leak-
age. The biomimetic surface reduces nonspecific interac-
tions with blood plasma proteins and thereby increases the
half-life in the circulation of the polymersomes.” In
another approach, polymersomes forming diblock copoly-
mer poly(oligoethylene glycol methacrylate)-poly(2-
(diisopropylaminojethyl methacrylate) (POEGMA-PDPA)
were used to incorporate pDNA into multicompartment
capsules via a LbL technique. By this method, very high
loading (60% efficiency) was achieved due to cationic
amine groups on the PDPA block. which are protonated at
low pH."" In another experiment, siRNA was encapsulated
into PEO-b-PLA and antisense oligonucleotides (AON)
were encapsulated into PEG-b-PCL by a co-solvent method.
Loaded oligos were released and escaped from the endo-
somes by hydrolytic degradation of the polymersomes.™
In gene silencing experiments, siRNA-(PEO-b-PLA) based
polymersomes showed a knockdown efficiency of 40% and

PMPC-PDPA Lipofectamine™

Primary HDF Cells

CHO Cells

Fig. 6 Delivery of pDNA using pH-dependent polymersomes
made of PMPC-PDPA. Polymersomes showed the efficient
expression of green fluorescent protein in primary HDF cells
and CHO cells and compared with the commercially available
LipofectamineTD.

Source: From Lomas et al”™ © 2007, with permission from
WILEY-VCH.
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the result was similar to that of Lipofectamine 2000. AON
polymeric vesicles were successfully delivered in-vivo to
dystrophin-deficient mice with delivery efficiency above
50% and significantly expressed the dystrophin."™! It was
also reported that PMPC-PDPA polymersomes loaded with
enhanced green fluorescent protein (EGFP) siRNA showed
significant decrease in the EGFP production in cells. After
48 hr, a 70% EGFP expression silencing was observed
without affecting the proliferation of the cells.™

LAYER-BY-LAYER CAPSULES
General Characteristics

LbL capsules are polymeric multilayer capsules (PMLC)
prepared by alternate adsorption of polymers onto a template
via complementary interactions such as electrostatic interac-
tions, hydrogen bonding, and covalent linkage." 7" In brief,
the colloidal template is immersed into an aqueous solution
of polymers to build the first surrounding layer. Subsequently,
the excess polymer is removed and a second layer of an inter-
acting polymer is absorbed.™ These two steps are repeated
alternately, resulting in a core—shell particle. By altering the
number of layer depositions, the film thickness can be easily
regulated. The template is finally dissolved to form a multi-
layered hollow capsule.™ Dissolution of organic templates
like polystyrene or melamine formaldehyde requires strong
acids or organic solvents that can hamper the applicability
for therapeutics and particularly biomolecules. Moreover,
organic solvents can influence the carrier stability by destroy-
ing the capsule shell.* To overcome these problems, inor-
ganic templates like silica (0.5-5 pm), calcium carbonate
(3-5 pm). manganese carbonate, or metal particles are pre-
ferred. Inorganic templates are easily dissolved under mild
conditions that do not affect the encapsulated drug."*"*! The
initial template strongly influences size distribution and
shape of the PMLC.

The constituents of the capsule shell can tailor the
chemical and mechanical properties of the PMLCs. For
polyelectrolyte capsules, a large variety of charged com-
pounds like synthetic polymers, polypeptides, polysac-
charides, nucleic acids, or NPs are used.'™®! The
negative charge of the polyanions is often achieved by
sulfonate or carbonate groups whereas polycations
mostly have amino or imino groups.”® Thus, the selected
buffer for the synthesis should maintain a high degree of
ionization. Phosphate-buffered saline at pH 7.4 offers the
maintenance of the charge as well as the physiological
condition for many biotherapeutics. Well-studied poly-
anion/polycation systems for multilayer assembly are
polystyrene sulfonate (PSS)/poly allylamine (PAH),
PSS/chitosan, heparin/albumin, heparin/poly(ethylene
imine) (PEI), dextran sulfate (DS)/chitosan, DS/poly
(L-arginine), DS/PEI and alginate/PLL. To avoid cyto-
toxic effects of some polycations, hydrogen bonding
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offers an alternative interaction for LbL assembly. PEI
and PLL showed mitochondrial-mediated cell death in a
range of human cell lines in-vitro."" ™ Therefore,
poly(N-vinylpyrrolidone (PVPON) as hydrogen-bond
acceptor and PMA as hydrogen-bond donor have been
successfully used. At the end of the production process,
it is necessary to cross-link the capsule shell to pre-
vent its destruction at physiological pH and to entrap
the drug inside the NP cavity. Carbodiimide chemistry
and thiol oxidation are commonly used methods for
cross-linking. "1

Formulation Characteristics

Drugs are encapsulated into the carrier mainly by two pro-
cedures: (i) postloading or (ii) preloading (Fig. 7). Capsules
can be prepared without a compound and the capsule shell
can be permeabilized for a postloading process."”* The cap-
sule wall can be opened by changing pH. ionic strength.
solvent polarity, or temperature to allow the diffusion of
therapeutics into the capsule interior.***" Returning to the
original medium conditions can entrap the drugs inside the
capsules. For example, the permeability of biodegradable
dextran/chitosan capsules for protein encapsulation can be
regulated by variations in pH. At pH values >8, electro-
static repulsion of the polymers leads to an opening of the
capsule wall. However, in acidic conditions, the membrane
tightens and drugs of interest are entrapped inside the
micron-sized hollow capsules."™ In general, the encapsula-
tion efficiency of the postloading procedure is low.
Additionally, the conditions for inducing pores may not be
suitable for many biomolecules. An improved variation of
this technique is the preloading of the capsule with a
sequestering agent, which has a high affinity to the drug.
Therefore, the loading process during the diffusion can be
increased. Examples include the use of dextran sulfate to
increase the encapsulation of DOX."™!

In contrast to the postloading procedure, porous inor-
ganic templates like mesoporous silica particles offer the
possibility of drug preloading due to their large surface
area. The polymeric layers adsorb onto the preloaded tem-
plate."™" Drug crystals as initial template have attracted
attention owing to their high encapsulation efficiency.!9* 1%
For instance, proteins can be directly encapsulated by LbL
assembly onto protein crystals.!'"”! Moreover. other tech-
niques are reported for the drug incorporation. Hydrophobic
association is an encapsulation strategy, which was success-
fully used for natural polyphenols. The anticancer com-
pounds were incorporated into gelatin-based 200 nm NPs
surrounded by a 5-20 nm thick LbL shell of polyelectro-
lytes. The polyphenol loading varied from 20% to 709%.1"™
Apart from single drug delivery, polymeric capsules offer
the possibility to formulate a DDS, which can release two or
more incorporated drugs gradually from a single carrier.'™”
Encapsulation of two proteins in separate positions of the
capsule showed a time-modulated release. One protein was
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Fig. 7 Different encapsulation methods for loading drugs into LbL capsules: (A) postloading procedure of a preformed capsule,
(B) encapsulation of drug crystals, and (C) preloading of porous templates. Gray dots represent loaded drug.

Source: From Johnston et al.”! @ 2006, with permission from Elsevier.

incorporated inside the cavity and the second one between
the layers of the shell."'"

Therapeutic Applications

A versatile spectrum of therapeutics can be incorporated
into LbL capsules. Recently, the effect of anticancer drug-
loaded capsules has been investigated. Gold NPs coated
with a PAH/PSS multilayer were modified with
N-(2-hydroxypropyl)methacrylamide (HPMA) and a pro-
drug of DOX was linked onto the surface."'! Specific
cleavage of the peptide linker by cathepsin B could release
DOX from the stealth core-shell-particle after endocytosis
in-vitro. Another successfully used encapsulation strategy
for DOX is emulsion templating.!"*! DOX/oleic acid-
loaded PMA capsules (500 nm) demonstrated an enhanced
toxicity in a human colorectal cancer cell line in vitro as
compared to the free drug. A further improvement of LbL.
capsules is the smart system that releases the payload by
environmental stimuli.'”! Different formulation tech-
niques and polymer combinations can trigger drug release
depending on pH or reducing conditions. Redox-responsive
capsules demonstrated a novel release method for DOX
PMLCs. The disulfide cross-linked shell was stabilized in
an oxidizing environment but disrupted under reducing
conditions releasing an anticancer drug into the cytoplasm.
By this technique, the cytotoxicity of the drug was increased
5000 times compared with the free drug.!""! In a pH-
triggered release study LbL-containing quantum dots with

a pH-responsible layer were passively navigated to hypoxic
regions of solid tumors in vivo and showed a pH-triggered
response."”¥ PEG was linked to the PLL layer using an
iminobiotin-neutravidin  interaction, which can be
destablized at low pH.!"'®

Macromolecules like proteins can also be loaded into
PMLCs. Biodegradable multilayered capsules loaded with
the cytokine bFGF prolonged the proliferation of L929
fibroblast cells due to sustained release.™ In general, the
LbL technique used for proteins results in micrometer-sized
particles. This size is big compared to other nanoparticulate
technologies and therefore not suitable for intravenous
application.!""”! The delivery of nucleic acids like pDNA and
siRNA with multilayered capsules is a promising research
area. The first successful gene transfection using functional
DNA-loaded PMLCs was demonstrated with silica-assisted
LbL assembly of dextran and protamine.''"¥ Recently,
single-polyelectrolyte capsules were investigated for the
transfection of melanoma cells with pDNA in vitro!""”
Cross-linked PLL particles were co-loaded with pDNA of
a nuclear transcription factor and alpha-melanocyte-stimu-
lating hormone as a reporter hormone. The gene expression
was significantly increased (70%). In another study, RNA
interference was studied by incorporating siRNA into PEI
layers on gold NPs."* The production of EGFP in CHO-K 1
cells was knocked down to about 28%. The versatility and
modularity of LbL assembly can be used to introduce mul-
tiple functionalities. Drug encapsulation, triggered release,
active targeting, and imaging could be achieved with one
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single carrier.!""! Furthermore, polymer capsules containing
liposomal subcompartments, so-called capsosomes, can co-
encapsulate different drugs and trigger the release by
encapsulated enzymatic catalysis.!'**'"*" Nevertheless, the
production of capsules <1 um without aggregation is quite
challenging and would be not acceptable lor various appli-
cations.!"**! Further improvements are necessary to produce
capsules less than 200 nm in diameter, which is a common
size used in DDSs,

CONCLUSION

Over the last two decades, considerable efforts were paid to
the development of seli-assembling and template-directed
copolymer-based nanostructures. These new and innovative
nanomaterials can be used for different types of therapeutic
drug delivery applications. Polymeric nanomaterial-based
DDSs including micelles, NPs, polymersomes and LbL
capsules have been extensively studied. Mechanistic studies
of the self-assembly process of different types of copoly-
mers have demonstrated the possibility to modulate the
physicochemical properties and morphology of resultant
nanostructures. Numerous strategies have been explored to
improve drug loading, to control drug release, and to
improve the stability of nanocarriers in biological systems.
Advanced technologies include the design of polymeric
nanomaterials with the possibility to introduce multifunc-
tionalities, responsiveness to environmental stimuli, active
targeting, biocompatible, and biodegradable properties.
Although numerous studies have been reported using poly-
meric nanomaterials, the clinical realization of drug target-
ing strategies remains a challenge.
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Highlights: For a successful clinical outcome of hepatocyte-targeted drug delivery systems it is
important to carefully consider the asialoglycoprotein receptor 1 (ASGR1) expression level and
expression pattern. In this study, the ASGR1 expression was analyzed at the mRNA and protein
level using various liver cancer-derived cell lines as well as human tissue specimens, from both
normal and pathological liver. Several analytical techniques including RT-PCR, flow cytometry,
confocal microscopy, RNA microarray, and immunohistochemistry were used. The analysis revealed
an altered ASGR1 expression level in cirrhotic specimens or hepatocellular carcinoma. In the future,
this study will be instrumental for the development of ASGPR-targeted nanomedicines and

companion diagnostics in order to translate targeted nanomedicines from basic research to the clinic.
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Variable asialoglycoprotein receptor 1 expression in liver
disease: Implications for therapeutic intervention

Dominik Witzigmann,' Luca Quagliata,? Susanne H. Schenk,' Cristina Quintavalle,?

Luigi M. Terracciano” and Jérg Huwyler

'Division of Pharmaceutical Technology, Department of Pharmaceutical Sciences; and “Institute of Pathology,
Molecular Pathology Division, University Hospital of Basel, Basel, Switzerland

Aim: One of the most promising strategies for the treatment
of liver diseases is targeted drug delivery via the asialo-
glycoprotein receptor (ASGPR). The success of this approach
heavily depends on the ASGPR expression level on parenchymal
liver cells. In this study, we assessed the mRNA and protein
expression levels of the major receptor subunit, ASGR1, in hepa-
tocytes both in vitro and in vivo.

Methods: In vitro, various liver cancer-derived cell lines were
evaluated. In vivo, we screened the ASGR1 mRNA on 59 hepatocel-
lular carcinoma and matched non-neoplastic tissue using RNA mi-
croarray. In addition, 350 human liver specimens of patients with
hepatocellular carcinoma or non-neoplastic liver diseases were
screened for ASGR1 protein level using tissue microarray analysis.

Results: Our data reveal that the ASGR1 mRNA expression
directly correlates with the protein level. We demonstrate that
the ASGR1 expression is upregulated in cirrhotic specimens
and is significantly decreased with increasing hepatocellular
carcinoma grade.

Conclusion: Because the ASGR1 expression levels are variable
between patients, our findings suggest that ASGPR-based
targeting strategies should be combined with ASGPR-
companion diagnostics to maximize clinical benefit.

Key words: asialoglycoprotein receptor, drug delivery,
hepatocyte, liver disease, nanomedicine

INTRODUCTION

IVER DISEASES ARE a leading cause of death world-

wide with increasing incidence rates.' The hepatocytes
within the liver have been implicated in many hepatic dis-
eases including hepatocellular carcinoma (HCC), viral
hepatitis, or genetic and metabolic disorders.* Conven-
tional pharmacotherapies for these diseases encounter
significant drawbacks including dose-limiting off-target ef-
fects. Thus, improved tissue- and cellular-specific targeted
therapies are desperately needed.” Recently, active targeted
drug delivery systems such as nanomedicines or RNA inter-
ference (RNAI) therapeutics have attracted much attention
for their ability to treat hepatic diseases more efficiently
and with reduced side-effects."® Such approaches imply
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that the drug delivery system is modified with a ligand,
which binds with high specificity to hepatocytes. Thus,
the pharmacokinetic and pharmacodynamic profile of
the active compound is altered and its therapeutic index
is potentially improved.”

Currently, the most promising receptor studied for
hepatocyte-specific drug targeting is the asialoglycoprotein
receptor (ASGPR or Ashwell-Morell receptor),”® a C-type
lectin, which mediates the endocytosis of serum glycopro-
teins.” '’ The ASGPR is predominantly expressed on the si-
nusoidal, basolateral membrane of hepatocytes and has a
high affinity for galactose (Gal) or N-acetylgalactosamine
(GalNAc) containing ligands.""'? Its localization, high ex-
pression and efficient internalization rate make the ASGPR
an ideal target for cell type-specific drug delivery systems."”

Over the last decades, many therapeutics have been
developed to target the ASGPR for hepatocyte specific de-
livery of small molecules, proteins or nucleic acids.'*'?
The most promising technologies are in the field of RNAi.
Revusiran  (ALN-TTRSc), a ligand modified siRNA
therapeutic, is currently in a phase 2 dinical study for
the treatment of transthyretin-mediated amyloidosis
(NCT02292186).“” Another RNAi phase 2 clinical trial

using active targeted nanomedicines”
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is underway with a GalNAc¢ modified dynamic poly-
conjugate (ARC-520) to treat chronic hepatitis B virus
infections (NCT02065336).”"" Several other preclinical
studies for hepatocyte-specific diseases are ongoing using
these two RNAi platform technologies."***?

Asialoglycoprotein receptor-targeted therapies may also
offer an alternative pharmacotherapy®’ for HCC, which is
the second leading cause of cancer-related deaths
worldwide.”® The initiation and development of hepa-
tocarcinogenesis is a multistep process occurring over
years, with underlying liver cirrhosis in most of the cases.
Only patients diagnosed at early stage of the disease are
eligible for curative treatments such as systemic chemo-
therapy or chemoembolization, which have striking
disadvantages’®?” and low success rates”® Targeted
nanomedicines can be used to deliver small molecules or
nucleic acids with antineoplastic effects to the target cell
and additionally overcome P-glycoprotein-dependent
anticancer drug efflux.’® Apoptin-induced apoptosis or
downregulation of oncogenic miRNA are two preclinical
gene therapeutic approaches to selectively kill malignant
liver cells”*" which would benefit from enhanced
therapeutic strategies using targeted nanomedicines.
Furthermore, the treatment of genetic disorders such as
«l-antitrypsin deficiency’® or hemochromatosis®™ which
are associated with an increased risk for cirrhosis and HCC
would highly benefit from targeted gene delivery systems.

There are three major factors important for successful ac-
tive targeting. First, therapeutics need to be able to access
the target cell type. The liver sinusoids have fenestrations
up to 150 nm allowing the blood direct contact to the
basolateral membrane of hepatocytes.”® Thus, nano-
medicine therapeutics, usually below 120 nm in size, have
the correct size to access the hepatocytes.’” Second, the
targeting ligand and its density need to be optimized for ef-
ficient binding and increased uptake. The balance between
targeting ability and recruitment of opsonins is a critical
factor for an optimized pharmacokinetic profile.*® Finally,
it is crucial to study the precise tissue distribution and ex-
pression of the target receptor. To increase specificity and
to trigger the uptake of targeted therapeutics, ideally, the
receptor should be highly and exclusively expressed by
the target cell.

In contrast to the numerous research articles on highly
sophisticated nanomedicines and RNAi therapeutics, there
are only a few studies which address the endogenous
expression of the target receptor in health and disease.

The ASGPR is a heterooligomeric membrane receptor with

two homologous subunits, ASGR1 (H1/HL1) and ASGR2
(H2/HL2). The stoichiometry of the ASGPR is still
disputed with an ASGR1 : ASGR2 ratio of between 2 and

© 2015 The Japan Society of Hepatology
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5:1.%7 Although both subunits contain a carbohydrate
recognition domain, the major subunit ASGR1 plays the
central biological role.*®

Because expression of the ASGR1 is one of the three
major success factors for targeted drug delivery, patients
with low ASGR1 expression levels would not be perfectly
suitable for ASGPR-targeted nanomedicines. Therefore,
informative studies exploring levels of ASGR1 in health
and disease would be of clinical benefit, because it would
allow the clinician to personalize the medicine in a
case-by-case manner. Here, we investigate the ASGRI
expression both at the mRNA and protein level using
liver-derived cell lines as well as human tissue specimens,
from both normal and pathological liver. A special focus
is given to samples from patients suffering from HCC
and its major risk factor, cirrhosis.

METHODS

ASGR1 expression in hepatic cell lines, in vitro

ETAILED PROCEDURES FOR the analysis of ASGR1

mRNA (i.e. quantitative real-time polymerase chain
reaction [qRT-PCR|) and protein (i.e. flow cytometry and
confocal laser scanning microscopy) expression in different
hepatic cell lines (i.e. HepG2, PLC/PRF/5, Hep3B, Sk-
Hepl, SNU449, HuH6, HuH7, HLE, Mahlavu, HepT1,
cryopreserved human  hepatocytes, and the ASGPR-
expressing model cell line 1-7-1) are provided in the
Supplementary Information. In brief, gqRT-PCR was per-
formed using predeveloped TagManAssays (Invitrogen
[San Diego, CA, USA|, Life Technologies [Carlsbad, CA,
USA]). C, values of ASGRI mRNA (Hs01005019_m1) were
normalized to four different housekeeping genes (B-actin,
glyceraldehyde 3-phosphate dehydrogenase [GAPDH],
prolylpeptidyl isomerase A [PPIA] and ribosomal protein
large PO [RPLPO]). For analysis of ASGRI1 protein expres-
sion, cells were incubated with the primary anti-ASGR1 an-
tibody (HPAO11954; Prestige Antibodies®, Sigma-Aldrich,
St Louis, MO, USA), followed by incubation with a
fluorescent-labeled secondary antibody. Flow cytometry
analysis of 20,000 cells was performed using a FACS
Cantoll SOP (Special Order Product; Becton Dickinson,
Franklin Lakes, NJ, USA). Confocal laser scanning micros-
copy was performed using an Olympus FV-1000 inverted
confocal fluorescence microscope (Olympus, Tokyo,
Japan) and a 60x objective (numerical aperture, 1.40).

Patient samples for RNA and tissue microarray
(TMA)

Patients’ specimens with comprehensive clinicopathologi-
cal and follow-up data were obtained from the Institute of
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Pathology, University Hospital of Basel, Switzerland. The
ethics committee of the Institute of Pathology, University
Hospital of Basel, approved the study. HCC diagnosis
was verified by pathological examination, no anticancer
treatments were given before biopsy collection. Tumor dif-
ferentiation was defined according to Edmondson’s grad-
ing system. Only biopsies containing at least 50% of
tumor cells and no necrotic area have been used in this
study. Roughly, 60% of patients whose specimens were
used for TMA construction underwent surgical resection
without prior treatment for HCC, and the remaining were
collected from autopsy cases.

Analysis of human liver specimens

Transcriptomic analysis of ASCR1 mRNA and tissue micro-
array analysis of ASGR1 and CD3 protein staining are
described in detail in the Supplementary Information.
ASGR1 mRNA expression was assessed in 64 liver speci-
mens including patient samples of different etiology such
as alcohol-related HCC (n=30), no virus/no alcohol-
related HCC (n=5), hepatitis B virus (HBV)/hepatitis C
virus (HCV)-related HCC (n=24) and normal healthy
liver specimens (n=5) using the GeneChip®Human Gene
1.0ST arrays (Affymetrix, Santa Clara, CA, USA). None of
the patients received any therapeutic treatment before the
biopsy. The TMA was constructed as previously described
by Baumhoer et al.*” using a total of 446 tissue specimens
from both HCC and non-neoplastic liver tissue samples.
ASGR1 and CD3 protein levels were investigated by im-
munohistochemistry using a liver tissue microarray. For
further evaluations of ASGR1 protein expression, 350 spec-
imens were suitable for analysis including 76 normal liver,
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73 HCC grade I, 82 HCC grade 11, 25 HCC grade Il and 84
cirrhotic tissue specimens. For the evaluation of CD3 pro-
tein expression, 328 specimens were suitable for analysis
including 69 normal liver, 173 HCC and 81 cirrhotic tissue
specimens. Causes of exclusion were either the absence of
tissue punch or poor staining quality. All tissue samples
were retrieved from the Institute of Pathology, University
Hospital of Basel, Switzerland.

Statistical analysis

The statistical analysis was performed as described previ-
ously.’” In brief, the y’-test and Fisher's exact test for
non-parametric variables were used. All tests were
two-sided and P< 0.05 was considered to be statistically
significant. Analysis was performed using GraphPad Prism
software version 6 (GraphPad Software, La Jolla, CA, LISA).

RESULTS

Variable expression of ASGR1 in hepatic cells,
in vitro

EPG2 CELLS ARE almost the only hepatic cell line

used to study ASGPR targeting strategies. Therefore,
the aim of the present study was to evaluate alternative cell
models for ASGPR-targeted nanomedicines. In a first set of
experiments, we evaluated the ASGRI mRNA expression in
10 different hepatic cells lines and a pool of mixed sex pri-
mary human hepatocytes (PHH) using qRT-PCR analysis
(Fig. 1a). To compensate for variations such as sample-
to-sample deviations, we used four different housekeeping
genes, namely, B-actin, GAPDH, PPIA and RPLPO. The ex-
pression of ASGR1 mRNA is significantly different between
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Figure 1 Asialoglycoprotein receptor 1 (ASGR1) mRNA expression and ASGPR1 protein level in different cell lines. (a) Quantitative re-
verse transcription polymerase chain reaction analysis of ASGRI mRNA expression in different liver cancer-derived cell lines and primary
human hepatocytes (PHH). Glyceraldehyde 3-phosphate dehydrogenase (CAPDH), B-actin, prolylpeptidyl isomerase A (PPIA) and ri-
bosomal protein large PO (RPLPQ) were used as housekeeping genes. Mean values are given as +standard deviation (SD) relative to the
expression in HepG2 (n=3). (b) Quantitative analysis of ASGR1 protein expression in different cell lines using flow cytometry. Mean
values are given as £SD relative to the expression in HepG2 (n=3).

®© 2015 The Japan Society of Hepatology
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the liver-derived cell lines (Fig. 1a). The cells are classified
into four distinct groups: negative, low, intermediate and
high depending on their ASGRI mRNA expression level.
SK-Hepl, HLE, SNU 449 and Mahlavu are negative for
ASGRI mRNA. HepTl, HuH7 and HuH6 show a low
ASGRI mRNA expression. An intermediate expression
level is found in PLC/PRF/5 and Hep3B cells. Of the 10 dif-
ferent cell lines, HepG2 is the only cell line with high
ASGRI mRNA expression, being fourfold higher than the
intermediate expression group. PHH show an ASGRI
mRNA expression approximately 14-fold higher than
HepG2 cells.

To examine the correlation between the ASGR1 mRNA
abundance and the protein expression level, flow cytome-
try analysis was used to quantify the protein level of
ASGR1 in all the hepatic cell lines, in PHH and in the
ASGPR-expressing model cell line 1-7-1 (Fig. 1b). The rel-
ative mean fluorescence intensity of the ASGRI1 protein
staining normalized to HepG2 cells indicates a correlation
with the mRNA level in most of the cell lines. HepG2 cells
show the highest ASGR1 protein expression, followed by
PLC/PRE/5 with approximately twofold decrease. Hep3B,
HuH6 and HuH7 cells show an intermediate ASGR1 pro-
tein expression. The remaining cell lines show a low or
negative expression for ASGR1 protein. PHH express a
low amount of ASGR1 protein which does not correlate
with the mRNA levels (see DISCUSSION).""*? The murine
model cell line 1-7-1 exhibits an intermediate ASGR1
protein expression (Fig. 1b).

To further evaluate the qualitative ASGR1 protein
expression on a cellular level, all cell lines were analyzed
using confocal laser scanning microscopy (Fig.S1). The
results from flow cytometry analysis were confirmed. A
strong positive ASGR1 staining, which was evenly distrib-
uted throughout the cells, was observed for HepG2 cells.
Cell lines with an intermediate ASGR1 protein staining
exhibit a heterogeneous staining distribution. PHH
which are much bigger in size compared with the he-
patic cell lines showed only a slight staining. 1-7-1 cells
resulted in a staining comparable to the intermediate
expression group.

ASGR1 mRNA expression in human liver
specimens

BECAUSE THE EXPRESSION of the ASGPR is a prerequi-
site for successful active targeting of hepatocytes in vivo,
we screened human liver specimens of patients with
HCC and non-neoplastic liver diseases for the ASGR1 ex-
pression. To evaluate the ASGR1 expression in human liver
tissue at the mRNA level, we performed a global
transcriptomic analysis using the GeneChip®Human Gene

© 2015 The Japan Society of Hepatology

Hepatology Research 2015

1.0ST array, as previously described.’ ASGR1 mRNA is
significantly reduced in HCC wmor samples compared
with healthy liver specimens (Fig.2a). In addition,
paired biopsies show a slight decrease of ASGRI mRNA
in HCC specimens compared with their non-tumoral
counterparts (Fig.2a). Of note, with increasing HCC
grade (Edmondson grade I1I-IV vs I-1I), ASGRI mRNA
is more markedly decreased (Fig. 2b). Although no signif-
icant changes are observed for ASGRI mRNA levels in tu-
mor samples of non-metastatic versus metastatic status or
high versus low proliferation index specimens (as defined
by Ki67 positivity) (Fig. 2¢,d), a clear trend in the direction
of decreased ASGRI mRNA expression in metastatic or
high proliferative tumor samples is noticeable. Patients’
stratification according to etiology revealed no significant
correlation with ASGR1 mRNA levels (Fig. 2e).

ASGR1 protein expression in human liver
specimens

To validate the results obtained by transcriptome profiling
of liver biopsies, we performed an immunohistochemistry
staining for ASGR1 protein in a large cohort of liver
specimens using a liver-specific TMA. The TMA comprised
a total of 446 liver samples with 350 specimens suitable
for further analysis as described in METHODS. Figure 3
(a-d) shows representative images of different ASGR1
protein staining intensities from 0 up to +3, indicating
negative, weak, moderate and strong ASGR1 expression,
respectively.

The TMA data analysis revealed that ASGR1 protein ex-
pression is reduced in HCC samples (P=0.057). Both the
HCC and non-neoplastic samples showed marked vari-
ability regarding ASGR1 protein staining (Table 1), further
corroborating our mRNA profiling. Interestingly, 58.2% of
the analyzed HCC cases were negative for ASGR1 staining,
versus normal liver, in which only 40.8% were ASGR1 neg-
ative (Table 1). It is noteworthy that with increasing HCC
Edmondson grade, the ASGR1 protein level decreases
(Fig. 4a, Table S1). Grade 1 HCC samples showed 21.9%
ASGR1 positive (+2) samples compared with 11.0% and
8.0% in grade 1l and Il HCC specimens, respectively
(Fig. 4a, Table S1). The analysis of tumor-node-metastasis
stage of HCC specimens revealed a clear decrease of
ASGR1 protein with increasing stage of HCC (Fig. 4b-d,

Table §1). Stratification of the TMA samples based on their

etiology revealed a decreased ASGR1 protein expression
for alcohol-related HCC compared with HBV/HCV-related
HCC. Less than 10% of the alcohol-related HCC showed a
+2/+3 ASGRI protein staining compared with 23.3% for
virus-related HCC samples (Fig, 4e, Table 51).
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Figure 2 Asialoglycoprotein receptor 1 (ASGR1T) mRNA expression levels in human liver tissue. Analysis of ASGRT mRNA expression
using Huge 1.0 RNA-microarray data. (a) Correlation of ASGR] mRNA expression in hepatocellular carcinoma (HCC) samples and
matched non-tumoral liver tissue. ASGR1 expression of HCC specimens in correlation with (b) Edmondson grade, (c) metastatic status,
(d) proliferation index and (e) etiology. Et-OH, ethyl alcohol; HBV, hepatitis B virus; HCV, hepatitis C virus.

To further explore the observed decrease of ASGRI
protein staining in the HCC specimens, we focused our
analysis on a subset of 59 HCC samples (comprised from
the original cohort used for the TMA construction)
matched with adjacent non-tumoral liver tissue. Figure 5
shows representative images of TMA punches from HCC
liver tissue (Fig. 5b) and matched, adjacent non-tumoral
liver (Fig. 5a). We observed decreased ASGR1 protein ex-
pression in HCC samples versus matched non-neoplastic
tissue in 25 out of 59 paired samples (Fig. 5¢). In the re-
maining matched samples, with the exception of one case,
there was no change in ASGR1 protein staining (33/59
paired samples). Overall, HCC specimens are twice as
often ASGR1 protein negative (67.8%) compared with
matched non-tumoral liver samples (33.9%). Interest-
ingly, the TMA analysis showed that some specimens
expressed a strong basolateral, sinusoidal ASGR1 mem-
brane staining. Representative images of liver tissue sam-
ples, exhibiting a preferred membrane (membrane score

1) versus homogenously distributed (membrane score 0)
ASGRI1 protein staining, are shown in Figure 3(e,f), respec-
tively. The membrane staining analysis reveals significantly
higher membrane staining (P=0.0003) in normal liver
specimens (68.9%) comparative to HCC samples
(35.1%) (Table $2).

Because cirrhosis is a major underlying cause of HCC,
we wanted to test if ASGR1 levels differed between the
two patient groups. Interestingly, ASGR1 protein expres-
sion is increased in cirrhotic tissue specimens compared
with normal liver or HCC samples (Table 1, Fig. 6a-c
inserts). More than 75% of the cirthotic tissue specimens
were ASGR1 positive, whereas only 42% showed
ASGR1 protein expression in HCC samples (P< 0.0001)
(Table 1).

Recently, it has been shown that cytokines involved in
inflammatory processes increase ASGPR levels,® To assess
if immune-mediated stimulation of ASGR1 protein
expression plays a role in cirrhosis, we performed a CD3

®© 2015 The Japan Society of Hepatology
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Figure3 Immunochistochemical staining of asialoglycoprotein receptor 1 (ASGR1) protein in tissue microarray punches. Representative
images of ASGR1 immunostaining with staining score (a) 0, (b) +1, (¢} +2 and (d} +3. (e) Images of samples with preferential ASGR1
membrane staining or (f) distributed ASGRI staining are shown (scale bars, 100 pm).

Table 1 Summary of asialoglycoprotein receptor (ASGPR) 1 protein levels in tissue samples from normal liver, hepatocellular

carcinoma (HCC) and cirrhotic nodules

2

Tissue Type ASGR1 Staining Score n (%) 2 3 X P
0 1

Normal liver 31 (40.8) 26 (34.2) 17 (22.4) 2(2.6) 7.523 0.0570
HCC 107 (58.2) 42 (22.8) 28 (15.2) 7 (3.8)

Normal liver 31 (40.8) 26 (34.2) 17 (22.4) 2(2.6) 6.269 0.0992
Cirrhotic nodules 19 (22.6) 38 (45.2) 25 (29.8) 2(2.4)

Cirrhotic nodules 19 (22.6) 38 (45.2) 25 (29.8) 2 (2.4) 31.710 <0.0001
Hee 107 (58.2) 42 (22.8) 28 (15.2) 7 (3.8)

Semiquantitative evaluation of staining intensity in normal liver (n=76), HCC (1 = 184) and cirrhotic nodules (n = 84) was performed using
tissue microarray (TMA). Results were analyzed using the xz—test, Corresponding P-values are given.

immunostaining to evaluate the rate of liver-infiltrating
T lymphocytes using the identical T™MA (Fig. 6, Table 2).
Of the 446 liver samples, 320 tissue specimens were suit-
able for further analysis as described in METHODS. We
observed a significant increase in CD3 protein staining
in cirrthotic specimens (91.4%) compared with normal
liver (53.6%) and HCC (54.3%) (P< 0.0001) (Fig.6,
Table 2). Moreover, of the CD3 positive cirrhotic speci-
mens, 63.5% had greater than 10% liver-infiltrating T
cells (Fig.6b) (data not shown). In sharp contrast, of
the CD3 positive normal liver (Fig. 6a) and HCC (Fig. 6¢)
specimens, only 27.0% and 43.6% had more than 10%
infiltrating T cells, respectively (data not shown). Low
but consistent levels of CD3 protein staining in normal

© 2015 The Japan Society of Hepatology

liver (>85% of all specimens had only <5% infiltrating
T cells) represent the normal physiological number of T
cells in human liver.

DISCUSSION

HE ASGPR IS abundantly and predominantly

expressed on parenchymal liver cells with up to
500,000 receptors/cell.'** Upon ligand binding, the
ligand-receptor complex gets internalized into the hepato-
cyte by clathrin-mediated endocytosis.”' Therefore, the
ASGPR is a promising receptor for targeted drug delivery
systems, especially for therapeutics which depend on inter-
nalization such as nucleic acids.”
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Figure 4 Asialoglycoprotein receptor 1 (ASGR1) protein expression levels in hepatocellular carcinoma (HCC) specimens. Analysis of
ASGRI protein expression using tissue microarray. ASGR1 expression of HCC specimens in correlation with (a) Edmondson grade,
(b) tumor (T) stage, (c) node (N) stage, (d) metastasis (M) stage and (e) etiology.
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Figure 5 Tissue microarray samples of hepatocellular carcinoma (HCC) and matched adjacent non-tumoral liver tissue samples. Rep-
resentative images of asialoglycoprotein receptor 1 (ASGR1) immunostaining in (a) matched adjacent non-tumoral liver tissue sample
and (b) HCC tissue area (scale bars, 100 pm). (¢) Comparison of ASGR1 expression in non-tumoral liver areas and corresponding HCC

tumoral areas.

Figure 6 Immunohistochemical staining of CD3 protein in tissue microarray punches. Representative images of CD3 immunostaining
in (a) non-tumoral liver tissue, (b) cirrhotic specimen and (c) hepatocellular carcinoma (scale bars, 100 pm). Inserts show
asialoglycoprotein receptor 1 immunostaining of identical tissue cores (scale bars, 50 um).

Several in vitro and in vivo models are available to study
ASGPR-targeted nanomedicines. Primary hepatocytes or
the large number of HCC-derived immortalized cell lines
are used for drug screening. 3-D hepatospheres reproduce

essential aspects of the in vivo situation and thus may be
more suitable for the translation of targeting strategies to
the in vivo situation.”® To study the effect of drugs on
HCC in vivo, there are many different animal models

®© 2015 The Japan Society of Hepatology
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Table 2 Summary of CD3 protein levels in tissue samples from
normal liver, hepatocellular carcinoma (HCC) and cirrhotic
specimens

Tissue type CD3 staining, n (%) i r
Negative Positive

Normal liver 32 (464) 37(53.6) 0010 0.9201

HCC 79 (457) 94 (54.3)

Normal liver 32(464) 37(53.6) 27.580 <0.0001

Cirthotic nodules 7 (8.6) 74 (91.4)

Cirthotic nodules 7 (8.6) 74(91.4) 33770 <0.0001

HCC 79(457) 94 (54.3)

Evaluation of CD3 staining in normal liver (n=69), HCC (n=173)
and cirthotic nodules (n = 81) was performed using tissue microarray
(TMA). Results were analyzed using the 3 -test. Corresponding P-
values are given

available including chemical-induced HCC, xenograft
models (ectopic, orthotopic, hollow fiber model) or genet-
ically modified animals. All of the different in vivo models
have specific advantages and limitations. A careful selec-
tion of the correct model is important for successful trans-
lation into the clinic. Several excellent reviews summarize
the various animal models.*” "

In vitro, hepatocyte targeting has mainly been studied
using HepG2 cells.”'"™* Some studies have been
performed with other cells lines such as HuH7 or
Sk-Hep1.>**® However, a systematic study directly compar-
ing ASGPR expression in several different hepatic cell lines
was so far missing. Here, we performed a comprehensive
analysis of ASGR1 expression both on mRNA and on pro-
tein level in 10 liver cancer-derived cell lines and in PHH. In-
terestingly, liver-derived cell lines display a wide spectrum
of variability from negative to intermediate/high ASGR1 ex-
pression. We observed a clear correlation between ASGR1
mRNA and protein level. The only exception is freshly iso-
lated PHH which show a high ASGR1 mRNA level but a
low protein expression. However, the PHH were prepared
by enzymatic digestion of liver tissue, a procedure which
has been shown previously to degrade the ASGPR.*'*

Liver cancer-derived cell lines are generally poorly differ-
entiated. However, after classification of the hepatic cell
lines into “poorly” and “well” differentiated cell lines
based on the expression of hepatic markers such as
a-fetoprotein and hepatocyte nuclear factor 4a,”” we ob-
served a clear correlation between differentiation status
and ASGRI1 protein expression. “Poorly” differentiated cell
lines such as Mahlavu or SNU449 are ASGR1 negative
whereas “well” differentiated cell lines such as HepG2 or
Hep3B show an intermediate/high ASGR1 protein expres-
sion, The correlation of ASGR1 protein expression levels

© 2015 The Japan Society of Hepatology
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with mRNA and with differentiation status in vitro was con-
firmed by subsequent microarray studies using human
liver-derived samples (see below).

Notably, only HepG2 exhibited a high and homoge-
neous ASGRI protein expression pattern. The other
ASGR1-expressing cell lines examined had a more heterog-
enous distribution among the cell population. Such results
further highlight the importance to carefully consider the
ASGRI1 expression level and expression pattern for preclin-
ical research on active targeted drug delivery systems
in vitro. The murine fibroblast cell line 1-7-1 showed inter-
mediate ASGR1 protein staining, which is comparable to
some human cell lines such as Hep3B or HuH7. Therefore,
our work confirms the value of this established model cell
line to study endocytotic processes®™* and intracellular
pathways upon ASGPR-targeted drug delivery.

In addition to the in vitro experiments, the major objec-
tive of our present study was to analyze ASGR1 expression
in human-derived liver tissue using a combination of RNA
microarray analysis and TMA evaluation. Our RNA micro-
array data were obtained from snap-frozen needle biopsies
of patients who did not receive any pharmacotherapy prior
biopsy collection, and not from resected liver specimens
that are often exposed to ischemic or therapy-induced
damage. This greatly increases the integrity of our study
because the quality of the tissue is optimally preserved.

Our study reveals that ASGR1 mRNA and protein
expression is reduced in HCC compared with normal,
non-tumoral liver. The reduction in ASGR1 is more prom-
inent in poorly differentiated (grade I1I/IV) HCC speci-
mens, It is important to mention that we obtained the
same trends for both mRNA and protein levels with two
independent patient cohorts (liver biopsies and liver
resected samples). Our results are consistent with other
studies which assessed only the ASGR1 protein levels in
smaller sample cohorts.®"%?

Our observations regarding the ASGRI1 protein expres-
sion pattern underscores the need for a careful evaluation
of targeted drug delivery approaches. Our study shows that
normal liver specimens have significantly higher levels of
membrane-associated ASGR1 compared with HCC sam-
ples. ASGR1 membrane expression is closely associated
with targeting efficiency, uptake efficacy and thus thera-
peutic benefit. The knowledge of ASGR1 expression and
cellular localization in liver tissue may have a significant
impact on the outcome of a targeted therapy. This
information is important, because clinicians can tailor
their patients” therapy on an individual basis. The knowl-
edge of molecular mechanisms influencing ASGR1
expression may be of additional benefit. Thus, further
studies are warranted.
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A surprising finding in our study was the increased
ASGR1 protein expression in cirrhotic specimens. This
may be attributed to a stimulation of the immune system.
Our study shows that cirrhotic specimens have signifi-
cantly higher levels of liver-infiltrating T lymphocytes com-
pared with HCC samples or normal liver specimens
(P< 0.0001). Therefore, it is tempting to speculate that
the activation of the immune system and increase in
liver-infiltrating T cells leads to an increased ASGR1 pro-
tein expression in patients suffering from cirrhosis. Most
probably an early immune response increases the ASGPR
expression in hepatocytes due to cytokine stimulation.®
Because cirrhosis is a major risk factor for HCC, our find-
ings are interesting for the development of new therapeutic
strategies. Further studies focusing on the interplay of the
immunobiology and the ASGPR expression in patients
with cirrhosis are warranted.®® In addition, future studies
should address the correlation of ASGR1 expression levels
and other clinicopathological factors (e.g. serum alanine
aminotransferase levels).

The ASGPR has been proposed as a promising
hepatocyte-specific drug target. However, we found a wide
spectrum of ASGR1 mRNA and protein expression in dif-
ferent patient liver samples. In contrast to the claims of sev-
eral previous studies on ASGPR-targeted nanomedicines,
here we show that this targeting approach may not be
suited to the treatment of all HCC cases. Indeed, our re-
sults clearly suggest that only a subset of patients would
benefit from such an ASGPR-targeted approach. Nonethe-
less, our study highlights that ASGPR assessment could be
used in HCC patients to allow for careful preselection of
patients® and to evaluate the possibility for an
ASGPR-based therapeutic intervention in early stages of
the disease.

Receptor-specific radiopharmaceuticals such as the
technetium-99m-labeled asialoglycoprotein analog TcGSA
offer the possibility of liver imaging and thus assessment
of ASGPR receptor status.”*®® This imaging agent is
already approved in Japan. Other ASGPR-imaging ap-
proaches are in preclinical development such as targeted
superparamagnetic iron oxide nanoparticles for magnetic
resonance imaging.®” The need for ASGPR-companion di-
agnostics can be demonstrated in a recent phase 1 clinical
trial in HCC patients. The HPMA copolymer-doxorubicin
conjugate PK2 (FCE28069) was developed to specifically
target parenchymal liver cells via the ASGPR in patients
with HCC.**®? The success rate was variable and only
some patients showed a response.® This may be attributed
to variable ASGPR expression levels in different patients,
which would be consistent with our study, where we show
lower and variable ASGR1 expression in HCC patients.

ASGRI expression in liver disease 9

In the future, trace-labeled analogs of the nanomedicine
product should be used in clinical trials to image the
receptor status.®” These theranostic strategies for combined
therapy and imaging offer huge potential benefits.”” The
individual nanomedicine distribution in patients can be
assessed to predict treatment outcomes and therefore
pave the way for personalized medicine. Targeted
nanomedicines may improve the intratumoral drug con-
centration and in addition trigger the uptake into hepatic
cells. For example, in the case of PK2, the targeting ligand
increased the intratumoral drug concentration in patients
with ASGPR positive HCC up to 50-fold compared with
the non-targeted polymer. However, further investigations
are necessary to address possible side-effects on healthy he-
patocytes that may express more ASGPR.

In summary, using a combination of in vitro and
human-derived data, we highlight the importance of a
detailed receptor expression assessment before using
ASGPR-targeted therapeutics. Our in vitro results give im-
portant information as to the correct model cell lines to
use to study ASGPR-targeted nanomedicines in the pre-
clinical setting. Our human liver tissue-derived data shows
the necessity to couple the development of ASGPR-
targeted nanomedicines with companion diagnostics in
order to achieve successful clinical outcomes. Increased
ASGPR expression levels in patients with cirrhosis (and
thus at higher risk of liver complications or HCC develop-
ment) offer promising therapeutic options. Further studies
to elucidate the ASGPR expression in patients with hepati-
tis or genetic diseases are needed to significantly increase
the success rate of pharmacotherapies against hepatocyte-
specific diseases,
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Supplementary Methods

Cell Lines

Liver cancer-derived lines HepG2., PLC/PRF/5, Hep3B, Sk-Hepl, and SNU449 were
obtained from the cell depository of the Institute of Pathology. University Hospital of
Basel, Switzerland, HuH6 and HuH7 were obtained from RIKEN Cell Bank (Ibaraki,
Japan). HLE was obtained from the Health Science Research Resources Bank (Osaka,
Japan). Mahlavu was kindly provided by Sanofi Aventis. Prof. Dr. Dietrich von
Schweinitz (University Hospital Basel. Switzerland) kindly provided the HepT1 cell
line '. The stable mouse NIH/3T3 fibroblast cell line 1-7-1. which expresses both
ASGPR subunits, was provided by Prof. Dr. Martin Spiess °. LiverPool 20-Donor
Mixed Gender Pooled Cryopreserved Human Hepatocytes were obtained from

BioreclamationIVT. All cell lines were cultured as recommended by the provider.
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Relative mRNA expression analysis of ASGRI in vitro using qRT-PCR

Total RNA for the quantitative real-time polymerase chain reaction (qQRT-PCR) was
isolated from cell lines at 80% confluence using TRI Reagent (Sigma Aldrich)
according to the manufacturer’s recommendation. Total RNA from Cryopreserved
Human Hepatocytes was extracted directly after thawing using TRI reagent. After a
DNAse digest, cDNA was synthesized using the ProtoScript M-MuLV Kit (New
England BioLabs) with random hexamer primers. qRT-PCR for the quantification of
ASGR!I mRNA expression was performed using predeveloped TagManAssays
(Invitrogen, Life Technologies) as described elsewhere *. The measurements of ASGR!
mRNA (Hs01005019_m1) were normalized to four different housekeeping genes,
namely beta-actin (Hs99999903 ml1), GAPDH (4310884E), PPIA (Hs99999904 ml),
and RPLPO (Hs99999902 ml). Relative mRNA expression in different cell lines was

calculated using the standard AAC,; method .

Flow Cytometry and Immunofluorescence

Quantitative analysis of ASGR1 protein expression in the different cell lines was
performed using flow cytometry analysis. The cells were incubated with the primary
anti-ASGR1 antibody (HPA011954; Prestige Antibodies®, dilution 1:25) at RT for 45
min. followed by incubation at 4°C with secondary R-PE GaR antibody (Invitrogen,
Life Technologies, dilution 1:200) for 60 min. Cells were excited at 561 nm and
doublets were excluded. The fluorescence signal of R-PE was detected in FL5 (586/15).
To analyze the relative ASGR1 protein expression FlowJo VX software (TreeStar) was

used.
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Immunofluorescence analysis for qualitative assessment of ASGRI1 protein expression
was performed using confocal laser scanning microscopy (CLSM). Cell lines were
seeded on poly-D-lysin coated coverslips and allowed to adhere for 24 hours. Cells
were fixed with 4% paraformaldehyde for 15 min and incubated with the primary
anti-ASGR1 antibody (HPA011954; Prestige Antibodies”, dilution 1:25) one hour at
RT. After three washing steps the secondary Alexa Fluor® 488 GaR antibody
(Invitrogen, Life Technologies, dilution 1:400) was added and cells were incubated
overnight at 4°C. After additional washing steps the nuclei were counterstained using
Hoechst 33342 (1 pg/mL). Finally, the cover slips were embedded in Prolong Gold
antifade reagent (Invitrogen. Life Technologies). The cells were excited at 488 nm and
the fluorescence was measured above 516 nm. Background fluorescence was assessed

using unstained cells.

Relative mRNA expression of ASGR1 in human liver tissue samples

RNA for the microarray was isolated and handled as previously described °. Briefly.
extracted RNA quality and quantity were analysed with the Bioanalyzer 2100 using the
RNAG6000 Chip (Agilent). DNAse-treated total RNA (270 ng) was subjected to target
synthesis using the WT Expression kit (Ambion) following standard recommendations.
Then the array was hybridised. The GeneChips were scanned with an Affymetrix
GeneChip Scanner 3000. DAT images and CEL files of the microarrays were generated
using Affymetrix GeneChip Command Control (v4.0). CEL files were imported into
Qlucore software and Robust Multichip Average (RMA), normalized. and principal
component analysed. Quantile normalization and data processing were performed using

the GeneSpringGXv11.5.1 software package (Agilent). The gene signature value was

© 2015 The Japan Society of Hepatology 3
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assessed using the BRB-ArrayTool (v4.3.2, NIH). Ingenuity software (Qiagen) was

used to perform pathway analysis.

Tissue Microarray (TMA) and Immunohistochemistry

TMA sections (4 pm thick) were immuno-stained with an anti-ASGR1 primary
antibody (Prestige Antibodies®, dilution 1:50) or an anti-CD3 primary antibody (Dako,
dilution 1:1600). followed by a HRP-conjugated secondary antibody using a ventana
system (Roche Diagnostics). Finally, the slides were stained with hematoxylin and
eosin. ASGR1 protein immunoreactivity was scored semi-quantitatively by evaluating
the staining intensity as described by Allred er al. ® (O=negative for ASGRI1 and
3=highest intensity of ASGRI). Clinico-pathological data of the different HCC subsets
are summarized in Supplementary Table 1. CD3 protein staining was scored as % of

infiltrating inflammatory cells.

© 2015 The Japan Society of Hepatology
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Supplementary Figures

Figure S1. Qualitative evaluation of ASGRI1 protein expression in different cell
lines by confocal laser scanning microscopy analysis. Representative
immunofluorescence images of ASGRI1 protein (green) expression in different liver
cancer-derived cell lines such as (a) HepG2, (b) PLC/PRF/5. (c) Hep3B. (d) HuHe6.
() HuH7. (g) SNU449, (h) Sk-Hepl. (i) Mahlavu, (k) HLE. and (1) HepT1. Panel (m)
shows primary human hepatocytes (PHH), and panel (e) the human ASGPR-expressing

mouse fibroblast cell line 1-7-1. Scale bars represent 20 um.

wn
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Supplementary Tables

Supplementary Table 1: Summary of ASGR1 protein levels in correlation with
clinico-pathological factors. Semi-quantitative evaluation of staining intensity in
hepatocellular carcinoma (n = 184) tissue specimens by tissue microarray (TMA)
analysis. Results were analyzed using the Chi-square test (% test). Corresponding p

values are given.

Factors ASGRI1 Staining Score n (%)
0 1 2 3 ¥2 Iz
Age </=65 27(57.4) 8(17.0)  9(19.1) 3(6.4) 2.682  0.4433
>65 80(58.4) 34(24.8) 19(13.9) 4(2.9)
Gender Female 22(56.4) 9(23.1) 6(15.4) 2(5.1) 0.02821 0.9988
Male 85(58.6) 33(22.8) 22(152) 5(3.4)
Nstage 0 87(54.0) 40(24.8) 27(16.8) 7(4.3) 4.551 0.2078
(11 missing values) | 10(83.3) 2(16.7)  0(0.0) 0 (0.0)
Tstage 12 61 (52.6) 29(25.0) 21(18.1) 5(4.3) 2416 04907
(18 missing values) 3.4 32(64.0) 11(22.0) 5(10.0) 2(4.0)
Mstage 0 80(53.3) 37(24.7) 26(17.3) 7(47) 4.805  0.1867
(11 missing values) | 17(73.9) 5(221.7) 1(4.3) 0 (0.0)
Edmondson stage  Well (I) 38(52.1) 18(24.7) 16(21.9) 1(1.4) 9718  0.1370
(4 missing values) Moderate (I1) 47 (57.3) 21(25.6) 9(11.0) 5(6.1)
Poor (I11) 19(76.0) 3(12.0) 2(8.0) 1 (4.0)
Multifocality No 38(49.4) 22(28.6) 14(182) 3(3.9) 3.693  0.2966
(9 missing valus) Yes 62(63.3) 19(19.4) 13(13.3) 4(4.1)
Vascular Invasion No 53(54.6) 27(27.8) 13(13.4) 4(4.1) 4.152 0.2455
(25 missing values)  yeg 38(61.3) 9(14.5) 12(19.4) 3(4.8)
Etiology Alcohol 20(62.5) 9(28.1) 2(6.3) 1(3.1) 3302 03474
(62 missing values) Viral _
Infection 48(53.3) 21(23.3) 18(20.0) 3(3.3)

®© 2015 The Japan Society of Hepatology 6
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Supplementary Table 2: Summary of ASGRI protein expression on cell membrane

in tissue samples from normal liver, hepatocellular carcinoma (HCC), and

cirrhotic nodules. Qualitative evaluation of ASGR1 membrane expression in ASGR1

protein positive samples from normal liver (n = 45), HCC (n=77), and cirrhotic

nodules (n = 65) was performed using tissue microarray (TMA). Results were analyzed

using the Chi-square test (i test). Corresponding p values are given.

Tissue Type ASGRI1 Membrane Score n (%)

0 1 12 p
Normal liver 14 (31.1) 31 (68.9) 13.030 0.0003
HCC 50 (64.9) 27 (35.1)
Normal liver 14 (31.1) 31 (68.9) 28.400 <0.0001
Cirrhotic nodules 53 (81.5) 12 (18.5)
Cirrhotic nodules 53 (81.5) 12 (18.5) 4.887 0.0272
HCC 50 (64.9) 27 (35.1)

© 2015 The Japan Society of Hepatology
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Highlights: Active drug targeting to parenchymal liver cells improves therapeutic efficacy in the
liver and reduces side effects in non-diseased tissues such as the spleen. This study aimed to develop
a hepatocyte-specific drug delivery strategy using pegylated liposomes modified with asialofetuin.
Active targeting of the hepatic asialoglycoprotein receptor (ASGPR) and internalization via receptor-
mediated endocytosis was studied 7z witro and confirmed 7z wvivo in the rat. Different types of
encapsulated model compounds, including membrane-linked fluorochromes and quantum dots, were
used to demonstrate the feasibility of the targeting strategy. This study is the first successful attempt
to target the hepatic ASGPR with ligand-conjugated, pegylated liposomes. This approach might be

instrumental to implement novel drug targeting strategies for the treatment of hepatic diseases.
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Hepatocyte targeting using pegylated asialofetuin-conjugated
liposomes
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'Department of Pharmaceutical Sciences, Division of Pharmaceutical Technology, University of Basel, Basel, Switzerland, and *Division of Clinical
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Abstract Keywords

Background and purpose: The hepatocyte asialoglycoprotein receptor mediates uptake of  Asialofetuin, asialoglycoprotein receptor,
desiaylated glycoproteins by receptor-mediated endocytosis. This work explores a hepatocyte- hepatocyte, HepG2, liver targeting,
specific targeting strategy using asialofetuin (AF) covalently coupled to pegylated liposomes. quantum dots

Methods: AF was conjugated to the distal end of polyethylene glycol-functionalized
phospholipids. Chemical modification of AF did not interfere with its receptor interaction.
AF-liposomes had a size of less than 130nm, were judged to be monodisperse and were
labelled with fluorescent organic dyes or loaded with gquantum dots,

Results: In vitro, binding and cellular uptake of fluorescent AF-liposomes by HepG2
hepatocellular carcinoma cells were reduced at low temperature and could be competitively
inhibited by an excess of unbound AF. Hepatocyte-specific targeting and internalization of AF-
liposomes in vivo was confirmed in the rat and could be competitively inhibited by co-injection
of unbound AF. In contrast, non-pegylated liposomes accumulated in cells of the reticulo-
endothelial system such as hepatic Kupffer cells and spleen after intravenous administration.
Conclusion: We conclude that the use of AF-conjugated, pegylated liposomes is a promising
strategy to avoid the reticuloendothelial system and specifically target hepatocytes via the
asialoglycoprotein receptor in vitro as well as in vivo.
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Introduction glycol (PEG) [7]. The hydrophilic PEG corona increases
the colloidal stability of particles, hinders the adsorption of
plasma proteins, minimizes nonspecific accumulation in liver
and spleen, and reduces systemic particle clearance.

Passive largeting of solid tumours with pegylated lipo-
somes has become an established therapy in various onco-
logical indications. However, some malignancies cannol be

Incidence rates of hepatic diseases have steadily increased
over the past decades, bul available pharmacotherapies are
often not optimal [1]. Delivery of compounds specifically to
hepatocytes (i.e. the liver parenchymal cells accounting for
approximately 80% of liver cell mass) would be desirable,
for instance, in chronic hepatitis caused by hepatitis B virus : ; ; :
(HBV) and hepatitis C virus (HCV) [2.3], non-alcoholic lfealed effeclfvely n lh]?‘,wu)" In pamcular., p::gylulled

liposomes with doxorubicin are not effective against
HCC [8]. Moreover, treatment of HCV infection necessitates
drug delivery to hepatocytes [9]. Virus latency in these cells
may lead to a phenotype, which is identical to one of the
healthy cells. Therefore, alternative strategies (o targel
hepatocytes are needed.

The most promising strategy to larget hepatocytes is via
the asialoglycoprotein receptor (ASGPR), which is predom-
inantly expressed on liver parenchymal cells [10] where it
exhibits a high affinity for terminal p-galactose (Gal) and
N-acetyl-D-galactosamine (GalNAc) residues of glycans from
glycoproteins [11,12]. In addition, similar binding affinities
between various mammalian species make this receptor an
ideal target to develop active drug delivery strategies for
hepatocytes. Gal attached to the surface of liposomes was
used in several studies, albeit with variable success [13-15]).
The binding affinity of bi- and tri-antennary glycan residues
Author fnr_:.‘nrres‘apfmdence: Prof. Dr. Jirg Huwyler, Department of towards the ASGPR is two to four orders of magnitude
i S D o PR o stonger b tatof slaed Gal o mono-iemnay
Switzerland, Tel: +41 ()61 267 15 13, E-mail: joerg.huwyler@ glycans  [10,16]. The naturally occurring glycoprotein
unibas.ch AF, for example, carries multiple Gal-terminated bi- and

steatohepatitis [4] and hepatocellular carcinoma (HCC) [5].
Moreover, delivery of genes would offer interesting thera-
peutic opportunities in genetic disorders such as Wilson's
disease, ol-antitrypsin defliciency, hereditary hemochroma-
losis and certain coagulopathies.

Specific targeting of drugs to the liver can be achieved
using particulate drug carriers such as liposomes |[6].
However, a major problem associated with this approach is
the unspecific phagoeytic uptake of nanoparticles and con-
ventional, non-pegylated liposomes by cells of the immune
system. This leads to a very short half-life of these particles in
the circulation and their accumulation in cells of the
reticuloendothelial system (RES), such as hepatic Kupffer
cells [6]. To overcome this limitation, the surface of particles
can be modified by covalent attachment of polyethylene
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tri-antennary glycans [17]. AF was previously used as a
targeting vector for liposomes and showed a predominant
uplake by hepatocytes in vitro and in vive [18-22]. However,
studies performed with Gal- or AF-conjugated liposomes
exhibited marked variability with respect to the extent and
specificity of the uptake by hepatocytes, probably because all
of them employed conventional, non-pegylated liposomal
formulations.

This study aimed to develop and validate a drug targeting
strategy for hepatocytes in vitro and in vivo. AF was attached
to pegylated liposomes using PEG as a linker. allowing AF 1o
be flexibly tethered to the liposome surface. Cellular binding
and intracellular accumulation of AF-PEG-liposomes were
studied in vitro using the hepatocellular carcinoma cell line
HepG2. Specific targeting of hepatocytes and avoidance of
the RES in vive were demonstrated in the rat. Different types
ol encapsulated model compounds, including membrane-
linked fluorochromes and quantum dots (QDs), were used to
demonstrate the feasibility of the targeting strategy.

Materials and methods
Materials

Asiaolofetuin (AF, Lot. 069K7425V), 5(6)-carboxyfluorescein
(CF). 5(6)-carboxyfluorescein N-hydroxysuccinimide ester
(CF-NHS), cholesterol, 2-iminothiolane (Traut’s reagent),
5,5-dithiobis(2-nitrobenzoic acid) [Ellman’s reagent], poly-
D-lysine hydrobromide (mol wt 70000-150000), Hoechst
33342, 7-amino-actinomycin D (7-AAD), Mowiol 4-88
and all other reagents were of analytical grade and were
obtained from Sigma-Aldrich (Buchs, Switzerland). The
lipids  1.2-distearoyl-sn-glycero-3-phosphocholine  (DSPC),
1.2-distearoyl-sn-glycero-3-phosphoethanolamine  (DSPE),
DOPE-N-(carboxylluorescein) [PE-CF], DSPE-N-(polyethy-
leneglycol-2000) [DSPE-PEG(2000)], DSPE-N-(maleimide
polyethyleneglycol-2000)  [DSPE-PEG(2000)-Mal]  and
DOPE-N-(lissamine rhodamine B sulfonyl) [PE-Rho] were
purchased from Avanti Polar-Lipids (Alabaster, AL). QDot
625 ITK was obtained from Invitrogen, Life Technologies
(Zug, Switzerland). The modified Lowry protein assay kit and
CBQCA protein quantification kit were obtained from Pierce
{Rockford, IL) and Molecular Probes (Eugene, OR), respect-
ively, and were used with bovine serum albumin (BSA) or AF
as a standard.

Fluorescent labelling of asialofetuin

AF was labelled with CF-NHS by cross-linking the
N-terminus of the protein backbone or the s-amines of
lysine side chains. In brief, AF was incubated together with a
10-fold excess of CF-NHS in a NaHCO; buffer (50 mM,
pH 8.5) for 2h on ice. Excess of CF-NHS was removed by
FPLC size exclusion chromatography using a Sephadex G-50
fine column (1.6cm x 20em, GE Healthcare) eluting with
0.01 M phosphate-buffered saline (PBS; 0.01 M phosphate
and 150 mM sodium chloride), pH 7.2. Eluates were stored at
—20°C. Final protein concentration was determined using a
modified Lowry protein assay. The degree of fluorescent
labelling was calculated based on absorbance measurements
at 280nm using different molar extinction coefficients for
protein and [Muorescent dye.
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Preparation and characterization of liposomes

Thiolation of proteins and coupling to pegylated liposomes
throngh maleimide-functionalized lipids were done as
described previously [23]. In brief, AF (2.7 mg, 60nmol)
was dissolved in a buffer containing 0.1 M phosphate and
I mM  ethylenediaminetetraacetic  acid (EDTA), pH 8.
All experiments were carried out with the same batch of
AF. The solution was thiolated with a 200-fold molar
excess of Traut’s (2-iminothiolane) reagent for 1 h at room
temperature. Thiolated AF was purified and concentrated in
Amicon Ulira-4 centrifugal filter units, 10kDa cut-off
(Millipore, Zug, Switzerland), with 0.1 M PBS containing
ImM EDTA, pH 7.2. The amount of attached sulfhydryl
groups was determined by Ellman’s reaction [23]. using a
freshly prepared cysteine solution as a standard. In parallel,
DSPC (5.5 umol), cholesterol (4.5 pmol), DSPE-PEG(2000)
(0.27 pmol), DSPE-PEG(2000)-Mal (0.06 pmol) and PE-Rho
(0.04 pmol) or PE-CF (0.04 pmol) were dissolved in chloro-
form/methanol (2:1, v/v). For conventional. non-pegylated
liposomes, DSPE-PEG(2000) and DSPE-PEG(2000)-Mal
were replaced by DSPE (0.33 pmol). Solvent was removed
at 60°C using a Rotavapor A-134 (Biichi, Switzerland). After
1 h, a homogenous dry lipid film was formed, which was
hydrated for 10 min at 60°C by agitation after addition of 3 g
glass beats (diameter 5mm) and 1 ml of 0.1 M PBS contain-
ing 1mM EDTA, pH 7.2. For passive loading of carboxy-
fluorescein, the hydration buffer was supplemented with
5(6)-carboxylTuorescein (60 mM). The resulting multilaminar
vesicles were subjected to five freeze-thaw cycles. Liposomes
were extruded at 60°C five times through a polycarbonate
membrane with a pore size of 100 nm (Avanti Polar-Lipids,
Alabaster, AL) and nine times through a membrane with a
pore size of 50 nm. For AF conjugation, the thiolated protein
was mixed with liposomes and incubated overnight at room
temperature. Conjugated liposomes were purified by size
exclusion chromatography using a Superose 6 prep column
(1.6ecm x 20em, GE Healthcare) eluting with 0.01 M PBS,
pH 7.2. Average liposomal sizes and zeta potential were
measured by dynamic and electrophoretic light scattering,
respectively, using a Delsa Nano C (Beckman Coulter. Nyon,
Switzerland). Liposomes loaded with QDs were prepared
with the following modifications: Lipids were hydrated in a
100-nM solution of QDs 625 ITK in 0.1 M PBS containing
ImM EDTA, pH 7.2, and extrusion was performed five
times through a 200-nm filter, followed by nine extrusions
through an 80nm filter. The amount of AF coupled to
liposomes was measured by the CBQCA protein quantifica-
tion kit (Molecular Probes, Life Technologies, Grand Island,
NY). Lipid content was either calculated based on peak areas
from size exclusion chromatography or determined by a
modified Stewart assay [24], using DSPC as a standard. In
brief, samples were incubated with chloroform:aqueous 0.1 M
ammonium ferrothiocyanate (1:1; v/v), vortexed and centri-
fuged at 300 ¢ for 5 min at room temperature. Absorbance of
the chloroform layer was measured at a wavelength of 485 nm.

Cell culture

HepG2 cells were kindly provided by Prof. Dr. Dietrich von
Schweinitz (University Hospital Basel, Switzerland). The
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cells were cultured at 37°C under 5% CO, and saturated
humidity in DMEM low glucose (1 g/l) containing 10% foetal
bovine serum (FBS), 0.1 mM non-essential amino acids
(NEAA), 2mM Glutamax and 10mM Hepes (all obtained
from Gibco, Life Technologies). Cells were confirmed to be
free of mycoplasma (MycoAlert, Lonza, Rockland. ME).

In vitro uptake assay and confocal fluorescence
microscopy

HepG2 cells were cultured on poly-D-lysine-coated glass
cover slips (#1.5. Menzel. Braunschweig. Germany). Cells
were washed with warm D-PBS (Gibco) and pre-incubated
for 1h in DMEM low glucose without phenol red. For
competition experiments, free AF was added to the medium
during the pre-incubation period. Cells were incubated for the
indicated period with AF-CF or liposomes conjugated with
AF-PEG at 4°C or 37°C. Nucleus counterstaining was
performed by adding Hoechst 33342 (1 pg/ml) during the last
Smin of the uptake experiment. Cells were washed three
times with cold D-PBS and fixed for 15min with 2%
paraformaldehyde at 4°C, After an additional washing step,
slides were embedded in Prolong Gold antifade reagent
(Gibco) and sealed with nail polisher after drying. Samples
were analysed with an Olympus FV-1000 inverted confocal
fluorescence microscopy (Olympus Lid., Tokyo, Japan),
using a 60x PlanApo N oil-immersion objective (numerical
aperture 1.40). Images were processed using either Imaris
software (version 7.4, Bitplane, Ziirich, Switzerland) or
Gimp 2.8 software (GNU image manipulation programme,
http:/fwww.gimp.org). Liposomes containing QDs were
activated by illumination at 400 nm (210mW/ecm?®) or
490 nm {I9UmW;‘cm2). using a pE-2 LED (CoolLED,
Andover, UK) excitation system. Lambda scans of images
containing QDs were done with a fixed excitation wavelength
of 488 nm and variable emission between 550 nm and 700 nm,
with a bandwidth of 10nm and step size of 2nm. Defined
regions of interest (ROIs) were analysed using the Olympus
Fluoview software (version 3.1, Olympus).

Flow cytometry

Uptake experiments and competition studies were performed
as described above. Cells were washed three times with cold
D-PBS and detached using Accutase (Sigma-Aldrich), fol-
lowed by centrifugation at 200g for Smin at 4°C and
resuspended in staining buffer containing D-PBS, 2% FCS
and 0.1% NaNi. To exclude fluorescence signal of surface
bound carboxylMuorescein-conjugates, trypan blue (0.2%) was
added as a quenching agent [25]. For analysing extracellular
ASGPR, cells were incubated in staining buffer with mouse
anti-human ASGPR-1/2 IgG (diluted 1:40) for 30min at
20°C. After washing and centrifugation (200 g for 5min at
4°C), the cells were incubated with goat anti-mouse-RPE
(diluted 1:200) in staining buffer (30min at 20°C). To
exclude apoptotic cells, 7-AAD (2 pg/ml) was added to the
cell suspension at least 20min prior to analysis. Flow
cytometry analysis of 10000 to 20000 cells was carried out
using a FACS Canto II llow cytometer (Becton Dickinson,
San Jose, CA) and FlowJo VX software (TreeStar, Ashland,
OR}). The cells were excited at 488 nm and apoptotic cells

J Drug Target, 2014; 22(3): 232-24

were excluded using FL2 (685LP — 695/40). The [luorescence
signal of CF was detected in fluorescence channel FLI
(505LP — 530/30).

Animal experiments

All animal experiments were carried out in accordance with the
Swiss legislation on animal welfare. Male CD rats (300 g body
weight, n =3 animals for each experiment) with catheterized
jugular vein were obtained from Charles River Laboratories
(L'Arbresle Cedex, France). Non-pegylated liposomes (nom-
inal 3 pmol phospholipids per animal), AF-PEG-liposomes
(nominal 3 pmol phospholipids per animal). free AF in 0.9%
NaCl (7mg per animal) or a carbon black solution (1 ml/kg
body weight, diluted 1:9 using 0.9% NaCl; Pelikan, Hannover,
Germany) were injected intravenously. Animals were eutha-
nized after 30 min, liver and spleen tissue were snap-Irozen in
isopentan/liquid nitrogen, and cryosections of 10um were
prepared. After drying the samples on Superfrost Plus Ultra G
90 microscope slides (Menzel), samples were washed with
D-PBS and fixed with 2% PFA for 15 min at 20 °C. Slides were
counterstained with Hoechst 33342 (1 pg/ml), mounted in
Mowiol 4-88/p-phenylenediamine (9:1. v/v), and analysed by
microscopy as described above.

Results
Asialofetuin as a vector

Specific binding and uptake of AF by ASGPR was studied
in vitro using human hepatoma HepG2 cells. Control experi-
ments (data not shown) confirmed expression of the ASGP
receptor by HepG2 cells. Desialated glycoprotein AF was
labelled with carboxyfluorescein-NHS. After purification by
size exclusion chromatography, the degree of labelling was
calculated to be in the range of 3.0 10 4.2 fluorophore molecules
per molecule of protein. Incubating HepG2 cells for 20 min
with (.23 uM fluorescent-labelled AF (corresponding to 10 pg/
ml) resulted in a particulate fluorescent staining pattern
(Figure 1A). This concentration is around 10000 times lower
than the concentration CF starts to self-quench. Therefore,
quenching effects were excluded. Competitive inhibition of
cellular binding and uptake was achieved in the presence of a
100-fold excess of unlabelled AF (Figure 1A, inset).

Flow cytometry analysis ol HepG2 cells incubated with
0.23 pM of fluorescent AF (Figure 1B) confirmed the uptake
of labelled AF by the majority of target cells. Specificity
of AF binding was demonstrated by competitive inhibition in
the presence of unlabelled AF. Uptake rather than binding
was confirmed by incubation at lower temperature (4°C)
(Figure 1C) and trypan blue quenching (Figure 1D). AF-CF is
not degraded upon prolonged storage (several months at 4 °C)
and showed the same results in control experiments {(data not
shown). In contrast, incubation with fluorescent-labelled
galactose resulted in considerably lower fluorescent signals,
even at receptor ligand concentrations that were higher by two
logarithmic orders (data not shown).

Liposomal preparation

After optimizing the vector for targeting ASGPR on the
surface of hepatocytes, AF-conjugated liposomes loaded with
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Figure |. Uptake of fluorescent-labelled AF by HepG2 cells. Panel A: HepG2 cells were incubated for 20 min with carboxyfluorescein-coupled AF and

analysed by confocal fluorescence microscopy. An overlay of the fluorescence signal with a differential interfere

¢ contrast image is shown.

Competitive binding inhibition of fluorescent AF was achieved by using a 100-fold excess of unlabelled AF (insert). Scale bars = 20 um. Panel B/C/D:
Flow cytometry analysis of HepG2 cells incubated for 20 min. Incubation with carboxyfluorescein-coupled AF (black histogram) and untreated control
cells (white histogram) are shown. Panel B: Competitive inhibition of fluorescent AF binding using a 100-fold excess of unlabelled AF (grey
histogram). Panel C: Incubation at 4°C (grey histogram, dashed line), Panel D: Quenching of surface bound signals with trypan blue for control cells
(white histogram, dotted line) and carboxyfluorescein-coupled AF incubated cells (grey histogram. dotted line). Horizontal axis: relative fluorescence
intensity of signal collected in FL1 (se¢ Materials and methods). Viable cells were gated based on 7-AAD exclusion,

different fluorescent cargos were prepared to study in vitro
and in vive targeting strategies. Maleimide-functionalized
pegylated phospholipids were incorporated into the liposomal
formulation (Figure 2A). Chemical coupling of thiolated AF
resulted in the formation of a metabolically stable thioether
bond. The size of unilamellar liposomes was adjusted by
extrusion through polycarbonate filters with a defined pore
size, Depending on the lipid mixture and cargo, vesicles with
a particle size between 88nm and 126 nm were obtained
(Table 1). The size distribution of liposomes was narrow
as judged by a polydispersity index of less than 0.12. All
colloid preparations had a moderate anionic zeta potential
(Table 1).

Adding small amounts of pegylated lipids to liposomes
resulted in a significantly smaller particle size, compared to
their non-pegylated variants. This phenomenon can be
attributed to dehydration of the lipid bilayer which enhances
the lateral packing of the fatty acid acyl chains [26]. The
addition of pegylated phospholipids considerably facilitated
the force needed for the extrusion process, increased the
apparent stability and was a prerequisite for in vive largeting
of hepatocytes. Liposomes loaded with QDs were extruded
through a filter with a pore size of 80nm only. Extrusion
through S0nm filters was not possible, resulting in slightly
larger vesicles. Liposomal formulations could be stored for up
to 14 months at 4°C with no increase in mean particle size
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AF couphed lpid

Figure 2. Schematic representation of the AF-PEG-liposome bioconjugation and cellular uptake by HepG2 cells, Panel A: Maleimide-functionalized
pegylated DSPE was used as a chemically reactive phospholipid. This linker is an integral part of the liposome membrane. The reaction with thiolated
AF gives rise to a metabolically stable thioether linkage. Liposomal cargos included carboxyfluorescein, thodamine and quantum dots (QDs). Panel B:
schematic representation of AF-PEG-liposomes loaded with carboxyfluorescein. Panel C: confocal microscopy analysis of HepG2 cells incubated with
fluorescent AF-PEG-liposomes (panel B, green signal). Panel D: competitive inhibition of uptake of fluorescent AF-PEG-liposome (panel C) using
unlabelled AF. Panel E: schematic representation of AF-PEG-lippsomes loaded with QDs. The liposomal membriane was co-labelled with
carboxyfluorescein-conjugated phospholipids. Panel F: HepG2 cells incubated at 37 °C with AF-PEG-liposomes (panel E} loaded with QDs (red signal)
and co-labelled with carboxyfluorescein (green signal). Panel G: binding but no cellular uptake of AF-PEG-liposomes (panel F) following incubation at
reduced temperature (4 °C). Cell nuclei are visualized using Hoechst 33342 (blue signal), Scale bars = 10 pym.

Table 1. Characterization of liposomes.

Formulation Mean particle size (nm) PDI Zeta potential (mVY)
Non-PEG-Liposomes 107 £8 (n=3) 0.112+£0.055 (n=3) -11.6+£33(n=3)
PEG-Liposomes 881 (n=3) 0.044 £0.014 (n=3) -17.8+69 (n=13)
AF-PEG-Liposomes 9T+3(n=6) 0,060 £ 0,032 (n=6) -11.8+4.6 (n=35)
AF-PEG-Liposomes/QD 126£ 10 (n=T) 0060 0019 (n=7) =13.1 28 (n=T)

Analysis of liposomal preparations by dynamic and electrophoretic light scattering. Samples were considered to be monodisperse
as indicated by a polydispersity index (PDI <{0.2. Values are means = SD.

and only marginal changes with respect to polydispersity two sulfhydryl groups per molecule of AF, as analysed by

(data not shown). Ellman’s reaction, The amount of AF bound per vesicle
For thiolation of AF, a molecular excess (200 times) of  was in the range of 30 to 270 molecules, based on the
2-iminothiolane was used. This resulted in an average of assumption that a 100-nm liposome contains approximately
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80000 phospholipid molecules [27]. The average coupling
efficiency was 20% of the used thiolated AF. Total amount of
bound ligand was calculated based on the comparison of peak
integrals from the corresponding size exclusion chromato-
grams, the amount of AF bound to the liposomal surface as
determined by the CBQCA protein assay, and the amount of
lipids determined by a modified Stewart assay. For in virro
studies, carboxylluorescein was loaded inside the liposomes
as a solution (Figure 2B), or incorporated into the liposomal
membrane by using carboxyfluorescein-labelled phospho-
lipids in combination with QDs (Figure 2E).

In vitro targeting of liposomes using asialofetuin as a
vector

To visualize cellular interactions of AF-conjugated liposomes,
a self-quenching solution of the fluorescent dye CF was
passively loaded into liposomes. Alter a 30-min incubation of
AF-PEG-liposomes with HepG2 cells, a distinet intracellular
fluorescent staining pattern was obtained. Pre-incubation of
cells with an excess of unlabelled AF led to competitive
inhibition of cellular binding and uptake (Figure 2. panels C
and D).

QDs were incorporated into liposomes as alternative
fluorescent dyes to improve the fluorescent signal-to-noise
ratio and to explore targeting stralegies for nanosized
particles. Liposome-encapsulated QDs had to be photo-
activated by UV-irradiation at a wavelength of 490nm for
3min. Longer irradiation of the cells did not result in an
increase in signal strength. Incubation of the sample at lower
wavelength, even for a short period (15s), resulted in a strong
background signal from the cells and made detection of
QDs difficult (data not shown). Emission spectra of QDs after
their cellular uptake by HepG2 cells were investigated to
demonstrate the presence of QDs within the target cells.
The emission maximum of QDs shifted from 623nm to
610nm after liposomal incorporation. A lambda scan of
HepG2-cell-associated QDs confirmed a narrow and charac-
teristic emission peak at 610nm which was not affected by
prolonged exposure of cells to UV light. HepG2 cells
were incubated for 40min with QDs incorporated in AF-
PEG-liposomes. The liposomal membrane was additionally
labelled with CF to track the liposome separately from its
cargo. Distribution and co-localization were investigated after
uptake or binding at 37°C and 4°C, respectively (Figure 2,
panels F and G). While the QDs and liposomes accumulated
intracellularly at 37°C, indicating cellular uptake and accu-
mulation within the endosomal or lysosomal compartments, a
distinct distribution on the cell surface was visible at 4°C.

In vivo targeting of rat hepatocytes

In a first set of in vive experiments, the uptake of AF-
PEG-liposomes and non-pegylated liposomes in liver and
spleen was determined in rats 30min after i.v. injection
via indwelling catheters implanted into the jugular vein
(Figure 3). The uptake of [luorescent liposomes in liver and
spleen for targeted and non-pegylated liposomes showed
completely different uptake patterns. Non-pegylated liposomes
showed an accumulation in the spleen (Figure 3D), whereas
AF-PEG-liposomes accumulated in the liver (Figure 3A).
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The cellular localization of conventional, non-pegylated
fluorescent liposomes in the liver was determined in rats
30 min after i.v. injection (Figure 4, panels A-C). Liposomes
were co-administered with carbon black (i.e. a marker for
hepatic Kupffer cells [28]). Analysis of liver cryosections
revealed a distinct distribution pattern of carbon black and
rhodamine, indicating co-localization of carbon black and non-
pegylated liposomes within Kupffer cells (Figure 4C). In
contrast to non-pegylated vesicles that accumulated in Kupffer
cells, AF-PEG-liposomes accumulated within hepatocytes
(Figure 4, panels D and E). In these experiments, rhodamine-
labelled liposomes were injected i.v., and liver cryosections
were analysed after 30 min (Figure 4D). Homogenous distri-
bution of fluorescent liposomes was observed throughout the
liver parenchyma, corresponding to the ubiquitous presence of
hepatocytes. Competitive inhibition was achieved using an
excess of free AF (Figure 4E).

Discussion

The ASGPR is a C-type lectin receptor predominantly and
abundantly expressed on the surface of liver parenchymal
cells (i.e. hepatocytes). Binding of terminal galactosyl
residues induces clathrin-medialed endocytosis [1]. This
project aimed to exploit this physiological uptake mechanism
to implement a hepatocyte-specific drug targeting strategy.
Liposomal drug carriers were thereby covalently linked to
an ASGPR ligand promoting hepatocyte binding and cellular
uptake of the nanoparticles. This work is the first to employ
AF covalently coupled to the surface of pegylated liposomes.
Thereby, PEG had a dual role. First, pegylation of liposomal
carriers prevents their interactions with phagocytic cells of
the RES including spleen and hepatic Kupfler cells [29].
Systemic plasma clearance of liposomes is therefore
reduced resulling in an enhanced apparent terminal half-life
of liposomes in human from minutes to days [6]. As a
consequence, the area under the time versus plasma concen-
tration curve increases, which is a prerequisite for the
implementation of drug targeting strategies in vivo. Second,
PEG with a molecular weight of 2000 Da was used as a tether
to attach AF to the surface of the liposome. AF is thereby
linked to the tip of the PEG chain. Thus. the targeting vector
extends from the hydrophilic PEG-corona and can freely
interact with the ASGPR.

As an alternative to monoclonal antibodies, cell-specific
receplors can be targeted with artificial or naturally occurring
ligands. Gal or GalNAc bind to ASGPR [15] and can be used
as robust, cheap and widely available vectors. In the past,
various nanoparticles have been linked to Gal to deliver
different cargos to hepatocytes with variable success and
specificity [30.31]. High surface concentrations of Gal are
thereby needed because naturally occurring, high-affinity
ligands of the ASGPR contain multi-antennary glycan resi-
dues. It can thus be argued that clusters of Gal residues
attached to a liposome are necessary to mimic a high-affinity,
multi-antennary glycan. If we take into consideration that the
optimal distance for tri-antennary binding of the terminal Gal
to the ASGPR lies between 1.5nm and 2.5nm [11] and the
Gal residues are evenly distributed on the liposomal surface,
we would need an average of 5000 to 14000 terminal Gal
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Figure 3. In vive accomulation of AF-PEG-liposomes and non-pegylated liposomes in rat liver and spleen. Analysis by confocal fluorescence
microscopy of representative rat liver (panel A/B) and rat spleen (panel C/D) cryosections 30 min after i.v, injection of rhodamine-labelled AF-PEG-
liposomes (panel A/C) and non-pegylated liposomes (panel B/D) (red signal). Cell nuclei are visualized using Hoechst 33342 (blue signal). Scale

bars = 100 um (liver): 200 pm (spleen). # =3 animals per experiment.

residues for a liposome with a diameter of 100 nm., which
means that approximately 6% to 17% of the 80000 phospho-
lipids in a 100-nm liposome must carry a Gal [27]. However,
an excess of surface-bound terminal Gal leads to an unspe-
cific uptake of particles by Kupffer cells despite the protective
properties of PEG. This detrimental effect was observed by
Shimada et al., who used up to 20mol% galactosylated
lipids on the surface of pegylated liposomes, leading to
a preferential uptake by Kupffer cells [14].

In view of these problems. we decided to select a
desialated glycoprotein (i.e. AF) with multi-antennary
Gal-terminated residues as an alternative for targeting the
ASGPR. With its bi- and tri-antennary N-linked glycans,
AF is specifically taken up in the liver by hepatocytes through
the ASGPR [32]. Furthermore, it is recognized by hepatocytes
from different species. is commercially available, and can be
easily modified to be non-immunogenic for use in humans.
To this end, multi-antennary glycan residues can be isolated
from AF, or the whole protein can be replaced with the
human analogue =-2-HS-glycoprotein [33]. AF was modified
by a reaction with fluorescent NHS esters or 2-iminothiolane
which react with the z-amine at the N-terminus and the

e-amines of lysine side chains to form a stable amide bond
(Figure 2A). This derivatization of AF did not interfere with
ASGPR binding, Thus, a modification of the protein back-
bone to enable a subsequent coupling to nanoparticles is not
critical, since the oligosaccharides mediating ASGPR inter-
actions are not affected. In contrast to experiments with
[Muorescent-labelled Gal (data not shown). binding of AF
could be inhibited with an excess of free AF, demonstrating
specific cellular uptake by the ASGPR (Figure 1). At4°C, no
cellular uptake of fluorescent-labelled AF was observed. This
finding confirms an active and energy-dependent uptake
mechanism for AF at 37°C (Figure 1C). Additionally, trypan
blue quenching did not change the relative [luorescence
intensity at 37 °C (Figure 1D). This confirms the intracellular
localization of AF-CF because trypan blue only quenches
free or surface-bound fluorescent dye [25]. It should be noted
that the characteristics of binding to and uptake by hepato-
cytes differed markedly between different AF batches. Batch-

to-batch differences were caused by incomplete removal of

sialic acid from fetuin during processing by the manufacturer.
This could be demonstrated by a mobility shift of AF in
SDS-PAGE aflter treatment with sialidase (data not shown).
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Figure 4. In vive accumulation of non-pegylated liposomes in Kupffer cells and AF-PEG-liposomes in rat hepatocytes. Panel A: Analysis by confocal
fluorescence microscopy of representative rat liver cryosections 30 min after i.v. injection of rhodamine-labelled non-pegylated liposomes (red signal).
Panel B: Non-pegylated liposomes were administered together with colloidal carbon, a marker for Kupfter cells (black signal, differential interference
contrast microscopy). Panel C: overlay of panels A and B. Insert panel C: nuclear staining using Hoechst 33342 (blue) of the same specimen. Panel D:
Analysis by confocal {luorescence microscopy of rat liver cryosections 30 min after i.v, administration of rhodamine-labelled AF-PEG-liposomes (red
signal), Panel E: Competitive inhibition of in vive uptake of rhodamine-labelled AF-PEG-liposomes by co-injection of unbound AF. Nuclei were
stained with Hoechst 33342 (blue signal). Scale bars =40 pum. n =3 animals per experiment.

All liposomal formulations used in this study were judged to
be monodisperse with a particle size below 130 nm. Access to
the space of Disse (perisinusoidal space) is therefore granted
[31]. Liposomes were prepared using a mixture of 53:44
(mol%) DSPC/Chol. This lipid composition is important,
because a higher phosphatidylcholine content of galactosy-
lated liposomes may limit their hepatic extravasation and
uptake [34].

In this study, the amount of surface-conjugated AF on
liposomes covered a range between 30 to 270 molecules of
alycoprotein per liposome. However, the density of receptor
ligands on the surface of liposomes had no apparent impact
on the results. Although this variability was shown to be of no
concern, a post-insertion technique might be a more manage-
able approach to control the final amount of surface-coupled
vectors per liposome. In addition to classical fMuorescent dyes,
QDs were used to load liposomes. QDs are inorganic
nanocrystals composed of specific semiconductors, such as
CdSe. Although the diameter of the QDs. including the ZnS
shell and polymer coating, is stated by the supplier 1o be
around 10 nm, it was not possible to produce liposomes of a
size below 100 nm by filter extrusion, in contrast to liposomes
containing organic dyes (Table 1). The quantum yield of QDs
is lower than that of organic dyes. But the higher absorption
rate and increased photostability result in a brighter

fluorescent signal, which opens up new possibilities to track
the delivery of nanoparticles in wvitro and in vive. In
fluorescence microscopy. the large Stockes shift and narrow
emission spectra facilitate differentiation of the fuorochrome
from the background [35]. Various applications of QDs as
bioconjugates and their use in live cell imaging were
extensively reviewed elsewhere [36,37]. However, QDs have
to be photoactivated to overcome non-linear fluorescent
properties, intermittent fluorescence emission (blinking) and
extensive quenching of the fluorescent signal within cells
[38]. In addition, the shell surrounding the core of the
nanocrystal plus the overlaying coating determines not only
the solubility and intracellular stability of QDs, but also their
optical properties [36]. These limitations of QDs precluded
quantitative evaluation of cellular uptake and the use of rapid
analytical technologies, such as FACS analysis.

Many desialated glycoproteins, including AF, are taken up
specifically by hepatocytes rather Kupffer cells [39].
Consequently, AF-mediated drug targeting is expected to be
specific for hepatocytes. Two lines of evidence support this
notion. First, a strong and specific interaction with HepG2
liver hepatocellular carcinoma cells of fluorescent AF and
AF-PEG-liposomes was demonstrated in vitro. Binding and
cellular uptake were competitively inhibited by free AF.
Binding. but not uptake, was observed at 4 °C, indicating an
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energy-dependent, endocytotic process. Second, AF-PEG-
liposomes accumulated in the majority of cells within the
liver after i.v. injection and not in other organs, as
demonstrated by the lissue staining patierns. Competitive
inhibition of liver tissue accumulation in vive was achieved
by co-injection of free AF. This confirms a specific
interaction with the ASGP receptor and the absence of
receplor oversaturation by AF-PEG-liposomes. Observed
effects were different from those resulting from accumulation
of nanoparticles within the RES, ie. Kupffer cells. In
contrast, non-pegylated liposomes showed a strong accumu-
lation in the spleen (Figure 3D). Uptake by liver-resident
macrophages was demonstrated in control experiments using
fluorescent non-pegylated liposomes or colloidal carbon
(Figure 4, panels A-C), a marker for Kupffer cells [40]. In
these experiments, liver cryosections displayed well-defined,
single spots of accumulated [luorescent liposomes together
with co-localized carbon. Liposome- and carbon-stained cells
represented only a minority of total cells. This pattern applied
to an approximately 10% fraction of the cell population,
which corresponds to figures reported for the proportion of
Kupffer cells in the liver [28]. Because non-pegylated
liposomes co-localized with colleidal carbon (Figure 4,
panels A—C), it is reasonable to assume that these particles
accumulated mostly in the Kupffer cells. while the targeted
vesicles were taken up by the liver parenchymal cells.

In view of the batch-to-batch differences of AF, an
alternative to this natural receptor ligand would be of interest.
In principle, AF can be replaced with the desialated derivative
of the human o-1-acid glycoprotein (also known as oroso-
mucoid), which carries bi- and tetra-antennary glycan
residues [10,11]. Another possibility is to isolate the multi-
antennary glycan residue from AF by specilically cleaving
the N-linked glycosylations or by fragmenting the protein
backbone with proteases, leaving only the oligosaccharides
linked to a short non-immunogenic peptide. The isolated
glycans can be coupled to the distal end of pegylated
liposomes (glycoliposomes), thus constituting an alternative
to the whole glycoprotein [41]. More recently, synthetic
carbohydate mimetics were designed as ASGPR ligands [42].

In this study, AF-conjugated pegylated liposomes were
used for the first time to implement a hepatocyte-specific
drug targeting strategy. Direct targeting of hepatocytes avoids
interactions with hepatic Kupffer cells as well as accumula-
tion in the spleen. By this strategy, the risk of potential side
effects can be reduced. To optimize this approach and
compare it to alternative liver targeting strategies, further
in vive experiments are needed to quantify accumulated
liposomes in different organs and specific cell populations,
such as liver parenchymal and non-parenchymal cells.
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“Isolation of Multiantennary N-Glycans from
Glycoproteins for Hepatocyte specific Targeting
via the Asialoglycoprotein Receptor”

Witzigmann D, Detampel P, Porta F, Huwyler J.
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bstract

Highlights: Complex multivalent carbohydrates from glycoproteins offer a huge potential to
specifically target parenchymal liver cells via the asialoglycoprotein receptor (ASGPR). Natural
N-glycans are expected to be superior to multivalent glycomimetics with respect to ease of
preparation, geometrical arrangement of the antennary carbohydrates, and biocompatible properties.
In this study, an enzymatic isolation strategy for multiantennary, desialylated asparagine-linked
carbohydrates from fetuin followed by conjugation to a fluorescent dye using reductive amination is
described. These glycan-conjugates were successfully used to actively target the ASGPR on human
hepatocellular carcinoma cells 7z vitro. In the future, isolated N-glycans might be ideal candidates for
further development of ASGPR targeting strategies to guide drugs to the key pathogenic cell type

and mediate endocytosis into parenchymal liver cells.
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The asialoglycoprotein receptor (ASGPR) expressed on parenchymal
liver cells specifically binds multivalent carbohydrates from desialy-
lated glycoproteins. This feature offers a huge potential for hepatocyte
specific drug targeting. In this study, multiantennary N-glycans from
asialofetuin have been isolated to actively target the asialoglycopro-
tein receptor on human hepatocellular carcinoma cells in vitro.

Hepatic diseases are an increasing health burden and efficient
and curative treatments are still missing. Targeted therapies to
the key pathogenic cells offer promising options to address
limitations of current therapeutic interventions." Especially
nanomedicines and siRNA therapeutics benefit from targeted
cell delivery and enhanced cellular uptake. During the last
decade, the asialoglycoprotein receptor (ASGPR) has proven to
be the target receptor of choice to enhance the therapeutic effect
of medicines for hepatocyte-derived diseases including meta-
bolic and genetic disorders.” The ASGPR is highly expressed on
the sinusoidal membrane of human hepatocytes, mediating the
internalization of the receptor-ligand complex via a clathrin-
mediated pathway.” This offers an excellent option to guide
drugs to the key pathogenic cell type and mediate endocytosis
into parenchymal liver cells.*® Several recent studies have
exploited ASGPR specific interactions for hepatocyte specific
drug delivery and imaging.™"'

The ASGPR is a heterooligomeric C-type lectin, consisting of
two subunits (ie. H1/H2), which are recognizing desialylated
glycans with terminal galactose (Gal) or N-acetyl galactosamine
(GalNAc) residues." Endogenous ligands are glycoproteins with
complex-type desialylated glycans, such as asialofetuin A
(desialylated alpha-2-HS-glycoprotein) or asialoorosomucoid
(desialylated alpha-1-acid-glycoprotein).”* The linked multiva-
lent carbohydrates bind with high specificity to the hepatic
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lectin. To facilitate the binding of targeted medicines or diag-
nostics to hepatocytes, several research groups have developed
monovalent glycomimetics.'*'* In addition, complex multiva-
lent glycans were developed for ASGPR specific targeting.'™"
The affinity of these ligands increases with increasing number
of carbohydrates simultaneously binding to multiple receptor
subunits,* This multivalency effect (ie. “cluster glycoside
effect”) is important to overcome the weak and unspecific
binding of monovalent sugars and to increase avidity.*' Several
factors are influencing the specificity and binding affinity of
these ligands, including the terminal sugar (GalNAc > Gal), the
antennary structure (i.e. multivalency), as well as the spatial
arrangement of the carbohydrates (e.g. linker length). Recently,
we have proposed a liposomal drug delivery system for ASGPR
targeting using a natural and readily available glycoprotein,
bovine asialofetuin, as a ligand.** Asialofetuin is a glycoprotein
with several bi- and tri-antennary glycans, which specifically
bind to the ASGPR. However, a shortcoming of asialofetuin is
a possible immunogenicity and batch-to-batch variations. Since
only the multivalent carbohydrates are important for lectin
binding, we decided to explore whether multivalent glycans can
be isolated from asialofetuin and used as ligands to target
human hepatocytes. It was thus the aim of the present study to
develop an enzymatic isolation strategy for multiantennary,
desialylated asparagine-linked carbohydrates (N-glycans) from
fetuin A followed by conjugation to a fluorescent dye using
reductive amination. This ligand-dye conjugate was then tested
for its targeting ability in vitro using qualitative and quantitative
methods (Scheme 1). Natural N-glycans are expected to be
superior to multivalent glycomimetics with respect to ease of
preparation. In addition, receptor specificity and affinity can be
considered to be very high due to an ideal geometrical
arrangement of the antennary carbohydrates (ie. the desialy-
lated N-linked glycan). By the use of isolated N-glycans, limita-
tions imposed by immunogenic protein or peptide residues can
be overcome.

Abundant natural sources for the isolation of N-glycans are
bovine fetuin or desialylated fetuin (i.e. asialofetuin). In the
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Scheme 1 Different steps for the preparation of asialoglycoprotein
receptor targeted multiantennary glycan-conjugates: (}) enzymatic
cleavage of asparagine-linked N-glycans (NA3) using peptide-N-
glycosidase F and sialidase, followed by an isolation using a combined
extraction-separation strategy. (;°) Fluorescent labelling of N-glycans
with fluorescein-5-thiosemicarbazide via reductive amination. (1%
Targeting of the human hepatocellular carcinoma cell line HepG2.
Analysis using confocal microscopy (blue: nuclei; green: fluorescent
N-glycans). ¢ = sialic acid; @ = galactose (Gal): [[@ = GlcNAc: @
mannose.

present study, fetuin was used as a starting material since
commercially available asialofetuin shows considerable batch-to-
batch variability with respect to electrophoretic mobility (Fig. S17)
and reactivity in the Ricinus communis agglutinin (RCA;3)
agglutinin aggregation assay (Fig. $27). Detailed experimental
procedures for the isolation of N-glycans from fetuin are provided
in the ESL} Bovine fetuin A has 359 amino acids and bears
various mono- and multivalent glycosylations. Bi- or tri-antennary
carbohydrates are linked to asparagines of the protein at amino
acid positions 99, 156, and 176.**** Therefore, several bands were
detected in the SDS-PAGE analysis including the full glycosylated
form with its N- and O-glycans (main band). The molecular
weight shift after digestion corresponds to the removal of specific
glycans. Enzymatic digest of fetuin using sialidase and PNGase F
was monitored by SDS-PAGE (Fig. 1A). Neuraminidase (sialidase)
specifically cleaves terminal sialic acids from glycans, whereas
peptide-N-glycosidase F (PNGase F) selectively cuts the bond
between asparagine and N-linked complex carbohydrates. The
underlying chemical reaction mediated by PNGase F is shown in
Fig. S3.1 The significant shift in electrophoretic mobility of fetuin
A confirms the cleavage of sialic acid residues (i.e. resulting in
asialofetuin) and removal of N-linked glycans (corresponding to
a molecular weight shift of 9.8 kDa) (Fig. 1A). Based on its amino-
acid sequence, fetuin A has a molecular weight of 38.4 kDa (ie.
protein backbone). The published molecular weight of 48.4 kDa
(i.e. glycoprotein) is in line with our result. Enzymatic removal of
sialic acid was monitored using the RCA,;,, aggregation assay
(Fig. 1B): incubation of the bivalent RCA,», lectin with glycopro-
teins bearing multiantennary glycans (Gal1-4GlcNAc sequences)
results in aggregation.*® An excess of galactose (p-Gal) reduces the
lectin crosslinking and thus competitively reverts aggregation
(Fig. 1B). Approximately 10-15% of the glycoprotein mass
consists of N-glycans depending on the glycosylation pattern. For
the isolation of complex carbohydrates, we used a preparative
approach, combining liquid-liquid extraction and size exclusion
chromatography (Scheme 1, step 1).* Fetuin A was enzymatically
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Fig.1 (A) SDS-PAGE analysis followed by Coomassie blue staining of
native fetuin A before and after enzymatic digestion using sialidase
ISIAL, protein band indicated with *) and PNGase F (PNG, protein band
indicated with #). Upper two bands in each row represent fetuin A and
its deglycosylated form, respectively. The mobility shift after enzymatic
digestion corresponds to the removal of sialic acid medifications or N-
glycans (B) Ricinus communis agglutinin aggregation assay of fetuin A
(solid line), and its desialylated form asialofetuin, after digestion using
sialidase for one hour (dotted line) and after total digestion (dashed
line). Black triangles: in presence of desialylated glycoprotein (sample),
aggregation is induced; competitive de-aggregation by a 100-fold
excess of free o-galactose (o-Gal)

digested. N-Glycans were precipitated using 80% acetone and
thereby separated from proteins and detergents. The pH was
adjusted to 5.5 and N glycans were extracted using 60% meth-
anol. The different N glycan fractions with a molecular mass
between 1600 and 2000 Da were separated by gel filtration
chromatography (Superdex 30 Prep Grade column). For size
calibration, Met5Enkephalin, vitamine B12 and Magainin II (MW
range from 500 Da to 2000 Da) were used.

Chromatographic fractions containing purified N-glycans
were identified by two different colorimetric reactions (Fig. 2).
To confirm that N-glycans were isolated, a phenol sulfuric acid
assay (PSAA, i.e. total carbohydrate assay)*” was combined with
a modified BCA assay to determine fractions with reducing
potential. In general, the BCA assay is used to analyse proteins.
However, a modified version with enhanced sensitivity can also
determine reducing sugars.*=" Multiantennary N-glycans,
which are bound to proteins, do not possess reducing potential.
As soon as glycans are cleaved off, the terminal sugar contains
a free anomeric carbon with reducing properties amendable to
reductive amination. A protein assay was used to confirm
separation of N-glycans from cleaved protein (Bradford assay;
Fig. 857).

This rapid and convenient extraction-separation-procedure
resulted in successful isolation of bi- and tri-antennary
N-linked glycans from fetuin. In average, 82 pg of multivalent
N-glycans were isolated per 1 mg fetuin. This corresponds to an
isolation yield of 49-60% depending on the glycosylation of the
starting material. A matrix-assisted laser desorption ionization
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Fig. 2 Size exclusion chromatography of enzymatically digested
fetuin A. Fractions including N-glycans were analysed with respect to
reducing sugars (panel (A); modified BCA assay) and total carbohydrate
content (insert of panel (A); phenol sulfuric acid assay PSAA, grey area).
Indicated glycan fractions were analysed by MALDI-TOF-MS to identify
(B) tri- and (C) bi-valent glycan samples. Complex glycans are detected
as sodium adducts

time of flight mass spectrometer (MALDI-TOF-MS) was used to
characterize the isolated N-glycans. In brief, fractions were
mixed with the matrix solution (2,5-dihydroxy benzoic acid;
DHB) in a 1 : 1 ratio and analysed using a MALDI-TOF-MS. As
expected, tri- (NA3, Fig. 2B) and bi-antennary glycans (NA2,
Fig. 2C) were detected with molecular masses [M + Na]" of 2029
Da and 1664 Da, respectively. In the MALDI spectrum each of
these glycans are typically detected as sodium adducts of the
molecular ion [M + Na|"3+

Several lines of evidence indicate that bi- and tri-antennary
N-glycans were successfully isolated. First, the used enzymes
are highly specific for N-linked glycans. Second, the PSAA assay
confirms that the isolated structures are carbohydrates. Third,
the BCA components react with the reducing end of isolated
sugars. Fourth, the molecular masses of the isolated sugars
correspond to published results on the structural elucidation of
the N-linked carbohydrate fraction of fetuin.** A detailed
summary of the MALDI-TOF analysis is provided in Table 51 in
the ESL¥

Isolated N-glycans were then conjugated with a model
compound, fluorescein-5-thiosemicarbazide (FTSC), via reduc-
tive amination (Scheme 1, step 2). The detailed chemical steps
are represented in Fig. S4.F¥ FTSC has the advantage of a high
fluorescence quantum yield in comparison to commonly used
glycan-mapping-tags such as 2-aminobenzoic acid (2-AA) or 2-
aminobenzamide (2-AB). In an optimized one-pot synthesis,

97638 | RSC Adv., 2016, 6, 97636-97640
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FTSC chemoselectively reacted with the free anomeric carbon of
the terminal sugar (reducing end) to form a stable thio-
semicarbazone bond. In brief, glycans were dissolved in
a mixture of DMSO/HOAc (pH = 5.0) and FTSC was added in
DMEF. The reducing agent (NaBH,CN) was added and the reac-
tion was stirred for another 2 h at 70 °C. Since the equilibrium
of the reducing carbohydrate moiety is shifted to the acetal
form, elevated temperature and sodium cyano borohydride
have been used. Therefore, the open-chain aldehyde interme-
diate is formed more efficiently and the conjugation reaction is
driven to completion. During the reaction, the fluorescence
properties of the FTSC linked-compound decreased, most
probably due to the excess of reducing agent as reported
recently for Rhodamine 110.* Therefore, an aqueous potassium
hexacyanoferrate solution was added at the end of the reaction
to oxidize the dihydro derivate and to fully restore fluores-
cence.” Finally, the glycan-fluorophore-conjugate was isolated
by gel filtration chromatography (Sephadex G10 column)
eluting with phosphate buffered saline (pH 7.4). The excess,
non-conjugated dye (4.75x molar excess) was completely
removed from the glycan-fluorophore-conjugate because of the
high affinity to the stationary phase. To determine the recovery
of fluorescent N-glycans in the collected fractions, a total
carbohydrate assay was performed.

The targeting ability of the FTSC-labelled multivalent
N-glycans were investigated using the human hepatocellular
carcinoma cell line HepG2 (Scheme 1, step 3). Recently, we have
shown that this cell line is an excellent model to study targeting
strategies via the ASGPR." HepG2 cells have a high expression
level of around 250 000 ASGP receptors per cell. This is
comparable to the expression level in human liver hepatocytes.
For uptake experiments, HepG2 cells were incubated with 300
nM fluorescent N-glycans for 30 min before qualitative analysis
using confocal laser scanning microscopy (Fig. 3 and S67). The
nuclei were counterstained using Hoechst 33342. Cells were
excited at 405 nm (Hoechst) and 488 nm (FTSC-glycans).

FTSC-glycans were internalized within 30 min resulting in
a particulate intracellular fluorescence signal (Fig. 3; FTSC-
glycan). The staining pattern suggests uptake and intracellular
processing of FTSC-glycans by receptor mediated endocytosis.
In order to confirm specificity of internalization via the ASGPR,
uptake was inhibited using a 100 molar excess of asialofetuin
(Fig. 3, CI-AF) or a 1000 x molar excess of N-acetyl galactosamine
(Fig. 3, CI-GalNAgc). Since binding affinity of monovalent sugars
is weak, a higher molar excess of GalNAc was needed for
competitive inhibition as compared to multivalent asialofetuin.
Both methods resulted in a significant decrease of N-glycan
uptake, indicating a highly specific ASGPR-mediated endocy-
tosis. To confirm that the N-glycan internalization is an energy
dependent process, the uptake experiment was also performed
at 4 °C (Fig. 3, 4 °C). No uptake was observed at low temperature
confirming active transport.

In order to quantify fluorescent signals, we performed a flow
cytometry analysis (Fig. 4). HepG2 cells incubated for 30 min
with N-glycan-conjugates showed a three-fold shift of mean
fluorescence intensity (Fig. 4A). Inhibition of this strong and
fast uptake was observed in competitive inhibition experiments.

112

“Hepatocyte-specific drug delivery



Results - Chapter V

Communication

Control

FTSCG|can + AF

RSC Advances

+ GalNAc 4°C

Fig. 3 Confocal laser scanning microscopy analysis of HepG2 cells incubated for 30 min with PBS (control) or FTSC-labelled multivalent N-
glycans (green signal). Cellular uptake of N-glycans was competitively inhibited using an excess of asialofetuin (+AF) or N-acetyl galactosamine
(+GalMAc). Cellular uptake was blocked at low temperature (4 °C). Nuclei are stained using Hoechst 33342 (blue signal). Differential interference
contrast (DIC) images are combined with fluorescence signals from cell nuclei and flucrescent N-glycans. Scale bars: 20 pm. Single fluocrescence

channel signals are provided in the ES| (Fig. 56%).

Incubation in presence of an excess of free asialofetuin (Fig. 4B)
or GalNAc (Fig. 4C) reduced the uptake of fluorescent N-glycans
by 65% and 94%, respectively. Incubation at 4 °C completely
blocked cellular uptake (Fig. 4D). These experiments confirm
active and specific uptake of fluorescent-tagged, multivalent,
isolated N-glycans by human liver cells via the ASGPR (Fig. 4).

In summary, this proof-of-concept study shows that multi-
antennary N-glycans can be successfully isolated from glyco-
proteins (f.e. fetuin) and conjugated to model compounds (i.e.
fluorophore) wvia reductive amination. We show that this
approach is a convenient and efficient strategy to generate
ligand-conjugates for hepatocyte specific targeting via the
ASGPR. Current and future projects will focus on the imple-
mentation of glycan based ASGPR targeting strategies. First, the
glycans will be linked to nanoparticles to guide encapsulated
drugs (ie. small molecules or nucleic acids) specifically to
hepatocytes. This offers the possibility to overcome limitations
of conventional therapeutics such as off target effects or drug
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Fig. 4 Flow cytometry analysis of HepG2 cells incubated with (A) PBS
(gray; solid line) and fluorescent N-glycans (green; solid line).
Competitive inhibition using an excess of free asialofetuin (red; dashed
line) or GalNAc (orange; dashed line) is shown in panel (B) and (C),
respectively. Incubation at 4 *C completely inhibited the uptake (blue;
dashed line; panel (D).
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degradation. Second, the N-glycans will be used to develop
a diagnostic tool to determine the ASGPR expression level of
parenchymal liver cells and thus preselect patients for a tar-
geted therapy. This strategy might significantly increase the
success rate of ASGPR targeted therapeutics for the treatment of
hepatic disorders.
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Experimental - Supporting Information

Enzymatic digestion

Fetuin A from fetal calf serum was purchased from

Sigma-Aldrich  (F3004, Lot-No. 109K7425V, Buchs,
Switzerland). Fetuin A has an average molecular weight
(MW) of 48.4 kDa (full glycoprotein) including a constant
protein part (38.4 kDa) and a variable glycosylation
pattern (N- and O-glycosylations). In the SDS-PAGE
analysis fetuin A showed a main band of 63.2 kDa
corresponding to the full glycoprotein. It has been
reported that the molecular mass varies depending on
the carbohydrate content. * A standard logMW versus Rf
blot was used for the molecular weight determination.
For the enzymatic digestion Peptide-N-Glycosidase F
(PNGase F; 36kDa) and «2-3,6,8 neuraminidase
(Sialidase; 43 kDa) (Fig. S3) were used. Enzymes were
obtained from New England BiolLabs (Ontario, Canada).
Fetuin A was dissolved in ddH;0 containing 0.5% SDS
and 40 mM DTT. This solution was heated to 94 °C for
10 min in order to denature the glycoprotein. Phosphate
buffer (final concentration 50 mM; pH 7.5), 1% NP40
(detergent), PNGase F (5.37 mU/1 mg fetuin A), sialidase

(35U/1 mg fetuin A), and ddH,0 were added to a final

* Division of Pharmaceutical Technology, Department of Pharmaceutical Sciences,
University of Basel, Klingelbergstrasse 50, Basel CH-4056, Switzerland.
*E-mail: joerg.huwyler@unibas.ch

This journal is © The Royal Society of Chemistry 2016

fetuin A concentration of 10 mg/mL. Enzymatic digest

was for 72 h at 37 °C.

Electrophoretic mobility assay
SDS containing polyacrylamide gels (10%) were prepared

using a standard protocol. Samples containing the
digested glycoprotein were mixed with reducing sample
buffer containing SDS and 8-mercaptoethanol, heated to
94 °C for 5 min, loaded onto the gel and separated using
a current of 30 mA. Proteins were stained using

Coomassie blue.

RCA aggregation assay

The Ricinus communis agglutinin (RCA) aggregation
assay was performed as described previously. %3 n brief,
the UV absorbance at 450 nm of 1 mg/mL RCA4;, (Vector
Laboratories, Peterborough, UK) in Dulbecco’s
phosphate buffered saline pH 7.4 (Sigma-Aldrich) was
measured for 2 min to establish a baseline using a
SpectraMax M2 spectrophotometer (Molecular Devices,
Sunnyvale, USA). Glycoprotein was added to initiate
lectin aggregation. After 6 min, a galactose solution
(10 mg/mL) was added to reverse the aggregation

process.
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Fig. S1: Analysis of electrophoretic mobility of different fetuin A (FET) and asialofetuin (AF) batches using SDS-PAGE.

Proteins were stained using Coomassie blue.

Liquid-liquid extraction
Liquid-liquid extraction of N-glycans was performed as
described previously with minor modifications. * The pH
of the digestion mixture was adjusted to 5.5 using an
ag.phosphoric acid soln. (8.5%). Acetone was added and
the sample was kept for 1 h at -20°C to precipitate
glycans and proteins. The sample was centrifuged for
20 min at 13000 g and 2 °C and the supernatant was

discarded. The pellet was resuspended using 1 mL of an

064

0.4 4

normalized 0D
-

it A
0.2 L
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2 4 6

aq. methanol soln. (60%) at -20 °C and the sample was
left for 1 h at -20 °C to precipitate proteins. Finally, the
sample was centrifuged for 5 min at 13000 g and 2 °C

and the supernatant containing the N-glycans was

collected. The methanol extraction procedure was

repeated twice.

Size exclusion chromatography

Isolated N-glycans were separated from protein
residuals and fractionated using a Superdex 30 Prep
Grade column (XK 16/70, GE Healthcare, Glattbrugg,
Switzerland) eluting with an ag. phosphate buffer (10

mM, pH 7.4). Collected fractions were dried under
nitrogen.

BCA assay

Multiantennary glycan fractions containing terminal

time {min}

Fig. 52: Ricinus communis agglutinin aggregation

assay of fetuin A (solid line), and two different
asialofetuin batches (dashed and dotted line). Black
triangles: in presence of desialylated glycoprotein
(sample), aggregation is induced; competitive de-

aggregation by a 100-fold excess of free D-galactose
(p-Gal).

2 | RSC Advances, 2016, 00, 1-3

sugars with a free and reducing anomeric carbon were
identified using a modified bicinchoninic acid (BCA)
assay (ThermoFisher Scientific, Zug, Switzerland). *° In
brief, samples were mixed with the working reagent
(50:1, reagent A:B) in a 1:1 ratio. Samples were heated
for 30 min at 65 °C using a water bath, allowed to cool

down to room temperature and analysed by UV

absorbance measurement at 562 nm.

This journal is © The Royal Society of Chemistry 2016
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Fig. 53: Enzymatic digestion of bovine fetuin A using Peptide-N-Glycosidase F (PNGase) leading to deglycosylation

at the representative amino acid position 176. PNGase F selectively cleaves the bond between asparagine and

N-linked complex carbohydrates. Terminal sialic acid on multiantennary N-glycans was cleaved by sialidase.

Bradford assay
Proteins were detected using the Bradford assay (Bio-
Rad Laboratories). Samples (160 ul) were mixed with 40
pl dye reagent containing Coomassie blue, methanol,
and phosphoric acid. After 10 min incubation at room
the absorbance at 595

temperature, nm was

determined.

PSAA assay
To detect carbohydrates, the phenol-sulfuric acid assay

(PSAA) was used. ” In brief, the sample was mixed with a
threefold volume of concentrated sulfuric acid. Then, an
aqg. phenol soln. (5%) was added and the mixture was
incubated for 5 min at 90 °C. Absorbance was measured

at 490 nm.

MALDI-TOF-MS

Fractions containing N-glycans were prepared for
matrix-assisted laser desorption ionization time of flight
mass spectrometer (MALDI-TOF-MS) analysis as follows:
The 2,5-dihydroxy benzoic acid (DHB) matrix was
spotted onto a MALDI-TOF-MS target plate and allowed
to dry. Samples were added to each spot and allowed to
dry before analysis. Mass spectra were recorded using a
Ultraflex MALDI-TOF-MS Bremen,

Bruker (Bruker,

This journal is © The Royal Society of Chemistry 2016

Germany). Spectra were analysed using the Bruker

Daltonics flex analysis software.

Fluorescent labelling

In order to label isolated N-glycans with fluorescein-5-
thiosemicarbazide (FTSC; Sigma-Aldrich), a carbohydrate
sample (250 pg) was dissolved in 400 pL of a mixture of
DMSO and aq. 0.1 M acetic acid soln. (7:3), FTSC (0.25
mg) dissolved in DMF (20 uL) was added and the mixture
was stirred for 30 min. To reduce the hydrazone bond
and to stabilize the conjugate, an excess of sodium
cyanoborhydride was added (500 mm final
concentration). The mixture was stirred for 2 h at 70 °C
and 700 rpm. Finally, potassium hexacyanoferrate (20
mg) was added to quench the excess of
cyanoborhydride and to increase the fluorescence of the
fluorophore. The mixture was stirred for 60 min at room
temperature. Figure S4 shows the chemical reaction of
fluorescent labelling of isolated N-glycans. The FTSC-
labelled N-glycans were purified by gel filtration

chromatography (Sephadex G10; GE Healthcare,

Glattbrugg, Switzerland; mobile phase of 0.01M

phosphate buffered saline (PBS), pH 7.4).

RSC Advances, 2016, 00, 1-3 | 3
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Fig. S4: Fluorescent labelling of complex carbohydrates. (A) Representation of a desialylated triantennary
N-glycan (NA3) cleaved from asparagine 176 of bovine fetuin A. (B) Chemical reactions for fluorescent labelling

of isolated N-glycans with fluorescein-5-thiosemicarbazide (FTSC) via reductive amination. Gal: galactose; Man:

mannose; GlcNAc: N-acetyl glucosamine.

Uptake experiment

Human hepatocellular carcinoma cells (HepG2) were
kindly provided by Prof. Dr. Dietrich von Schweinitz
(University Hospital Basel, Switzerland). Cells were
cultured at 37 °Cin a 5% CO; atmosphere. All cell culture

reagents were purchased from ThermoFisher Scientific

4 | RSC Advances, 2016, 00, 1-3

(Zug, Switzerland). Dulbecco’s modified Eagle's culture
medium (4.5 g/L glucose) was supplemented with 10%
fetal calf serum (FCS), penicillin (100 units/mL) and
streptomycin (100 pg/mL). For uptake experiments,
HepG2 cells were washed with PBS, detached using

accutase and then seeded into 12-well plates at a

This journal is © The Royal Society of Chemistry 2016
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narmalized OD

Fractions

Fig. S5: Size exclusion chromatography fractions of
enzymatically digested fetuin A were analysed using
different colorimetric assays. The Bradford assay
(dotted line, grey) represents the protein residues.
The phenol-sulfuric acid assay (dashed line, white)
detects carbohydrates. A baseline separation of

proteins and free glycans was achieved.

density of 10° cells/well. They were allowed to adhere

for 24 h. For confocal laser scanning microscopy
experiments, cells were cultured on poly-bD-lysine coated
glass cover slips. Uptake experiments were performed
as described previously. % In brief, HepG2 cells were
incubated with 300 nM fluorescent glycans for 30 min at
37 °C in DMEM without FCS. As a control, cells were co-
incubated with asialofetuin (30 uM) or GalNAc (300 pM)
or incubations were carried out at 4 °C. Confocal laser

scanning microscopy and flow cytometry were used for

qualitative and quantitative analysis of uptake,

respectively.

Confocal laser scanning microscopy analysis
Cell nuclei were counterstained using 1.0 pg/mL Hoechst
33342 (Sigma-Aldrich). Cells were washed with PBS and

then embedded using ProLong Gold antifading reagent

(Invitrogen Life Technologies, Zug, Switzerland).
Confocal laser scanning microscopy analysis was
performed wusing an Olympus FV-1000 inverted

microscope (Olympus Ltd., Tokyo, Japan), equipped with
a 60x PlanApo N oil-immersion objective (numerical
aperture 1.40). Hoechst 33342 and FTSC-glycans were
visualized using excitation at 405 nm and 488 nm and

emission at 425-475 nm and 500-600 nm, respectively.

Flow cytometry analysis

For flow cytometry analysis, cells were washed with PBS
and detached using 0.25% trypsin/EDTA. Cells were
washed twice and then re-suspended in FACS buffer
(PBS containing 1% FCS, 0.05% NaNj;, and 2.5 mM EDTA).
A FACS Canto Il flow cytometer (Becton Dickinson, San
Jose, USA) was used for the analysis of 10°000 cells per
setting. Cells were excited at 488 nm and the emission
was detected in FL1 (505LP - 530/30). To evaluate the
Flow Jo VX software

uptake rate of FTSC-glycans,

(TreeStar, Ashland, OR) was used.

Table S1: Most abundant complex carbohydrates detected after isolation procedure using MALDI-TOF-MS.

Detected Signal

[M+Na]* Attached to Glycan structure Reference
] ] [NA2), e.g. Gal(b1-4)GlcNAc(b1-2)Man(al-3)[Gal(b1- 011
1664 ASN-99 and ASN-156 1 ) NAc(b1-2)Man(a1-6)]Man(b1-4)GIcNAC(b1-4)GIcNAC
[NA3], e.g. Gal(b1-4)GlcNAc(b1-2)[Gal(b1-4)GlcNAc(b1-
2029 (m?oNr_}g,:;ugTs_rEle 4)]Man(a1-3)[Gal(b1-4)GlcNAc(b1-2)Man(al-6)]Man{b1- o1
) 4)GIcNAC(b1-4)GIcNAC
) ) [NA3), e.g. Gal(b1-3)GIcNAC(b1-4)[Gal(b1-4)GIcNAC(b1-
2029 ASN-99, ASN-IS6AND 310 1 (a1-3)[Gal(b1-4)GlcNAC(b1-2)Man(a1-6)]Man(b1- su

ASN-176 (major)

4)GlcNAc(b1-4)GIcNAc

This journal is @ The Royal Society of Chemistry 2016
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Control FTSC-Glycan

FTSC HOECHST

DIC

+ AF

+ GalNAc

Fig. S6: Confocal laser scanning microscopy analysis of HepG2 cells incubated for 30 min with PBS (control) or FTSC-

labelled multivalent N-glycans (green signal). Cellular uptake of N-glycans was competitively inhibited using an

excess of asialofetuin (+ AF) or N-acetyl galactosamine (+ GalNAc). Cellular uptake was blocked at low temperature

(4 °C). Nuclei are stained using Hoechst 33342 (blue signal). Differential interference contrast (DIC) images are

combined with fluorescence signals from cell nuclei and fluorescent N-glycans. Scale bars: 20 um.

Results - Supporting Information
Electrophoretic mobility batch control

Different batches of fetuin A (FET) and asialofetuin (AF)
purchased from Sigma-Aldrich were compared by
analysis of their electrophoretic mobility. Figure S1
shows variations in electrophoretic mobility for different
asialofetuin batches. Asialofetuin batches AF2 and AF3
show a decreased mobility as compared to other AF
batches. These two AF batches have shown a decreased
aggregation in the RCA aggregation assay confirming
incomplete desialylation of linked glycans (Fig. S2). After
a glycan digest using sialidase, the electrophoretic
mobility of asialofetuin batches AF2/AF3 was increased
and RCA aggregation could be induced. We conclude,
that commercial AF (in contrast to fetuin A) shows
that

considerable batch-to-batch differences and

enzymatic treatment (in contrast to chemical

6 | RSC Advances, 2016, 00, 1-3

processing) of fetuin A leads to better results with
respect to completeness of desialylation (AF4). It was
therefore decided to use fetuin A as a starting material

for further investigations.

RCA aggregation assay batch control

The ricininus communis agglutinin aggregation assay
was used as a tool to compare different asialofetuin
batches. Figure S2 shows the variation in complexation
kinetics of different asialofetuin batches. An excess of
galactose (D-Gal) reduces the lectin crosslinking and

thus the aggregation.

Analysis of size exclusion chromatography fractions

Size exclusion chromatography was used to separate the
different components (i.e. proteins and glycans) of

enzymatically digested fetuin. Fractions were analysed

This journal is © The Royal Society of Chemistry 2016
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using three different microplate assays (Fig.S5). A 91J.S.Rohrer, G. A. Cooper and R. R. Townsend, Anal.
Biochem., 1993, 212, 7-16.

10 K. G. Rice, N. B. Rao and Y. C. Lee, Anal. Biochem., 1990,

content (Fig. S5). As expected, not all proteins have been 184, 249-258.

11 T. Tamura, M. 5. Wadhwa and K. G. Rice, Anal. Biochem.,
1994, 216, 335-344.

Bradford assay was performed to determine the protein

removed using the liquid-liquid extraction. However, the
phenol sulfuric acid assay (PSAA, i.e. total carbohydrate
assay) verified, that isolated glycans have successfully

been separated from the protein residuals (Fig. S5).

MALDI-TOF-MS
Table S1 summarizes the signals from the MALDI-TOF

analysis and published glycosylations reported on
unicarbkb.org for bovine fetuin A (Accession number:
P12763). ™ In total there are 46 associated glycan
structures reported with its major glycosylations linked

to asparagines at amino acid positions 99, 156, and 176.

Confocal laser scanning microscopy analysis of cellular
uptake

The uptake experiments confirm active and specific
uptake of fluorescent-tagged, multivalent, isolated

N-glycans (Fig. S6).

Notes and references - Supporting
Information
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Chapter VI

“Formation of Lipid and Polymer-based Gold
Nanohybrids Using a Nanoreactor Approach”

Witzigmann D, Sieber S, Porta F, Grossen P, Bieri A, Strelnikova N, Pfohl T,

Baschong C, Huwyler J.

RSC Advances. 2015 Aug 25; 5(91):74320-28. doi: 10.1039/c5ra13967h

http://pubs.rsc.org/en/Content/ArticleLanding/2015/RA/C5RA13967H#!

divAbstract

Highlights: The analysis of nanocarrier uptake and their intracellular fate is of great interest in
biomedical research. Bioimaging tools to determine subcellular localization of nanocarriers are
increasingly needed. This publication highlights the development of a novel and versatile strategy to
encapsulate gold nanoparticles into nanocarriers. This approach is applicable to different
nanomaterials as well as various preparation techniques with high reproducibility. The unique optical
properties of gold loaded nanocarriers were used to visualize cellular uptake 7z vitro demonstrating
the promising applicability as a bioimaging tool for intracellular trafficking. In the future, this
technology will be instrumental to develop a better understanding of the complex cellular uptake

processes and intracellular trafficking of nanocarriers.
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Nanocarriers encapsulating gold nanoparticles (AuNPs) hold tremendous promise for numerous biomedical
applications. So far only a few fabrication strategies have been investigated and efficient processes for the
manufacturing of gold nanohybrids (AuNHybs) are still missing. We encapsulated a tetrachloroaurate/citrate
mixture within nanocarriers and initiated the AuNP formation after self-assembly of the nanomaterial by a
temperature shift. This nanoreactor approach was successfully combined with the film-rehydration,
nanoprecipitation, or microfluidics method. Different nanomaterials were validated including
phospholipids and copolymers and the process was optimized towards encapsulation efficiency and
physico-chemical homogeneity of AuNHybs. Our nanoreactor technology is versatile, efficient, and
highly reproducible. Dynamic light scattering and electron microscopy technigues confirmed that
generated lipid and polymer based AuNHybs were of uniform size below 130 nm and contained a single
AUNP. The AuNHyb sclutions had a deep-red color and exhibited the specific surface plasmon
absorption of AuNPs. The unigue optical properties of AuNHybs were used to visualize cellular uptake of
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1. Introduction

Gold nanoparticles (AuNPs) have attracted great interest since
Michael Faraday first described them in 1857."* The application
of AuNPs in the field of imaging and therapy were based on
their unique properties, which include; (I) advantageous
physico-chemical characteristics, (IT) non-toxic and inert prop-
erties, (III) facile preparation of monodisperse AuNPs, and (IV)
various modification options.** Different methods for the
synthesis of AuNPs have been described.”” The most widely
used approach is the chemical reduction of gold salt (Au*) such
as tetrachloroaurate (HAuCl,) to metallic gold (Au") using the
Turkevich®” or Brust-Schiffrin’® method. Moreover, synthesis
methods using microwaves, UV irradiation, microfluidics, or
biologic approaches were examined. Ultimately, AuNPs have
to be modified with capping agents to avoid aggregation,
provide solubility in aqueous media, and improve stability."*

“Division af Pharmacewtical Technology, Department of Pharmacentical Sciences,
University of Basel, Klingelberg 50, Basel CH-1056, Switzerland. E-mail:
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nanocarriers in vitro demonstrating the promising applicability of AuNHybs as a bicimaging tool.

Encapsulation of AuNPs into different nanocarriers such as
liposomes or polymeric nanoparticles is an interesting option
for a wide range of applications such as smart drug delivery,
imaging, or photothermal therapy.”** In recent decades, great
progress has been made in the field of hybrid nanocarriers
using AuNPs and several strategies for their synthesis have been
investigated. For example, lipid based gold nanohybrids (lipid-
AuNHybs) have been prepared using the following methods:
improved cholate dialysis,"” incorporation of hydrophobic
AuNPs,*** physical absorption,™** or precipitation of gold
within liposomes using either, glycerol including formation or
reverse-phase evaporation.***®

However, these strategies exhibited marked variability in
homogeneity, reproducibility, size distribution, and
morphology of gold nanohybrids (AuNHybs). To overcome these
challenges, we developed a novel and versatile strategy to
encapsulate AuNPs into different nanocarriers with high
reproducibility using a nanoreactor approach. The goal of the
present study was, (I) the encapsulation of a tetrachloroaurate/
citrate mixture within nanocarriers and (II) the initiation of
AuNP formation after self-assembly of the nanomaterial.
Selected nanomaterials (Le. lipid and polymer based) were
validated and the encapsulation efficiency, homogeneity, and
robustness of our approach were optimized. Nanocarriers
loaded with AuNPs were prepared by three different methods
depending on the physico-chemical properties of the nano-
carrier material.

using active targeted nanomedicines”
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A

Fig.1 Different methods for the preparation of gold nanohybrids. Schematic representation of the, (A) film-rehydration—extrusion method for
lipids with T, < room temperature (RT), (B) nanoprecipitation method for the di-block copolymer PEG-PCL, and (C) microfluidics platform for
lipids with T, > RT. The formation of gold nanoparticles inside the nanocarriers was initiated by temperature increase after self-assembly. (C) The
micrafluidics device had seven inlet channels converging to a single staggered herringbone micromixer. (D) Microfluidic streams were visualized
using the fluorescence dye fluorescein. (E} Computational fluid dynamics simulation of concentration gradients (in a.u.) in the microfluidics
device. Scale bars indicate 100 pm.

The film-rehydration-extrusion method* was used for
conventional (non-PEGylated) liposomes, the nano-
precipitation method® was used for di-block copolymer
nanoparticles, and the microfluidics method***" was used for
PEGylated (sterically stabilized) liposomes (Fig. 1). The most
important feature of our nanoreactor approach is the
production of nanocarriers at room temperature (RT), which
avoids the formation of AuNPs before self-assembly. AuNP
formation is subsequently initiated by a temperature shift.
The applicability of the AuNHybs as bioimaging tool was
demonstrated in vitro using HepG2 human hepatocellular
carcinoma cells.

2. Experimental section
2.1 AuNP synthesis

AuNPs were synthesized following a modified Turkevich
method.” Optimization of AuNP synthesis using a 2° full facto-
rial design of experiment (DoE) [Stavex 5.2, Aicos Technologies,
Basel, Switzerland] is described in detail in the ESI (Table S17).
Briefly, ddH,O with 1 mM tetrachloroaurate (Sigma-Aldrich,
Buchs, Switzerland) were heated to 70 “C for 20 min under
vigorous stirring. To start the formation of AuNPs, citrate
solution (170 mM; 50 mg mL ') was added as a reducing and
capping reagent. The HAuCl/citrate gold reaction mixture
[AuR-solution) was stirred at 70 °C for 10 min until the solution
had a deep-red color.

RSC Advances

2.2 AuNHyb formation using film rehydration

The film rehydration method was used for lipids with a transi-
tion temperature (Ty,) below RT with modifications described
elsewhere.” Liposomes were produced at a temperature which
inhibits the AuNP formation. In brief, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (15 pmol) [POPC] (Avanti Polar-
Lipids, Alabaster, USA) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-1'-rac-glycerol (5 pmol) [POPG] (Avanti Polar-Lipids,
Alabaster, USA) were dissolved in chloroform/methanol (2 : 1,
vfv) and a homogenous dry lipid film was prepared using a
Rotavapor A-134 (Biichi, Flawil, Switzerland). The lipid film was
rehydrated with a freshly prepared AuR-solution (HAuCl, :
citrate ratio - 1 : 4) at RT and 120 rpm for 10 min with 3 g glass
beads (diameter 3 mm). Different lipid (20 mM) to AuR-solution
ratios were tested starting from 1 mM HAuCl,/4.1 mM citrate up
to 8 mM HAuCl,/32.8 mM citrate.

The resulting multilamellar vesicles were subjected to three
freeze-thaw cycles and extruded through polycarbonate
membranes with two different pore sizes using a barrel extruder
(Lipex; Northern Lipids, Vancouver; Canada). Liposomes were
extruded at RT 3 times through a 200 nm polycarbonate
membrane and 11 times through a membrane with a pore size
of 100 nm (VWR International, Dietikon, Switzerland). AuNPs,
which were formed during the extrusion procedure, bind to the
filter membranes. Finally, the unilamellar liposomes were
heated to 70 “C for 10 min to start the formation of AuNPs. To
separate liposomes from free AuNPs, the sample was purified by
FPLC using a Superose 6 prep column (GE Healthcare,

RSC Adv, 2015, 5, 74320-74328 | 74321
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Glattbrugg, Switzerland) eluting with 0.01 M phosphate buff-
ered saline (PBS) containing 150 mM sodium chloride, pH 7.4
(Sigma-Aldrich, Buchs, Switzerland).

2.3 AuNHyb formation using nanoprecipitation

A nanoprecipitation method was used for the di-block copolymer
polyethyleneglycol-polyeaprolactone [PEG-PCL] (Sigma-Aldrich,
Buchs, Switzerland). The polymer (5 mg) was dissolved in THF
(50 uL) [Sigma-Aldrich, Buchs, Switzerland] under constant stir-
ring with a magnetic bar (750 rpm). The AuR-solution (HAuCl, :
citrate ratio — 1:4) was added dropwise (one drop per five
seconds). The mixture was stirred for 10 min at 750 rpm followed
by 10 min on a thermomixer at 70 °C and 300 rpm. Different
polymer to AuR-solution ratios were tested starting from 1 mM
HAuCl,/4.1 mM citrate up to 8 mM HAuCl,/32.8 mM citrate. To
separate the PEG-PCL-AuNHybs from free AuNPs, a FPLC puri-
fication step was used (see above).

2.4 Microfluidics device design and fabrication

The microfluidics device was fabricated with 0.05 mm thick
polystyrene foil (GoodFellow, Huntingdon, UK) and NOA 81
(Norland, Cranberry, USA) using standard soft-lithography
techniques according to the procedure described previ-
ously.”* The microfluidics device had seven inlet channels
converging to a single staggered herringbone micromixer. The
rectangular cross-section had dimensions of 468 pm length,
80 um width, and 40 pm/200 ym height (Fig. 1C). Detailed
experimental procedures are given in the ESLT

2.5 TFlow visualization and computational fluid dynamics
simulation

Detailed experimental procedures are given in the ESLT

2.6 AuNHyb formation using microfluidics

The microfluidics method was used for lipids with a transition
temperature above RT (55 “C). Therefore, the AuNP formation
during the liposome production was hampered due to decreased
temperature. 1,2-Distearoyl-sn-glycero-3-phosphocholine  (DSPC)
[5.75 pmol] (Avanti Polar-Lipids, Alabaster, USA), cholesterol
[4 pmol] (Sigma-Aldrich, Buchs, Switzerland), and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-{methoxy(polyethylene glycol}-
2000) (DSPE-PEG2000) [0.25 pmol] (Avanti Polar-Lipids,
Alabaster, USA) were dissolved in ethanol. The microfluidics
device was primed with water for the outer streams and with
ethanol for the central inlet (1 pL s~ ) using syringe pumps.
Afterwards four different syringes were connected: (I)
double-distilled water, (II) citrate solution (4.1 mM-32.8 mM],
and (IIT) tetrachloroaurate (HAuCl,) solution (1 mM-8 mM)
were connected to the outer streams (always with a HAuCl, :
citrate ratio of 1:4) and (IV) lipids in ethanol (5 mM) were
connected to the central inlet. The speed was set to 4 uL s~ ' for
syringe I, 2 pL s~ for syringe II/IIT and 1 pL s ' for syringe IV.
The sample was collected at the outlet. Finally, the liposomes
were heated to 70 °C for 10 min to start the formation of AuNPs.
To separate lipid-AuNHybs from free AuNPs, the sample was

74322 | RSC Adv, 2015, 5, 7432074328
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purified by FPLC using a Superose 6 prep column eluting with
0.01 M PBS pH 7.4.

2.7 Size analysis using dynamic light scattering

Dynamic light seattering (DLS) measurements of AuNPs and all
lipid- and polymer-AuNHybs were conducted using a Delsa
Nano C Particle Analyzer (Beckman Coulter, Nyon, Switzerland).
The laser was adjusted to 658 nm and scattered light was
detected at a 165° angle. Data was converted using CONTIN
particle size distribution analysis. The AuNHyb size was
analyzed three times in PBS at RT.

2.8 UV-Vis and fluorescence measurements

Ultraviolet-visible (UV-Vis) absorption from 260 nm to 750 nm
(step size one nm) of different samples was measured using a
SpectraMax M2 (Molecular Devices, Sunnyvale, USA). Fluores-
cence of lipid-AuNHybs containing rhodamine labelled phos-
pholipids (Rho-PE) [Avanti Polar-Lipids, Alabaster, USA] was
analyzed by excitation at 560 nm and detection between 572 nm
to 750 nm.

2.9 Transmission electron microscopy of gold nanohybrids

Size and shape of the AuNPs and AuNHybs were analyzed by
transmission electron microscopy (TEM) using a CM-100 (Phi-
lips, Eindhoven, Netherlands) operating at 80 kV. Samples were
prepared by deposition onto a 400-mesh carbon-coated copper
grid (Polysciences Inc., Eppelheim, Germany). Prior to sample
deposition, the grid was exposed to plasma for 10 seconds to
increase sample binding. Grids were washed with double-
distilled water to prevent precipitation of uranyl salts by phos-
phate ions. Then the samples were negatively stained using a
2% uranylacetate solution (Sigma-Aldrich, Buchs, Switzerland),
the excess of uranylacetate was removed using filter paper, and
the samples were dried at RT overnight. Nanocarrier integrity
was preserved by this procedure as confirmed by Cryo-EM
analysis using sample vitrification (see below). To characterize
the size of AuNPs inside of AuNHybs, the diameter of at least
100 AuNPs was determined.

2.10 Cryo-TEM of gold nanohybrids

Aliquots (4 pL) of AuNHybs were adsorbed onto holey-carbon
supported grids (Quantifoil, Glossloebichau, Germany),
blotted with Whatman 1 filter papers, and vitrified in liquid
nitrogen-cooled liquid ethane using a Vitrobot IV (FEI
Company, Eindhoven, Netherland). Cryo-electron imaging was
performed with a Philips CM200-FEG electron microscope
operated at an acceleration voltage of 200 kV. Micrographs were
recorded with a 4k x 4k TemCam-F416 CMOS camera (TVIPS,
Gauting, Germany).

2.11 Preparation of fluorescent lipid based AuNHybs

Detailed experimental procedures are given in the ESLT
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2.12  Passive uptake of AuNPs and AuNHybs in HepG2 cells

HepG2 cells were seeded on a 10 cm plate and cultured in 10 mL
Dulbecco's modified Eagle’s culture medium high glucose
supplemented with 10% fetal calf serum (FCS), 100 units mL ™"
penicillin, and 100 pg mL ™" of streptomycin (DMEM comp). All
cell culture media components were purchased from Sigma-
Aldrich (Buchs, Switzerland). Cells were allowed to adhere for
24 h before the AuNPs or AuNHybs were added. After incubation
at 37 °C for 18 h, the tissue culture plate was washed three times
with DMEM comp (37 “C). Afterwards, the cells were fixed with
DMEM containing 3% formaldehyde (Sigma-Aldrich, Buchs,
Switzerland) and 0.3% glutaraldehyde (Sigma-Aldrich, Buchs,
Switzerland) for two hours at RT and stored overnight at 4 °C.
The following day, cells were scraped, pelleted, and washed
three times with water, and then incubated with 2% uranyla-
cetate for two hours at 4 “C in the dark. The sample was washed,
dehydrated by series of methanol, and infiltrated with LR-gold
resin (London Resin, London, UK) according to the manufac-
turer's instructions. Polymerization was performed at —10 “C by
UV light for one day. Sections of about 70 nm were collected on
carbon-coated Formvar-Ni-grids (EMS, Hatfield, USA) and
stained for 15 min with 4% uranylacetate followed by two
minutes in Reynolds lead citrate solution. Sections were viewed
using a Phillips CM-100 electron microscope.

3. Results and discussion
3.1 Film rehydration (conventional liposomes)

For the preparation of AuNP loaded liposomes, the most direct
approach is the rehydration of a lipid film with presynthesized
AuNPs, The well-characterized method developed by Turkevich
and Frens is ideal to synthesize AuNPs with diameters of
approximately 20 nm (see ESIf for experimental details).”****
However, the AuNP encapsulation approach has several issues.
The AuNPs often form aggregates up to several hundred nano-
meters (Fig. 2A), which results in low encapsulation efficiency
(Fig. 2D) and renders extrusion impossible due to blocked filter
membranes. Therefore, we developed an alternative strategy
and combined the film-rehydration method with a ‘nanoreactor
approach’. We rehydrated the lipid film with the Turkevich
reaction mixture consisting of tetrachloroaurate and citrate.
Then the formation of AuNPs was initiated inside the core of
preassembled liposomes by a shift in temperature [70 °C,
10 min] (Fig. 1A).

To prevent the formation of AuNPs during the preparation of
liposomes, we selected lipids that are characterized by a low
transition temperature (T}, ). The lipid composition consisted of
POPC and POPG, which provides a T, of —2 “C. The lipid film
was rehydrated with a tetrachloroaurate and citrate reaction
solution in different ratios and the liposomes were extruded at
RT before initiation of AuNP formation. The final AuNHyb
sample exhibited the characteristic ruby-red color resulting
from the surface plasmon resonance of encapsulated AuNPs.*
To test if the temperature affected the efficiency of the process,
the entire procedure was also carried out at 4 °C. However, there
was no difference between AuNHybs prepared at RT or at lower
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temperatures. TEM showed that the AuNPs were encapsulated
inside the AuNHybs (Fig. 2B). Encapsulation efficiency (i.e. the
ratio between liposomes encapsulating AuNPs and liposomes
that were empty) was significantly higher using the nanoreactor
approach compared with either extrusion at high temperature
(data not shown) or use of preformed AuNPs (Fig. 2D). The latter
condition lead to the formation of AuNP aggregates in the
medium surrounding the liposomes (Fig. 2D). In contrast, the
nanoreactor approach resulted in the encapsulation of a single
AuNP in the inner liposomal core.

POPC/POPG-AuNHybs were also analyzed by Cryo-TEM
(Fig. 2C). Under these conditions, the native, hydrated state of
the lipid formulation is presented.” Cryo-TEM showed that
lipid-AuNHybs were spherical, mainly unilamellar, and effi-
ciently loaded with AuNPs (Fig. 2C). AuNPs were located in the
hydrophilic core of the liposomes (Fig. 2C), consistent with TEM
analysis (Fig. 2B). Interestingly, some AuNPs were located in
close proximity to the lipid bilayer. This could be either an
artefact from the drying process during the TEM grid prepara-
tion or an interaction of the AuNPs with one of the phospho-
lipids. The number of AuNPs encapsulated was dependent on
the concentration of the AuR-solution. The highest AuNP
encapsulation efficiency was achieved with 4 mM tetra-
chloroaurate, 16.3 mM citrate, and 20 mM lipids. Higher AuR-
solution to lipid ratios resulted in the formation of AuNP
agglomerates outside of the liposomes. On the other hand,
lower AuR-solution to lipid ratios led to a significant amount of
empty nanocarriers. Interestingly, TEM analysis revealed that
the AuNPs, which were synthesized inside liposomes were
significantly smaller than AuNPs synthesized without lipids
(approximately 12.0 nm vs. 21.5 nm) (Fig. 2A vs. Fig. 2B). It is
tempting to speculate that the limited amount of tetra-
chloroaurate and citrate available inside the nanocarriers is
limiting the maximum size of the AuNPs. The POPC/POPG-
AuNHybs were analyzed by DLS. The size of POPC/POPG-AuN-
Hybs (104.7 nm =+ 5.2 nm) was similar to the size of empty
liposomes (Fig. 3A). Thus, AuNPs did not influence the nano-
carrier diameter. In Fig. 4A, the absorption spectra of empty
POPC/POPG liposomes (negative control), AuNPs (positive
control), and POPC/POPG-AuNHybs are compared. As expected
no absorption maximum was observed for empty POPC/POPG
liposomes in the wavelength range from 500 nm to 600 nm.
In contrast, AuNPs and POPC/POPG-AuNHybs showed a
distinct surface plasmon absorbance peak at 525 nm. This
indicates the successful encapsulation of AuNPs inside POPC/
POPG liposomes.

3.2 Nanoprecipitation (di-block copolymer nanoparticles)

To demonstrate the broad applicability of our nanoreactor
approach, we investigated the formation of polymer-AuNHybs
using nanoprecipitation (Fig. 1B). For this method, the AuR-
solution was added dropwise to the di-block copolymer
PEG-PCL dissolved in THF (see ESIT for experimental details).
Similar to the lipid-AuNHybs, the addition of preformed
AuNPs to the polymer resulted in low encapsulation efficiency
(Fig. S1AT). In contrast, high encapsulation efficiency with one
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Fig.2 Characterization of gold nanoparticles (AuNPs} and gold nanohybrids (AuNHybs), Representative transmission electron microscopy (TEM)
(A/B. D-F} and Cryo-TEM (C} images are shown. (A} AuNPs were synthesized using a modified Turkevich method. (B) POPC/POPG-AuNHybs
were analyzed by TEM and (C) Cryo-TEM. (D) The film-rehydration method for a lipid formulation with preformed AuNPs resulted in agglom-
erates. (E) PEG-PCL-AuNHybs prepared by nanoprecipitation and (F) PEG-liposome -AuNHybs after microfluidics platform preparation contain

a single AuNP. Scale bars indicate 100 nm.

AuNP per polymeric nanocarrier was achieved using the nano-
reactor approach (Fig. 2E). Cryo-TEM analysis confirmed that
AuNPs with a size of 14.1 nm =+ 3.1 nm were located inside the
polymer-AuNHybs (Fig. S1Bf).

Polymer-AuNHybs consisting of PEG-PCL presented a
spherical morphology in which polymer chains self-assemble as
solid polymeric nanoparticles. Thus, the hydrophilic parts of
the di-block copolymer are exposed towards the outer buffer
environment (Fig. S1BY). Recently, this was also shown for other
polymeric nanoparticles.” DLS analysis showed a mono-
disperse formulation of polymer-AuNHybs (polydispersity index
= 0.088) with a diameter of 77.5 nm =+ 3.9 nm (Fig. 3B). Addi-
tionally, the polymer-AuNHybs showed a characteristic surface
plasmon band at 527 nm due to the unique optical properties of
AuNPs (Fig. 4B).

3.3 Microfluidics (PEGylated liposomes)

Recently, it has been demonstrated that rapid microfluidic
mixing offers a controlled method to produce lipid nano-
carriers.™ Defined interfacial forces between the nanomaterial
components result in a controllable and highly reproducible
self-assembly process.* To facilitate the production of AuNP
loaded PEGylated liposomes, we developed a microfluidics
platform for the preparation of lipid-AuNHybs using lipids with
a transition temperature above RT. Briefly, PEGylated lipid
based gold nanohybrids (PEG-Lipo-AuNHybs) were synthesized
by rapid mixing of an ethanolic lipid solution (5 mM, consisting
of DSPC, cholesterol, and DSPE-PEG2000) and the aqueous
Turkevich AuR-solution. In the last step of the process, the
PEGylated liposomes were heated to 70 “C to start the formation
of the AuNPs inside the liposomes.

74324 | RSC Adv. 2015, 5, 74320-74328

In more detail, our microfluidics device consisted of seven
inlet channels which converged into a single staggered-
herringbone micromixer (see ESIT). At the junction of the inlets,
the center stream was hydrodynamically focused to improve the
mixing. To illustrate the nanomanufacturing process, we simu-
lated the flow patterns and visualized them with a fluorescent dye
(Fig. 1D/E; ESI Fig. S21). Liposomes are formed at the interface
between the hydrodynamically focused lipid stream and the AuR-
solution. The mechanism of controlled, focused, and rapid mix-
ing" is visible both in the experimental setting (Fig. 1D) and the
computer simulation (Fig. 1E). The central inlet was used for the
model ethanolic lipid solution [5 mM] (Fig. S2B7). The other six,
outer inlets were used for tetrachloroaurate (Fig. S2Cf), citrate
(Fig. S2D%), and water (two inlets for each solution). Syringe
pumps were used with flow rates up to 4 uL s~ '. The reagents were
supplied by separate inlets because the use of tetrachloroaurate
and citrate in the same inlet resulted in premature AuNP
formation in the herringbone micromixer (Fig. S3D¥).* In addi-
tion, the use of preformed AuNPs resulted in a low encapsulation
efficiency, as observed for the film-rehydration and nano-
precipitation method with preformed AuNPs (Fig. S3Ef). There-
fore, the best results were achieved using a microfluidics platform
with seven different inlets (Fig. 1C-E).

Water (4 uL s ') was used to improve the hydrodynamic flow
focusing of the lipid stream and to decrease the final ethanol
concentration. Furthermore, we used a higher flow rate for the
outer inlets to increase the water to ethanol ratio. This is
important to prevent the destabilization of liposomes caused by
clevated ethanol concentrations.** Microfluidics parameters
were adjusted to optimize encapsulation efficiency and
size distribution. A continuous and efficient production was
achieved with 2 mM tetrachloroaurate/8.2 mM citrate solution

This jolr
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size = 104.7 nm +/- 5.2 nm

PDI = 0.085 +/- 0.014

size = 77.5 nm +/- 3.9 nm

PDI = 0.088 +/- 0.016

. size = 123.0 nm +/- 2.5 nm

PDI = 0.236 +/- 0.017

Fig. 3 Dynamic light scattering analysis of gold nanohybrids (AuNHybs). Intensity distribution of (&) POPC/POPG~AuNHyb, (B} PEG-PCL-
AuNHyb, and {C) PEGylated liposome—AuNHyb. Mean values of size and polydispersity index (PD1) are given 4 5D (n = 5).
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Fig.4 UV spectra of empty nanocarriers, gold nanoparticles (AuNPs), and gold nanohybrids (AuNHybs). Relative UV-Vis absorption from 260 nm
to 750 nm (step size one nm) was measured for (A} POPC/POPG, (B) PEG-PCL. and (C) PEG-lipid based nanocarriers. Spectra were normalized
to an ODsgq of 1.0. All AuNHybs showed a characteristic surface plasmon band at approximately 525 nm.

(for 5 mM lipids); and flow rates of 2 uL s ! for the AuR-solutions,
and 1 pLs ' for the lipid solution. The absolute production speed
was 420 uL min ' (Fig. S2At). Increasing the concentration of
the AuR-solution for the microfluidics manufacturing resulted
in an increased number of encapsulated AuNPs per AuNHyb
(Fig. S3A-Ct) until agglomerates were observed. AuNHybs with
several encapsulated AuNPs mostly resulted in Janus-like vesicle
structures (i.e. asymmetrical loading) as recently shown for
Janus magnetic liposomes.* DLS and TEM showed that the size
of PEG-Lipo-AuNHybs was similar to that of empty PEGylated
liposomes (Fig. 2F and 3C). PEG-Lipo-AuNHybs with a mean

hydrodynamic diameter of 123 nm + 2.5 nm (Z-average) and a
monodisperse size distribution were obtained (Fig. 3C). Each
liposome incorporated one AuNP with a diameter of 6.8 nm + 1.5
nm as shown by TEM (Fig. 2F). A characteristic plasmon absorp-
tion at 525 nm was observed using UV-Vis spectroscopy (Fig. 4C).

3.4 Characterization of nanoreactor approach

We showed that our nanoreactor approach is applicable for a
wide range of nanomaterials, as well as different preparation
methods. The film rehydration method can be used for lipids
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Fig.5 Uptake experiments of gold nanoparticles (AuNPs) and gold nanohybrids (AuNHybs) in HepG2 cells. (A) AuNPs localized at the cell surface
or (D) inside the cell. Representative uptake images of (B/E) POPC/POPG-AuNHybs and (C/F) PEG-PCL-AuNHybs (arrows). ER = endoplasmatic
reticulum; LYS = lysosome; M = mitochondria; MVB = multi vesicular body; PM = plasma membrane. Scale bars indicate 200 nm.

with a transition temperature below RT, whereas the nano-
precipitation method is suitable for several polymer nano-
materials.*®* The microfluidics method is especially designed
for lipids with a transition temperature above RT. However, this
technique is suitable for all nanomaterials, that need highly
controlled nanomanufacturing.*

The most important step of our nanoreactor approach is the
speed of the nanocarrier production. The nanocarrier formation
needs to be faster than AuNP aggregate formation. Therefore, the
AuNP formation inside the nanocarriers is initiated by a
temperature shift after self-assembly. AuNP aggregates formed
outside of the selfassembled nanocarrier are removed by size
exclusion chromatography. During this step, the outer buffer can
be exchanged to a physiological compatible medium such as PBS.
Several publications have shown that a difference in tonicity
between the nanocarrier lumen and the outer buffer environment
is not affecting the stability or morphology of nanocarriers. ™

All tested combinations resulted in efficient and reproduc-
ible formation of AuNHybs. Moreover, DLS, TEM, and Cryo-
TEM analysis showed that the final AuNHybs preserved the
initial dimensions of the empty nanocarriers. Four distinet
observations indicate that the AuNPs were encapsulated inside
the nanocarriers. Firstly, the AuNHybs passed easily through
the size exclusion chromatography medium (Superose 6 prep)
whereas non-encapsulated AuNPs showed a high affinity for the
chromatography medium, which was recently also shown for
quantum dots.*® Secondly, the AuNHybs exhibited an improved
stability in PBS and aggregation was prevented as compared to
free AuNPs. Thirdly, electron microscopy analysis showed a
single AuNP entrapped per nanocarrier and no clusters of
AuNPs were observed. Finally, the deep-red AuNHyb solutions
exhibited a specific surface plasmon absorption peak at 525 nm,
and a low 650 nm/530 nm ratio, which is characteristic for non-
agglomerated AuNPs."

74326 | RSC Adv, 2015, 5, 74320-74328

3.5 Cellular uptake experiments

To demonstrate the use of AuNHybs for bioimaging, we per-
formed uptake experiments with the AuNHybs in HepG2 cells
exploiting the unique optical properties of AuNPs. The electron-
density of AuNPs was used for further TEM analysis of cells
(Fig. 5) as shown recently for surface-modified AuNPs.™ Due to
the high quality and uniform size of AuNPs, TEM observations
were possible without silver enhancement. Using this approach,
fundamental insights about nanocarrier uptake and intracel-
lular fate can be obtained. For example, proteins covering the
surface of nanocarriers after administration to biological
medium can influence cellular uptake. However, formation of a
protein corona and opsonisation can be minimized using
PEGylated nanocarriers (i.e. PEG-PCL nanoparticles or PEGy-
lated liposomes).*"* It remains to be elucidated to which degree
protein adsorption onto non-modified nanocarriers such as
conventional liposomes has to be taken into account for
biomedical applications.”**

The interaction of free AuNPs with HepG2 cells is shown in
Fig. 5A and D. Free AuNPs formed aggregates which were located
on the cellular plasma membrane (Fig. 5A) or taken up into the
cell (Fig. 5D). These observations are in agreement with pub-
lished results.”* Fig. 5 shows the interaction with cells of lipid
(panel B/E) or polymer based AuNHybs (panel C/F). In contrast to
the uptake of free AuNPs, no AuNP aggregates were detected
using AuNHybs. Different internalization steps were observed. An
early stage in the cellular uptake mechanism was indicated by
parts of the cellular plasma membrane around endosomes
located near the cellular membrane (Fig. 5B). Compartments
filled with more than one AuNP are most likely caused during
maturation of different AuNHyb-filled vesicles (Fig. 5E/F).

AuNHybs could thus be used to examine nanoparticle-cell-
interactions and the intracellular fate of the nanocarriers
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inside the cells using TEM, a technique which offers greater
resolution compared to confocal microscopy. It should be noted
that liposomes encapsulating AuNPs can act simultaneously as
a carrier for fluorescent dyes (see ESIT for experimental details).
For example rhodamine labelled phospholipids (Rho-PE) can be
used to fluorescence label AuNHybs (Fig. S4bt). This offers the
possibility to image fluorescent AuNHybs by confocal fluores-
cence microscopy or to quantify them with flow cytometry
analysis.

4. Conclusions

In conclusion, we have developed a novel strategy for the
preparation of lipid and polymer based AuNHybs. After encap-
sulation of the required reagents inside nanocarriers, formation
of AuNPs was triggered by a temperature shift. In future, a
similar approach could be used for the preparation of alterna-
tive metal nanohybrids such as silver nanoparticles. Different
preparation techniques were used in combination with various
nanomaterials. To the best of our knowledge, this nanoreactor
approach is unique and was not used previously. The high
reproducibility and versatility of our nanoreactor approach is
unprecedented and makes this technology suitable for many
nanomaterials. Microfluidics offers the possibility for an effi-
cient and large scale production.

The produced AuNHybs have a size of 70 nm to 130 nm,
which makes them ideal for bioimaging applications.” In
addition, AuNHybs can be stored over a prolonged period of
time (Le. >3 months/4 “C) maintaining their initial size and
monodispersity.

In order to target specific cells or tissues, AuNHybs can be
easily modified using surface-conjugated receptor ligands.”
Our nanoreactor approach will be instrumental to develop a
better understanding of cellular uptake and intracellular traf-
ficking of targeted nanocarriers.
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1. Supplementary Information Experimental Section

1.1 Gold nanoparticle (AuNP) synthesis

The AuNP synthesis was optimized using a 2* full factorial design of experiment (DoE) [Stavex 5.2, Aicos Technologies, Basel,
Switzerland]. Variables are listed in Table S1. All glass equipment was cleaned with aqua regia to prevent the formation of gold
seeds. The best condition (smallest AuNPs and mild reaction condition) from our screening was used for further AuNHyb

preparations (1.0 mM HAuCl, / 4.1 mM citrate; 1:4 molar ratio).

Table 51: AuNP synthesis screening using Turkevich method. Variations of

citrate or tetrachloroaurate concentration, pH, and temperature.

Sample c (HAuCl;) [mM] c(Citrate) [mM] c (NaOH) [mM] T[°C] Size [nm]

Factorial Design
(Mild Conditions)
A 0.5 2.0 = 70 20.2
B 1.0 2.0 = 70 24.3
Cc 0.5 4.1 - 70 43.1
D 1.0 4.1 = 70 16.6
E 0.5 2.0 - a5 20.8
F 1.0 2.0 - 85 19.8
G 0.5 4.1 - 85 17.0
H 1.0 4.1 = 85 17.8
Other Approaches e
| 0.5 2.0 = boiling 18.7
K 1.0 4.1 < boiling 19.3
L 25 2 5.0 70 26.6
M 2.5 5.1 6.6 85 19.6
This journal is @ The Royal Society of Chemistry 2015 RSC Advances, 2015
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1.2 Microfluidics device design and fabrication

For the master fabrication, SU8 (Microchem, Newton, USA) spin coated silicon wafers (Si-Mat, Kaufering, Germany) were used.
To produce a master with a staggered herringbone micromixer, multi-layer photolithography was carried out using appropriate
photomasks (JD Pho-tools, Oldham, UK) and a MJB4 mask aligner (SUSS MicroTec AG, Garching, Germany).

The first layer was made of SU8-3025 and the second one of S5U8-3050 negative photoresists. PDMS and cross-linker (Sylgard
184, Dow Corning GmbH, Wiesbaden, Germany) were mixed in the mass ratio of 10:1, degassed, and poured on the masters
followed by overnight curing. Cured PDMS stamp was peeled off from the wafer.

To prepare a 3D channel device, two sides (bottom side and top side) of polystyrene foil/NOA 81 were prepared as follows. A
drop of NOA 81 was pipetted onto the structure of the PDMS stamp. Then a piece of polystyrene foil was placed on the NOA 81
and pressed down until the polystyrene foil touches elevated channel on the PDMS stamp that the channels were only laterally
defined by NOA 81, NOA 81 was cured under UV-light for 3 min (366 nm, 2 x 8 W, Camag, Muttenz, Switzerland). The second side
of the device was prepared the same way. Additionally, 0.75 mm holes were punched for tubing connection (Harris Unicore).

Both polystyrene foil/NOA 81 sides were aligned, gently pressed, and cured under UV-light for 10 min.

1.3 Flow visualization
Deionized water, ethanol, and a fluorescein solution were used to visualize the flow patterns of the microfluidics device (Figure
1D). Images were taken using an Olympus IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with fluorescence

illumination (X-Cite Series 120 Q).

1.4C s Simulation

ational Fluid Dy

For the numerical computational fluid dynamics (CFD) simulations we used the CFD module of the software COMSOL 4.3a
(COMSOL Inc, Burlington, USA). The microfluidics device was modeled in 3D using 792,779 finite elements solving the
incompressible Mavier-Stokes-equation and advection-diffusion equation. The stationary flow field was calculated and in a

second step the material transport of the diluted species were calculated using the beforehand-obtained stationary flow fields.
5

We assumed a Newtonian fluid having the properties of water at room temperature.” Flow rates and inflow concentrations were

specified at the seven inlets and the following diffusion coefficients were assumed: Dy = 510 m* 57, Dyae =8.910™ m* 5™

and Dpuca=5.610"" m? s,

1.5 Preparation of fluorescent lipid based gold nanohybrids (AuNHybs)

To broaden the application spectrum of AuNHybs for bicimaging purposes, we introduced an additional fluorescence marker,
namely Rho-PE (Avanti Polar-Lipids, Alabaster, USA), into lipid based nanocarriers. Rho-PE was post inserted into preformed
75mol% POPC, 25mol% POPG liposomes as described elsewhere,ﬁ The modified liposomes possessed specific absorption
properties based on the encapsulated AuNPs and an additional fluorescence based on the post-insertion of Rho-PE. The non-
Rho-PE liposomes showed neither an absorption peak between 260 nm and 750 nm, nor a fluorescence after excitation at
560 nm. In contrast, the Rho-PE containing liposomes possessed a strong fluorescence with a maximum at 596 nm after they
were excited near their absorption maximum at 560 nm. Compared with lipid-AuNHybs, the Rho-PE containing AuNHybs showed

an additional absorption peak and were fluorescent after they were excited at 560 nm.

2 | RSC Advances, 2015 This journal is © The Royal Society of Chemistry 2015
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2. Supplementary Information Figures

Figure S1. Electron microscopy analysis of PEG-PCL-gold nanohybrids (AuNHybs). Representative transmission electron
microscopy (TEM) and Cryo-TEM images of solid polymeric nanoparticles are shown. (A) Preparation of PEG-PCL-AuNHybs using
preformed AuNPs results in low encapsulation efficiency. (B) Cryo-TEM analysis of PEG-PCL-AuNHybs prepared via nanoreactor

approach. Scale bars indicate 50 nm.
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Figure 52. Computational fluid dynamics (CFD) simulations. (A) CFD simulation of the flow rate (m/s) of all seven inlet channels
converging to a single micromixer is shown. Simulation of concentration gradients of (B) ethanol (in a.u.), (C) tetrachloroaurate

(in mol/L), and (D) citrate (in mol/L) solution are presented.

This journal is @ The Royal Society of Chemistry 2015 RSC Advances, 2015
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Figure S3. Preparation of gold nanohybrids (AuNHybs) using microfluidics. Representative transmission electron microscopy
(TEM) images are shown. Increasing concentration of the reaction solutions (1x = 1 mM HAuUCIl; / 4.1 mM citrate) for the
nanoreactor approach resulted in an increased number of AuNPs per nanocarrier. (A) 2x, (B) 4x, and (C) 8x reaction solutions
were used. (D) Preparation of AuNHybs with one combined reaction solution in the same inlet resulted in AuNP formation during
microfluidics procedure. (E) Direct use of AuNPs resulted in agglomerates and low encapsulation efficiency. Scale bars indicate
100 nm.

300 400 500 800 700 ) 850 700 750

7 [nm] 7 nm]
Figure 54. UV-Vis and fluorescence spectra of gold nanohybrids (AuNHybs) with and without fluorescent lipid (Rho-PE). (A) UV-
Vis absorption from 260 nm to 750 nm (step size one nm) was measured. Spectra were normalized to an 0D, of 1.0.
Fluorescently labelled AuNHybs showed two absorbance maxima, i.e. characteristic surface plasmon band and absorbance
maximum of Rho-PE. (B) Fluorescence spectra of AuNHybs between 572 nm to 750 nm after excitation at 560 nm. POPC/POPG-
RhoPE-AuNHybs showed strong fluorescence (RFU = relative fluorescence units), whereas POPC/POPG-AuNHybs were not

fluorescent.

4 | RSC Advances, 2015 This journal is @ The Royal Society of Chemistry 2015
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Highlights: The delivery of nucleic acids is one of the most interesting areas in nanomedicine
research. In this publication, the development of a novel polymer-peptide hybrid system for gene
delivery is highlighted. A biocompatible and protein repellent synthetic polymer (i.e., PMOXA) was
combined with a biocleavable peptide block, namely PASP. This polymer-peptide hybrid system was
modified with diethylenetriamine to allow for plasmid DNA complexation and delivery. Transfection
of target cells was achieved 7 vitro with high efficiency. PMOXA-/-PASP(DET) nanoparticles had a
slightly negative zeta potential and were not cytotoxic. These unique properties set this block
copolymer apart from established polycationic DNA delivery systems. In the future, this versatile

and biocompatible polymer might find a widespread use in the field of targeted gene therapy.
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ABSTRACT: Currently, research on polymers to be used as gene delivery systems is one of the most important directions in
both polymer science and biomedicine. In this report, we describe a five-step procedure to synthesize a novel polymer—peptide
hybrid system for gene transfection. The block copolymer based on the biocompatible polymer poly(2-methyl-2-oxazoline)
(PMOXA) was combined with the biocleavable peptide block poly(aspartic acid) (PASP) and finally modified with
diethylenetriamine (DET). PMOXA-b-PASP(DET) was produced in high yield and characterized by '"H NMR and FT-IR. Our
biopolymer complexed plasmid DNA (pDNA) efficiently, and highly uniform nanoparticles with a slightly negative zeta potential
were produced. The polymer—peptide hybrid system was able to efficiently transfect HEK293 and HeLa cells with GFP pDNA in
vitro. Unlike the commonly used polymer, 25 kDa branched poly(ethylenimine), our biopolymer had no adverse effects on cell
growth and viability. In summary, the present work provides valuable information for the design of new polymer—peptide hybrid-
based gene delivery systems with biocompatible and biodegradable properties.

KEYWORDS: polymer—peptide hybrid system, transfection, gene delivery, nanoparticles, toxicity, biodegradability

B INTRODUCTION

Gene therapy is one of the most rapidly growing areas in
nanomedicine research.! In general, gene delivery systems are
classified into two major groups, ie., viral and nonviral.” Viral
vectors, such as retroviruses or adenoviruses, are characterized
by high transfection efficacies, but their major drawback is the
concern about biosafety and cytocompatibility.’ Nonviral
systems, such as lipids or polymers, have gained attention
especially because of their lower cytotoxicity and easier
production.” In particular, polymers have great potential for
gene therapy because of their chemical versatility, ™

Many groups developed polymers or polymer conjugates
with linear, branched, or cyclic molecule structure for gene
delivery to express exogenous proteins. 37714 To be translated
into a protein, pDNA needs to overcome two barriers, First,

@ 2015 American Chemical Society

VACS Publications

pDNA has to cross the cell membrane, and second, it must
overcome the nuclear membrane. In the nucleus, pDNA will be
transcribed into mRNA, and the protein of interest will be
expressed.

Polycations are the major type of nonviral polymeric gene
nanocarriers, The most widely used transfection polymer is 25
kDa branched poly(ethylenimine) (bPEI).'> However, bPEI as
well as several other polymers including poly(i-lysine) (PLL),
poly(propylenimine) (PPI), and poly(2-dimethylamino ethyl
methacrylate) (PDMAEMA) have cytotoxic side effects,'®™"
Therefore, developments are focusing on gene vectors with
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Figure 1. Synthesis and characterization of PMOXA-b-PASP(DET). (A) Schematic diagram illustrating the synthesis of PMOXA-b-PASP(DET):

(1) triflic anhydride, TEA, DCM,

—20 °C; (2) 2-methyl-2-oxazoline, acetonitrile, 80 “C, NaNy; (3) NH,—NH,-H,0, ethanol, RT; (4) f-Benzyl 1-

aspartate anhydride, DMF, RT; (5) DMF, DET, 40 °C. (B) 'H NMR spectrum of N;-PMOXA-Ph in CDCL,. (C) FT-IR spectrum of N;-PMOXA-
Ph. Stretching vibration of C=0 (1616 em™'). Azide group (2010 ecm™'). (D) '"H NMR spectrum of N;-PMOXA-NH, in CDCl,. (E) 'H NMR
spectrum of Ny-PMOXA-b-PBLA in CDCl,. (F) 'H NMR spectrum of Ny-PMOXA-b-PASP(DET) in D,0.

improved transfection efficiency as well as decreased cytotox-
icity. Several approaches have already been investigated, e.g,
ternary comp]exes consisting of PLL, pDNA, and a funcljcnal
polymer;'?*" single cyclic knot polymer structures;”" or highly
branched degradable copolymers.”

The main objective of the present work was the development
of a novel polymer—peptide hybrid (PPH)-based gene delivery
system with minimal cytotoxicity, improved biocompatibility,
and advantageous physicochemical characteristics. PPH systems
have recently attracted great attention because this type of
block copolymers combines the excellent safety and bio-
compatibility froﬁ!es of both synthetic polymers and natural
peptides.*”'%** We synthesized a block copolymer by ring-
opening polymerization of 2-methyl-2-oxazoline and fi-benzyl-
L-aspartate N-carboxy anhydride (BLA-NCA), using the
synthetic polymer poly(2-methyl-2-oxazoline) (PMOXA) and
the peptide block poly(aspartic acid) (PASP).

PMOXA is a hydrophilic polymer with stealth™ and protein-
repellent properties,® which is an advantage for biomedical
application.”® In vivo, the circulation half-life is prolonged, and
immunogenicity of the gene delivery system is reduced.*”
Recently, Pidhatika et al. demonstrated that, under physio-
logical conditions, PMOXA is more stable than polyethylene

glycol (PEG).*® This suggests that PMOXA might be an
excellent alternative to PEG. Thus, we used PMOXA as a
biocompatible and protein-repellent backbone of the gene
delivery system. To the best of our knowledge, our biopolymer
is the first PMOXA-based PPH for gene delivery.

PASP is a biocompatible and biodegradable polypeptide that
can be used for further functionalization of the copolymer.**?’
In order to deliver nucleic acids with our PPH, the peptide
block was easily modified with the amine-containing unit,
diethylenetriamine (DET). Flanking primary and secondary
amines allow for electrostatic mteracl:lons with the negatively
charged backbone of nucleic acids.® This is necessary to
complex pDNA and to form nanoparticles. Transfection
efficiency of our tailor-made PPH PMOXA-b-PASP(DET) in
mammalian cells was assessed using pDNA encoding green
fluorescence protein (GFP). In addition, we evaluated the
biocompatibility of our PPH in vitro as well as in vivo in a
preliminary safety study.

B EXPERIMENTAL SECTION

Materials. Agarose and sodium dodecyl sulfate (SDS) were
purchased from Bio-Rad Laboratories (Cressier, Switzerland), and 3-
(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolinium bromide
(MTT) and 1% ethidium bromide solution were obtained from Carl

DOI: 10,1021 /acsam] 501684
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Roth (Karlsruhe, Germany). Opti-MEM and 025% trypsin-EDTA
were obtained from Invitrogen, Life Technologies (Zug, Switzerland).
Cell media and all other chemicals were purchased from Sigma (Buchs,
Switzerland): N-(2-hydroxyethyl)phthalimide (99%), trifluorometha-
nesulfonic anhydride (>99%), triethylamine (>99%), 2-methyl-2-
oxazoline (98%), sodium azide (=99.3%), hydrazine monchydrate
(98%), f-benzyl-L-aspartate (98%), triphosgene (98%), DET (99%),
calcium hydride (95%), acetonitrile (299.8%), dichloromethane
(299.8%), ethanol (99.8%), N,N-dimethylformamide (>99.8%), and
tetrahydrofuran (>99.9%). Triethylamine, dichloromethane, 2-methyl-
2-oxazoline, and acetonitrile were separated from CaH, and
tetrahydrofuran was separated from LiAlH, by distillation. Other
chemicals and solvents were used without additional purification.

Synthesis and Characterization of PMOXA-b-PASP(DET). The
PPH PMOXA-b-PASP(DET) was synthesized via a five-step
procedure (Figure 1A). A '"H NMR was recorded on a Bruker DPX-
400 MHz spectrometer in CDCly and D,0 and was analyzed using
MestReNova software. The molecular weight of our PPH was assessed
using 'H NMR. Due to poor solubility of our PPH in THF, a reliable
determination of the molecular weight using gel permeation
chromatography (GPC) was not possible. Fourier transform infrared
spectroscopy (FT-IR) (PerkinElmer Spectrum 100 FT-IR spectrom-
eter) was used to characterize the presence of specific chemical groups.
Polymer samples were measured with 256 scans and 2 cm™
resolution. The spectra were measured from 400 to 3000 em ™.

Phthalimidoethyl Triflate. N-(2-Hydroxyethyl)phthalimide (0.63 g,
3.30 mmol) and trimethylamine (TEA, 0.60 mL, 4.30 mmol) were first
dissolved in 20 mL of distilled dichloromethane (DCM) at —20 °C.
Afterward, trifluoromethanesulfonic anhydride (0.67 mL, 4.0 mmol)
was mixed with another S mL of distilled DCM and then dropped
slowly into the solution under argon. The final solution was stirred for
3 h at =20 °C under argon atmosphere. After washing with cold
saturated NaHCO, aqueous solution and brine, the organic phase was
dried by water-free MgSO,. After filtration of MgSO,, the solvent was
evaporated, and the residues were dried in high vacuum for 2 h before
further use.

N3-PMOXA-Ph. The initiator, phthalimidoethyl triflate (0.97 g, 3.0
mmol), was dissolved in 30 mL of distilled acetonitrile, and then
distilled 2-methyl-2-oxazoline (22 mL, 259 mmol) was added. Finally,
the polymerization medium was heated to 80 °C for 24 h under argon.
The medium was cooled down to room temperature (RT), and a 10-
fold excess of NaN, was added to the medium to quench the
polymerization and introduce the azide functional group. The medium
was stirred for 24 h at RT. NaN; was removed by filtration, and the
solvent was evaporated. The final product was purified by dialysis
against water for 48 h. N;-PMOXA-Ph (20 g) was obtained by freeze-
drying as a colorless powder. The yield was 91%. "H NMR (400 MHz,
8, CDCly): 20 ppm (m, O=C—CH,, H,), 344-3.54 ppm (m,
CH,—CH,, H_), 7.35-7.60 ppm (m, C,H,, H,).

N3-PMOXA-NH;. N-PMOXA-Ph (4.25 g, 0.55 mmol) was dissolved
in ethanol (100 mL). Hydrazine monohydrate (400 mL) was added,
and the solution was stirred overnight under argon at RT. After
evaporation of the solvent, the polymer was redissolved in MeOH and
precipitated twice in cold diethyl ether. The polymer was then
redissolved in water and dialyzed against water for 48 h. N;-PMOXA-
NH, (3.8 g) was obtained by freeze-drying as a colorless powder; the
yield was 89%. '"H NMR (400 MHz, 8, CDCl): 1.91 ppm (m, O=
C—CHj, Hy), 3.38—3.50 ppm (m, CH,—CH,, H_).

N3-PMOXA-PBLA-NH ;. N-PMOXA-NH, (0.90 g, 0.12 mmol) was
dissolved in water-free DMF. f-Benzyl 1-aspartate anhydride (2.9 g
11.62 mmol) was added, and the reaction medium was continually
stirred for 24 h at RT under argon atmosphere. The reaction medium
was precipitated twice in cold diethyl ether to get 3 g of a colorless
solid. The yield was 79%. 'H NMR (400 MHz, 8, CDCl,): 2.10 ppm
(m, O=C—CH,, Hb), 2.66 ppm (broad, CH,—C=0, Hd), 3.1
ppm (br, CH,—C=0, Hd), 345 ppm (m, CH,—CH,, Ha), 428
ppm (br, CH—NH, Hc), 5.09 ppm (m, CH,—C4H;, He), 7.25 ppm
(m, C4Hy, Hf), 8.87 ppm (br, O=C—NH, Hg).

N3-PMOXA-PASP(DET)-NH,. N;-PMOXA-PBLA-NH, (0.052 g
0.0029 mmol) was dissolved in water-free DMF (4 mL), and then

DET (0.75 mL, 6.9 mmol) was added. The reaction was carried out at
40 °C under argon for 36 h. The reaction medium was added to 20
mL of acetic acid aqueous solution (10%) and then dialyzed against a
0.01 N HCI aqueous solution for 48 h. A slightly yellow solid powder
(50 mg) was obtained after lyophilization. The yield was 98%. 'H
NMR (400 MHz, &, D,0): 1.99 ppm (m, O=C—CH,, Hb), 2.83
ppm (m, O0=C—NH—CH,, He), 2.90 ppm (br, CH,—C=0, Hd),
3.02 ppm (m, CH,—NH—CH,, Hf), 3.13 ppm (br, 0=C—CH—
NH, He), 3.36 ppm (br, CH,—NH,, Hg), 3.43—3.53 ppm (m, CH,—
CH,—N, Ha).

Cell Culture. Human embryonic kidney (HEK293) cells and the
human epithelial carcinoma cell line HeLa were cultured at 37 °C
under 5% CO, and saturated humidity in Dulbecco’s modified Eagle's
culture medium high glucose (DMEM) supplemented with 10% fetal
calf serum (FCS), penicillin (100 units/mL), and streptomycin (100
pg/mL). HEK293 cells stably expressing GFP for growth characteristic
studies were produced by single-cell sorting and were cultured in
DMEM containing 10% FCS and 0.5 mg/mL Geneticin (G418,
Invitrogen, Life Technologies). Transfection assays were performed
using the mammalian expression plasmid pTagGFP-N (Evrogen) with
a size of 4.7 kb. The pDNA vector is encoding the enhanced GFP and
comprises the immediate early promotor of cytomegalovirus (CMV).

pDNA Complexation. To form polymer-pDNA complexes,
PMOXA-b-PASP(DET) or bPEI was mixed with pDNA in 100 uL
of complexation medium in defined nitrogen to phosphate (N/P)
ratios and incubated for 30 min at RT. As complexation medium we
tested Opti-MEM (pH 7.4), acetate buffer (pH 5.5), and tris-buffered
saline (TBS; pH 8.0). The resulting polymer-pDNA complexes were
used for further experiments. For the N/P ratio calculations, we
assumed a mass of 179 g/mol for each amine-containing unit of our
PPH, 43.1 g/mol for each amine-containing unit of bPEI, and 330 g/
mol for each phosphate-containing unit of the pDNA.

Gel Retardation Assay. Freshly prepared PMOXA-b-PASP-
(DET)-pDNA complexes with N/P ratios of 0.5—-300 were analyzed
by gel retardation assay. Samples containing either pDNA only or
PMOXA-b-PASP(DET) only (mock control) were used as controls.
For tracking, a loading buffer (15% Ficoll 400 in tris/borate/EDTA
buffer [TBE]) containing bromophenol blue (0.1%) was added to
each sample. All samples were separated on a (.8% agarose gel
containing 0.05 mg/mL ethidium bromide (EtBr) at 80 V for 45 min
using TBE buffer. A gel documentation system (GelDoc-It TS2
Imager, UVP, Cambridge, UK.) was used to visualize pDNA
migration.

PPH-pDNA-Nanocomplex Characterization. Morphology. Par-
ticle size and morphology of nanocomplexes were analyzed using
transmission electron microscopy (TEM). Samples were loaded on a
carbon-coated grid and stained negatively with 2% uranylacetate
solution. Excess of uranylacetate was removed, and the samples were
dried at RT overnight. TEM analysis was performed with a CM-100
electron microscope (Philips, Eindhoven, Netherlands).

Size. Tunable resistive pulse sensing (TRPS) analysis was
performed using the qNano (Izon Science, Christchurch, New
Zealand), Particle size, size distribution, and concentration of PPH-
pDNA-nanoparticles at N/P ratios of 100 and 300 were analyzed. The
nanoparticles were passed through a tunable nanopore with size
designation np300. Calibration was performed with 1150 nm
carboxylated polystyrene nanoparticles. Degree of membrane stretch
(46.05 mm) and applied voltage (0.70 V) were tuned to optimize the
resolution for each preparation.

Zeta Potential. Zeta potential of the polymer-pDNA nano-
complexes (PPH or bPEI) was measured using a Delsa Nano C
Particle Analyzer (Beckman Coulter, Nyon, Switzerland). The laser
wavelength was 658 nm, and the measurement angle was 15°. Samples
were measured in D-PBS at RT by electrophoretic light scattering.
Data were converted using the Smoluchowski equation (Delsa Nano
V3,73/2.30, Beckman Coulter Inc., Brea, CA).

Stability. Stability of PMOXA-b-PASP(DET)-pDNA nanocom-
plexes was assessed using TEM analysis. Freshly prepared nano-
complexes were compared to nanocomplexes stored for 2 weeks in
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complexation medium at 4 “C. Sample preparation was performed as
described before.

GFP pDNA Transfection. To assess the functionality of our PPH-
based system, transfection assays were performed. In a 24-well plate,
120 000 HEK293 or Hela cells were seeded and cultured in 1 mL of
DMEM. Cells were allowed to adhere for 24 h. Then, 100 gL of
freshly prepared PMOXA-b-PASP(DET)-pDNA complexes (N/P
ratios 0—300) was added to each well. Controls (0% transfection)
were defined as incubation of cells with DMEM and complexation
buffer (Opti-MEM) only, Additionally, cells were incubated with
pDNA alone to assess transfection efficiency without any transfection
reagent. Autofluorescence of cells was determined by incubation of
cells with the PPH only. GFP expression was analyzed qualitatively by
confocal laser scanning microscopy (CLSM) or quantitatively by flow
cytometry 48 h after transfection (see below).

GFP Expression Analysis. Confocal Laser Scanning Microscopy.
For qualitative analysis of GFP expression, cells were washed with D-
PBS and cultured in DMEM without phenol red. Live cell imaging was
performed using an Olympus FV-1000 inverted confocal fluorescence
microscope (Olympus Ltd,, Tokyo, Japan) and a 10X objective
(numerical aperture 0.40). Excitation and emission wavelengths were
488 and 516 nm, respectively. Surface area of GFP-positive cells was
assessed using Image] 146 software (National Institutes of Health).

Flow Cytometry. For quantitative analysis of GFP expression, cells
were washed with cold D-PBS (4 °C) and detached using 0.25%
trypsin/ EDTA. After two additional washing steps with D-PBS, cells
were resuspended in staining buffer containing D-PBS, 1% FCS, 0.05%
NaN,, and 2.5 mM EDTA. Flow cytometry analysis of 10 000 cells was
carried out using a FACS Canto II flow cytometer (Becton Dickinson,
San Jose, CA). The cells were excited at 488 nm, and doublets were
excluded. The fluorescence signal of GFP was detected in FL1
(50SLP-530/30). To evaluate the transfection efficacies (% of GFP-
positive cells), Flow Jo VX software (TreeStar, Ashland, OR) was
used.

Cell Viability Assay. To evaluate the cytotoxic effect of PMOXA-
b-PASP(DET) and bPEL native or in complex with pDNA, an MTT
assay was performed as described previously.™ In brief, HEK293 or
HeLa cells were incubated for 24 h with different concentrations of the
test compounds. Afterward, the cells were incubated with MTT
reagent at 37 °C and 5% CO, for 4 h. In order to solubilize the
reduced MTT for the readout, the culture medium was discarded, and
a solution containing 20 uL of 3% (v/v) sodium dodecyl sulfate in
water and 100 yL of 40 mM hydrochloric acid in isopropanol was
added. The water insoluble formazan dye crystals were dissolved in the
dark for 2 h at RT by shaking. Finally, the optical density at 570 nm
was measured using a Spectramax M2 microplate reader (Molecular
Devices, Sunnyvale, CA). The results are given as relative cell viability
(RCV) compared to control cells (complexation medium only).
Interference controls were performed to exclude the influence of
PMOXA-b-PASP(DET) on the outcome of the assay.

Analysis of Morphology and Cell Growth. To assess the
influence of PMOXA-b-PASP(DET) or bPEl on cell growth
characteristics, HEK293 cells stably expressing GFP were seeded at
a density of 10000 cells/well in a 96-well plate. GFP-expressing
HEK293 cells were used to improve the visibility of growth difference
compared to nontreated control cells. Opti-MEM, PMOXA-b-
PASP(DET), or bPEI was added 24 h after seeding After an
additional 48 h, CLSM analysis was performed to assess morphological
changes and cell growth. GFP-expressing HEK293 cells were analyzed
by CLSM as described above, For quantitative analysis of growth area
of cells, Image] 1.46 software was used.

Statistical Analysis. Statistical analysis of transfection experi-
ments, MTT assays, and safety studies was performed by one-way
analysis of variance (ANOVA) followed by a Bonferroni posthoc test
using OriginPro 9.1 (OriginLab Corporation; Northampton, MA)
software. All data represent means +SD of at least n = 3 independent
sets of experiments,

Transfection efficiency of our PPH was optimized using a 2* full
factorial design of experiment (DoE) (Stavex 3.2 software, Aicos
Technologies, Basel, Switzerland). The studied variables included the

following: (a) Opti-MEM (pH 7.4) or TBS (pH 8.0) as complexation
medium, (b) N/P ratio 20 or 100, and (c) type of transfection
protocol (ie, direct application of transfection mix onto cells versus
dilution of transfection mix in DMEM prior to addition).

B RESULTS AND DISCUSSION

Synthesis and Characterization of PMOXA-b-PASP-
(DET). The main goal of the present work was to synthesize a
novel, biocompatible PPH system for gene delivery. Phthali-
midoethyl triflate was used as an educt for the chemical
synthesis (Figure 1A).>> Ring-opening polymerization of 2-
methyl-2-oxazoline was quenched using NaN;, According to
the '"H NMR calculation, the degree of polymerization index
was 90 (Table 1).

Table 1. Characterization of PMOXA-b-PASP(DET)

' H NMR
sample DP* M,
N,-PMOXA_-NH, 90 7700
N;-PMOXA -PASP(DET),,-NH; 90:50 18100

“DP, degree of polymerization index; M,, average molecular weight.

Finally, the azide functional group was connected to
PMOXA (Figure 1A). The appearance of chemical shift signals
from 7.35 to 7.55 ppm on 'H NMR of N;-PMOXA-Ph proved
the existence of phthalimide (Figure 1B), indicating that there
was no side reaction occurring between this protection group
and 2-methyl-2-oxazoline during polymerization. In addition,
absorbance at 2010 nm in the FT-IR proved the successful
connection of the azide group on the polymer (Figure 1C).*
The azide function offers the possibility to connect special
targeting ligands through a click chemistry reaction.

The phthalimide group can be deprotected in the presence of
hydrazine monchydrate to afford the primary amine.*® The
chemical shift at the position of 1.91 and 3.38 ppm in the 'H
NMR spectra of N;-PMOXA-NH, demonstrated that the
PMOXA backbone was kept intact in the presence of hydrazine
monohydrate during the reaction (Figure 1D).

N;-PMOXA-NH, was used as the macroinitiator to initiate
ring-opening polymerization of f-benzyl L-aspartate anhydride
in DMF solution. The new peaks with chemical shifts of 2.66,
3.11, 428, 5.09, and 7.25 ppm in the '"H NMR demonstrated
the successful synthesis of N3-PMOXA-b-PBLA with around 50
repeating units (Figure 1E). To avoid intermolecular aminolysis
reaction, N3-PMOXA-b-PBLA was treated with a 2500-fold
excess of DET. Disappearance of the benzyl group peaks and
appearance of DET on chemical shift 2.83, 3.02, and 3.36 ppm
in the "H NMR spectrum proved the successful modification of
N;3-PMOXA-b-PBLA with high density of DET (Figure 1F and
Table 1). This functionality is needed to form a complex with
negatively charged pDNA. In conclusion, PMOXA-b-PASP-
(DET) was successfully synthesized in high yield using a
versatile five-step procedure. The different steps could be easily
modified to change the physicochemical characteristics of the
biopolymer.

Physicochemical Characterization of PMOXA-b-PASP-
(DET) as Gene Delivery System. Gene delivery systems have
to meet a number of criteria for successful expression of
proteins. These include the following;: (1) efficient nucleic acid
packaging, (1) entry into cell by endocytosis, (111} endosomal
escape, (IV) intracellular DNA/carrier release, and (V) entry
into the cell nucleus.' " The first step for efficient
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transfection is complete complexation of pDNA by electrostatic
interactions, PMOXA-b-PASP(DET) has several protonable
amino groups with pK, values of 9.1 (secondary amine) and 6.3
(primary amine), resulting in a cationic charge at physiological
pH (7.4).* In order to assess the complexation power of the
PPH, we performed a gel retardation assay analysis (Figure 2

pDNA NIPOS5 NP1 NP2 NP4 NP8

e "ﬁﬁ
’.

Figure 2. Gel retardation assay. Migration of pDNA (4.7 kb), either
native or complexed with ing g concentrations of PMOXA-b-
PASP(DET). Different N/P ratios are shown. The samples were
separated by electrophoresis on a 0.8% agarose gel in the presence of
ethidium bromide. pDNA (lane 1) migrates as two bands, ie,
supercoiled and relaxed circular plasmid. An extended version of this
figure showing that the complexation of pDNA with PMOXA-b-
PASP(DET) is pH independent is given in the Supporting
Information (Figure S1).

and Supporting Information Figure $1). The positive charge of
PMOXA-b-PASP(DET) compensates for the negative charge

of the pDNA, resulting in a polymer-pDNA nanocomplex with
decreased charge. In addition, the PPH forms nanocomplexes
with pDNA which are too big to migrate in the agarose gel.

Migration of nanocomplexes in the agarose gel slowed with
increasing pDNA complexation (Figure 2 and Supporting
Information Figure S1A—C). At N/P ratios of 4, we observed
complete complexation and thus slowed migration of the
pDNA in the agarose gel. Notably, this observation was
independent of the pH (Supporting Information Figure S1A—
C). Thus, we conclude that transfection experiments should be
performed using an N/P ratio of at least 4. PMOXA-b-
PASP(DET) stored for a long period (nine months) in Opti-
MEM (2 mg/mL) no longer showed an ability to complex
pDNA (Supporting Information Figure S1D). Thus, PPH
solutions were always prepared freshly.

bPEI generally condenses pDNA completely already at N/P
ratios of 1,5—2.0."* This difference can be explained by the fact
that nitrogens in the PMOXA backbone of our PPH are part of
amide bonds, Therefore, they cannot interact with pDNA by
electrostatic interactions. The relative number of charged
amino groups is lower compared to bPEI which consists only of
a polycationic polymer.

TEM analysis of PPH-pDNA complexes formed at different
N/P ratios between 0.5 and 300 was performed (Figure 3). At
an N/P ratio of 20, PPH-pDNA complexes started to form
filamentous and ring-like morphologies (Figure 3A). However,
starting at an N/P ratio of 50, the PPH formed spherical
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Figure 3. Characterization of nanoparticles with transmission electron microscopy (TEM) and tunable resistive pulse sensing (TRPS).
Representative TEM images of PPH-pDNA complexes at N/P ratios of 20 (A}, 50 (B), 100 (C), and 300 (D). Scale bars = 200 nm. Additional
images of PPH-pDNA nanoparticles at an N/P ratio of 300 are given in the Supporting Information (Figure $2). Size analysis of PPH-pDNA

nanoparticles at N/P ratios of 100 (E) and 300 (F) using TRPS.

10450

DO 10,1021 /acsami. ShO0 1684
ACS Appl. Mater. Interfaces 2015, 7, 1044610456

142

“Hepatocyte-specific drug delivery



Results - Chapter VII

ACS Applied Materials & Interfaces

Research Article

A

NIP 100

HEK293

N/P 300

% GFP positive cells

Hel a

N/P 10

Figure 4. HEK293 and HelLa cells transfected with pDNA encoding for green fluorescence protein (GFP). Confocal laser scanning microscopy
(CLSM) analysis of (A) HEK293 and (C) HelLa cells transfected with 1 pg of pDNA complexed with our polymer—peptide hybrid (PI’H) system
PMOXA-b-PASP(DET) or with bPEL Representative images after transfection at different N/P ratios are shown. Scale bars = 200 #m. Percentages
of GFP-positive (B) HEK293 and (D) HeLa cells of the same preparations were quantified using flow cytometry. Only N/P ratios, which did not

show any cytotoxic effects in the CLSM analysis, were analyzed. Values are means + SD of four independent experiments per setting. Level of
significance compared to pDNA control and corrected for multiple comparisons: * indicates P < 0.001.
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structures with a diameter below 200 nm (Figure 3B—D and
Supporting Information Figure S2). Interestingly, increasing N/
P ratios decreased the size of the resulting PPH-pDNA
nanoparticles, After 2 weeks in complexation medium, the
PPH-pDNA complexes kept their initial, spherical morphology
(Supporting Information Figure $2). It should be noted that
TEM analysis is a gualitative method, which cannot provide
precise information on size distribution. This can be attributed
to the fact that only a limited number of nanoparticles can be
analyzed by TEM. Therefore, we used TRPS as a quantitative,
precise, and very sensitive method. Mean particle diameter of
the nanoparticles determined by TRPS was 109.8 nm at an N/
P ratio of 100 and 101.2 nm at an N/P ratio of 300, confirming
the corresponding TEM analysis (Figure 3E,F). The d90/d10
values of 1.5 (N/P 100) and 1.4 (N/P 300) were indicative of a
narrow and monodisperse size distribution of both nanoparticle
types. Nanoparticles in this size range are considered to be
optimal for DNA transfection and drug delivery since they can
easily undergo endocytosis.*”*

The zeta potential of the PPH-pDNA nanoparticles increased
with increasing N/P ratios, ranging from —28.0 + 1.6 mV (N/P
50) to —11.4 + 2.0 mV (N/P 100), and =5.4 + 3.4 mV (N/P
300). With increasing amounts of PMOXA-b-PASP(DET), the
negative charge of pDNA was compensated to a larger degree.
The PMOXA block in our PPH might stabilize the nano-
particles by steric repulsion overcoming lowered electrostatic
repulsion. In contrast, bPEI-pDNA complexes at N/P ratios of
50, 100, and 300 showed positive zeta potentials (14.4 + 2.0,
15.7 + 3.1, and 14.8 + 2.6 mV, respectively).

10451

The slightly negative zeta potential of our PPH-pDNA
nanoparticles is favorable for biomedical applications in vitro as
well as in vive. Our results demonstrate that the slightly
negative charge of our PPH-pDNA nanoparticles does not
interfere with in vitro cell transfection. We therefore did not use
higher N/P ratios since negatively charged nanoparticles are
known to be less cytotoxic and less prone to activate the
immune system."' In addition, it is tempting to speculate that in
vivo our slightly negative nanoparticles will be characterized by
low volume of distribution and a long half-life in the circulation.
In contrast, in vivo use of cationic nanoparticles is not possible
due to their unspecific interaction with plasma membranes and
their resulting rapid sequestration in the lung after intravenous
administration,”

Use of PMOXA-b-PASP(DET) as Gene Delivery System.
Our nanoparticle characterization data suggest that the PPH
should be used at N/P ratios above 20. Therefore, we
performed a 2* full factorial DoE to evaluate the effect of N/
P ratio, complexation medium, and transfection method on
transfection efficiency. Our model provided a good fit (R? =
0.9822). The complexation medium and N/P ratio were
considered as important. The N/P ratio had a significant
impact on transfection efficiency (P = 0.0002) followed by the
complexation medium (P 0.0145). Interestingly, the
transfection method had no statistically significant impact on
transfection efficiency.

In the gel retardation assay we did not observe any difference
in pDNA complexation of our PPH at different pH values
(Supporting Information Figure S1). Since it was recently
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Figure 5. Cell viability assay of HEK293 and HeLa cells determined by MTT assay. (A) HEK293 and (C) HeLa cells were incubated with different
amounts of our polymer—peptide hybrid (PPH) PMOXA-b-PASP(DET) or with bPEI for 24 h. For better comparability with transfection
experiments, the amounts of PPH needed to complex a hypothetical amount of 1 pg/mL pDNA were tested. Analysis of cell viability of (B) HEK293
and (D) HeLa cells incubated with polymer-pDNA nanocomplexes (PPH or bPEI) at different N/P ratios are shown, Values are means + SD of
three independent experiments per setting. Level of significance compared to control (complexation medium only) and corrected for multiple

comparisons: * indicates P < 0.01; *# indicates P < 0.001.

reported that tris buffer enhances the transfection efficiency of
polyplex solutions, we used TBS for our 2* full factorial DoE.**
However, we observed that transfection using TBS (pH 8.0)
was less efficient compared to Opti-MEM with a pH of 7.4. At
lower pH, more amine groups of the PPH are protonated
allowing better complex formation of pDNA and PPH. It is
important to note that a physiological pH is favorable with
respect to biocompatibility and evaluation of the nanoparticles
in cell culture or in vive. In conclusion, the best combination
from our DoE model was the use of a physiological
complexation medium and an N/P ratio of 100.

For qualitative analysis of GFP expression in HEK293 and
Hela cells we used CLSM (Figure 4A,C). Respective polymer-
pDNA complexes were always freshly prepared for each
experiment to minimize the effect of nucleases, especially
because we observed a decreased amount of nanoparticles after
storage for 2 weeks in complexation medium. As expected, cells
treated with pDNA alone or cells treated with PMOXA-b-
PASP(DET) alone (mock control) did not express GFP, while
cells transfected with PMOXA-b-PASP(DET)-pDNA com-
plexes showed GFP expression (Figure 4A,C). The number
of GFP-positive cells increased with increasing N/P ratios (20—
300). In contrast, HEK293 and HeLa cells transfected with

10452

bPEI/pDNA showed the highest number of GFP-positive cells
at an N/P ratio of 20 (Figure 4A,C). When the N/P ratios were
increased even more, the total number of cells decreased,
indicative of cytotoxic effects of bPEI (Figure 4A,C).

To underline our observation, we performed an image
analysis of surface area of GFP-positive cells (%) as an indicator
for the total number of transfected cells. In fact, the image
analysis revealed that the surface area of GFP-positive cells
decreased for higher bPEI N/P ratios. Increasing the N/P ratio
from 20 to 50 decreased the surface area of GFP-positive cells
approximately 40%. There was no indication of PPH-pDNA
complex-induced cell toxicity despite the use of higher amounts
of transfection reagent. In both human cell lines the surface
area of GFP-positive cells increased significantly with increasing
N/P ratios from 20 to 300.

For an exact quantification of transfection efliciency, we
performed a flow cytometry analysis using N/P ratios not
showing any cellular toxicity in CLSM studies. Neither PPH
alone nor pDNA alone resulted in transfection of cells (Figure
4B,D). bPEI (N/P = 20) yielded a transfection efficiency of
27.0% % 2.7% and 11.7% = 2.1% using the same amount of
pDNA and the same transfection method as for the PHH in
HEK293 and HeLa cells, respectively. Using PPH-pDNA
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complexes, the percentage of GFP-expressing cells increased
significantly with increasing N/P ratios (Figure 4B,D). The
highest N/P ratio of PMOXA-b-PASP(DET)/pDNA used in
our study (N/P = 300) showed a GFP-transfection efficiency of
17.3% + 2.3% in HEK293 cells and 14.1% + 2.4% in Hela
cells. Thus, our PPH resulted in a GFP expression level
comparable to the one induced by bPEI (Figure 4B,D). These
results are comparable to findings from other recently
developed polymer conjugates such as cyclodextrin-cored
starlike carriers* or PPH systems based on PLL.*™*
However, it should be noted that a comparison of published
results is difficult. Transfection efficiency depends on various
factors such as cell line, pPDNA promotor, or encoded protein.

Cytocompatibility of PMOXA-b-PASP(DET) as Gene
Delivery System. Transfection of cells with cationic reagents
is often linked to cytotoxic effects since excessive positive
charges destabilize the cell membrane. In general, high
molecular weight cationic polymers show higher cytotoxicity
compared to low molecular polycations."® This interaction is
more likely when the polyplex dissociates in vivo and the free
polycation interacts with cell membranes.*” In vivo, accumu-
lation of the compound in specific organs can lead to long-term
side effects. Therefore, we used the MTT assay to evaluate
cytotoxicity of bPEI and PMOXA-b-PASP(DET) in the
presence (Figure 5B,D) and more importantly in the absence
(Figure SA,C) of pDNA in two human cell lines.

bPEI resulted in strong cytotoxic effects (Figure 5). A
significant decrease in cell viability of more than 90% was
detected for 163 pg/mL bPEI (P < 0.001) in both cell lines
(Figure 5A,C). This effect was even seen at low concentrations
of 5 pg/mL bPEI with RCV of 0.58 & 0.10 in HEK293 and
0.42 + 0.05 in HeLa cells. Similar results were observed for
bPEI-pDNA complexes (Figure SB,D). With increasing N/P
ratios, the cell viability decreased significantly compared to
control cells up to 96.3% + 2.4% in HEK293 and 93.1% + 4.3%
in HeLa cells for N/P 300, Importantly, also N/P ratios used in
transfection experiments (N/P 10 and N/P 20) resulted in
significantly reduced cell viability.

In sharp contrast, our PPH resulted in high cell viability at all
concentrations in absence and presence of pDNA (Figure 5). In
both cell lines no significant difference in cell viability compared
to control cells was observed. There was no concentration-
dependent effect, and even high concentrations or high N/P
ratios were well-tolerated (Figure §). Concentrations of 163
pg/mL (corresponding to an N/P ratio of 300 used for the
transfection assay) resulted in excellent cell viability with an
RCV of 0.89 + 0.07 in HEK293 and 0.89 + 0.10 in HeLa cells
(Figure SA,C). Cells treated with PPH-pDNA nanoparticles
showed superior cytocompatibility compared to bPEI at all N/
P ratios (Figure 5B,D).

Our findings are consistent with other PMOXA-based
copolymer studies that also showed high cytocompatibility.”
The PPH might benefit from the biocompatible features of the
PMOXA block.*” In addition, peptide-based polymer hybrids
are biodegradable resulting in improved long-term cytocompat-
ibility as also shown by other groups.®'

The results of the MTT assay were confirmed by cell growth
analysis (Figure 6). Transfection reagents are commonly used
for pDNA delivery in vitro. However, they may interfere with
cell replication and cell growth. Fischer et al. reported that
polycations, such as bPEI, induce necrotic cell reactions.'®
Thus, we performed a CLSM study to analyze the effect of
bPEI and our PPH on cell growth and morphology (Figure 6A

Growth Area
(relative to control)

1 u 27 pg/mL 54 pg/mL 163 pa/mL
I PPH bPEI

Figure 6. Cell growth analysis. Cell growth analysis of GFP-expressing
HEK293 cells 48 h after addition of our polymer—peptide hybrid
(PPH) PMOXA-b-PASP(DET) or bPEI at different concentrations.
Mean values of growth region of GFP-positive cells (%) compared to
control conditions (complexation medium only) are given + SD (n =
4). Level of significance compared to control and corrected for
multiple comparisons: * indicates P < 0.001. Representative images are
shown in the Supporting Information (Figure S3).

0-
5 pg/mL

+ Supporting Information Figure $3). bPEI had a strong
influence on the growth characteristics. Cells grew slowly and in
clusters. This result was confirmed by analyzing the growth area
of cells after 48 h. bPEI decreased the growth of cells
substantially, leading to a reduction of the overgrown area to
only 2.0% + 0.9% at a concentration of 11 yg/mL compared to
that of control cells (Figure 6). Furthermore, bPEI caused
characteristic apoptotic features such as roundness, detachment,
cytoplasmic blebbing, and debris (Supporting Information
Figure S3).

In sharp contrast, growth of cells cultured in medium
containing our PPH was not impaired. Even at the highest
concentrations of our PPH, the relative growth area of 92.0% +
5.5% was not significantly different from that obtained for the
control (Figure 6A and Supporting Information Figure S3).
The highest concentration of 163 yg/mL corresponds to an N/
P ratio of 300. We conclude that our PPH (but not the
commonly used transfection reagent bPEI) is not cytotoxic nor
does it impair cell growth. These results are in line with the
findings from the transfection experiments (Figure 4). In
addition, a pilot study in a vertebrate model, namely, the
zebrafish embryo made!,sz_s" was performed to assess the
safety of PPH in vive. In accordance to OECD guidelines,
zebrafish embryos were dechorionated before the incubation
with test compounds due to the high molecular weight of the
polymers. Zebrafish embryos incubated with our PPH showed a
significantly increased survival rate as compared to bPEIL (P <
0.001): Concentrations of 27 pg/mL bPEI resulted in 100%
mortality of zebrafish embryos after incubation for 24 h. In
sharp contrast, our PPH (27 pg/mL) was much better
tolerated, and the zebrafish embryos showed a survival rate of
48.9% =+ 3.8%. These results are consistent with other recently
published nanotoxicity studies using the zebrafish embryo
assay.”® Toxicity of bPEl was attributed to its cationic
properties.

In summary, our PPH is characterized by a surprisingly high
transfection efficiency despite a negative zeta potential and the
protein-repellent properties of PMOXA.>® Cell membranes
have a negative surface charge predominantly because of the
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highly anionic glycosaminoglycans (GAGs). Therefore, inter-
actions with the cell membrane are more pronounced if the
nanocomplex has free positively charged groups leading to
increased cell uptake. In this respect, the incubation conditions
in cell culture do not precisely reflect the in vive situation. In
our experiments, cells are exposed for a long time (e.g, 48 h) to
high concentrations of nanoparticles, Under these conditions, a
forced and unspecific uptake of nanoparticles may occur. In
vivo, sophisticated targeting strategies will be needed to
promote a comparable cellular uptake. On the other hand,
highly cationic polymers, such as bPEI, may destabilize cellular
membranes leading to toxic side effects.

Thus, the better biocompatibility of our PPH may
compensate for reduced transfection efficiency. A factor
facilitating cell transfection using our PPH might be nano-
particle morphology. A small particle size (i.e, 100 nm) and
narrow size distribution favor pDNA delivery into cells.”” ™

To further increase transfection efficiency using our PPH, the
amino functionality of the PPH could be varied. This
modification might improve the interaction with the cell
membrane and/or enhance endosomal escape of internalized
nanoparticles. A long-term perspective of our platform
technology is the use for in vive gene therapy. To this end,
nanoparticles have to be modified with a targeting ligand to
direct them to diseased tissues or organs in the body. Thus, a
next generation of targeted nanoparticles will be needed to
achieve this goal. The azide function of the PPH could be used
for conjugation of targeting ligands wvia click chemistry. A
possible in vivo application might be targeting of hepatocytes
via the asialoglycoprotein receptor.***® Therapeutic regimens
for genetic diseases such as @l-antiteypsin deficiency®' as well
as strategies against hepatocellular carcinoma® might profit
significantly from such a targeted gene therapy approach.

B CONCLUSION

The present paper describes the synthesis of a novel PPH
system, namely, PMOXA-b-PASP(DET), which efficiently
complexed pDNA. The PPH formed nanocomplexes with
different morphologies. At high N/P ratios, highly uniform
PPH-pDNA nanoparticles (d90/10 = 1.4) with a mean
diameter around 100 nm were produced. The zeta potential
of the resulting nanoparticles was slightly negative, Our PPH
system showed excellent cytocompatibility. The pDNA trans-
fection ability in HEK293 and HeLa cells was comparable to
that of bPEL

In conclusion, the combination of the biocompatible
PMOXA backbone with the biodegradable PASP block is a
novel and promising PPH system for efficient pDNA delivery
without significant cytotoxic drawbacks. Additionally, our PPH
system offers many possibilities for chemical modification.
These interesting properties might be beneficial for in vivo
applications, such as targeted gene delivery.

B ASSOCIATED CONTENT
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Complexation of pDNA with PMOXA-b-PASP(DET) under
different pH conditions (Figure S1), stability test of PPH-
pDNA-nanoparticles using TEM analysis (Figure S2), and
representative images of GFP expressing HEK293 cells 48 h
after addition of PMOXA-b-PASP(DET) or bPEI at different
concentrations (Figure S3). The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b01684.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: joerghuwyler@unibas.ch. Phone: +41 (0)61 267 15
13.

Author Contributions

D. Witzigmann and D. Wu contributed equally to this work. All
authors contributed to the contents of this manuscript, and all
of them gave their approval to the final version.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the financial support of the Swiss Centre of
Applied Human Toxicology (SCAHT), Swiss National Science
Foundation, and Swiss Nanoscience Institute (SNI). We thank
the China Scholarship Council for supporting D. Wu. In
addition, the authors thank Dr. Fabiola Porta and Stefan
Siegrist for experimental support with the zebrafish embryo
study, Prof. Markus Affolter for access to the zebrafish facility,
Hubertus Kohler for support in the production of GFP
expressing HEK 293 cells, and Izon Science (Oxford, UK.) for
assistance with TRPS measurements. Furthermore, we thank
Dr. Silvia Rogers for editorial assistance.

B ABBREVIATIONS

bPEI, branched poly(ethylenimine)

CLSM, confocal laser scanning microscopy
DCM, dichloromethane

DMEM, Dulbecco’s modified Eagle’s culture medium
DET, diethylenetriamine

FCS, fetal calf serum

FT-IR, Fourier transform infrared spectroscopy
GFP, green fluorescence protein

HEK293 cells, human embryonic kidney cells
N/P, nitrogen to phosphate

PASP, poly(aspartic acid)

pDNA, plasmid DNA

PEG, polyethylene glycol

PMOXA, poly(2-methyl-2-oxazoline)

PPH, polymer—peptide hybrid

RT, room temperature

TBE, tris/borate/EDTA buffer

TBS, tris-buffered saline

TEA, trimethylamine

TEM, transmission electron microscopy
TRPS, tunable resistive pulse sensing
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Figure S1. Complexation of pDNA under Different Conditions. Migration of pDNA (4.7 kb),
either native or complexed with increasing concentrations of PMOXA-h-PASP(DET) in
(A) Opti-MEM - physiological pH, (B) acetate buffer - pH 5.5, (C) tris-buffered saline - pH 8.0,
or (D) with PMOXA-A-PASP(DET) stored for nine months in Opti-MEM. Numbers indicate the
different N/P ratios. The samples were separated by electrophoresis on a 0.8% agarose gel in the
presence of ethidium bromide. pDNA (lane 1) migrates as three bands, i.e. supercoiled (major

band) and relaxed circular/linear plasmid (minor bands).
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Figure S2. Stability of Polymer Peptide Hybrid (PPH) pDNA nanoparticles. Representative
TEM images of (A) freshly prepared PPH-pDNA nanoparticles at N/P ratio of 300 and (B) after
storage for 14 days at 4°C. Scale bars = 200 nm.

Figure S3. Cell growth analysis of GFP-expressing HEK293 cells. Representative
fluorescence images of GFP expressing HEK293 cells 48 h after addition of
PMOXA-h-PASP(DET) or bPEI at different concentrations. Cells were excited at 488 nm and
fluorescence was measured at 516 nm. Mean values of growth region of GFP-positive cells (%)

compared to control conditions (buffer only) are given = SD (n=4).
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DISCUSSION AND CONCLUSION

In the context of this PhD thesis on “Hepatocyte-specific drug delivery using active targeted
nanomedicines” various drug delivery and drug targeting strategies to parenchymal liver cells were
developed. This “Discussion and Conclusion” paragraph brings all research achievements into a
larger context. Active targeting strategies are summarized and new targets are evaluated. In addition,

the development of a gene delivery system is elaborated.

| . Active Targeting Strategy And Its Analysis
1. Hepatocyte-specific Drug Targeting

1.1.Importance of Targeting Approach

(i) The liver is characterized by a high metabolic rate, (ii) many drugs and nanoparticles
passively accumulate in the liver, (iii) and liver parenchymal cells represent approximately 80% of all
hepatic cells. These statements can lead to a misconception and thus raise the question why
hepatocyte-specific targeting approaches are needed. The answer can be found in the biodistribution
and subsequent drug accumulation. Most conventional drugs and nanoparticles do not accumulate in
the correct cell type. Mostly, they passively accumulate in tissue-resident Kupffer cells. These
members of the mononuclear phagocyte system comprise more than 80% of the total population of
macrophages in the body and lead to a fast clearance of administered therapeutics. Active targeting

strategies are the prerequisite to decrease the exposure of non-diseased cells and at the same time
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reach sufficient concentrations at the side of action (i.e., inside the key pathogenic cell type).
Therefore, drug targeting of parenchymal liver cells not only includes organ-specific targeting
(i.e., liver), but also avoidance of tissue-resident macrophages, and distinction between different
hepatic cell types. Avoidance of Kupffer cells is essential to prevent unspecific and rapid
accumulation of nanoparticles in the liver and other tissues characterized by a high activity of the
mononuclear phagocyte system (e.g., spleen). Therefore, nanocarriers have to be modified with a
hydrophilic polymer (i.e., PEG or PMOXA) in order to prevent opsonization 7z vive. Active targeting
ligands are necessary to guide the nanocarrier to the correct cell type (i.e., hepatocytes) and trigger
endocytosis. In particular, this is obligatory for compounds which pharmacological effect depends on
internalization, such as nucleic acid therapeutics.

During this PhD project, different ligands were evaluated and various hepatocyte-targeted
drug delivery systems were successfully tested 7z vitro as well as in vivo. These optimally designed
hepatocyte-specific  targeting technologies might be promising alternatives to conventional

therapeutics.

2. ASGPR-specific Targeting

2.1.Target Receptor

For hepatocyte-specific drug targeting, the abundant and exclusive expression of a target
receptor on the surface of parenchymal liver cells is necessary. In this PhD project, the ASGPR was
successfully evaluated (Chapter III) for the development of active targeted nanocarriers. In healthy
tissue specimens, the ASGPR is abundantly expressed on the sinusoidal membrane of parenchymal
liver cells. Hence, the ASGPR-specific drug targeting strategy can be used for patients without

parenchymal damage (Table 2). By contrast, the ASGPR expression is decreased with increasing
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HCC grade. Interestingly, the ASGPR is upregulated in cirrhotic tissue. This might be interesting for
an early treatment option of chronic liver infections. However, the pathological changes including
enhanced fibrotic matrix deposition in the space of Disse might decrease the targeting ability.
Diagnostic tools to assess the targeting ability of parenchymal liver cells in different patients offer a

promising approach. Thus, a preselection of responders could help to enhance the clinical outcome.

2.2.ASGPR-specific Ligands
Hepatocyte-specific drug delivery via the ASGPR can be achieved using glycan-derived

targeting ligands (i.e., glycoproteins, multiantennary carbohydrates, or monovalent sugars) as well as
antibodies against the ASGPR (Figure 7). During this PhD project, several different targeting ligands
were evaluated. Table 3 summarizes the advantages and disadvantages of these approaches.

Firstly, a glycoprotein (i.e., bovine asialofetuin) which contains various multiantennary
N-glycans was successfully used to guide stealth liposomes specifically to hepatocytes (Chapter IV).
In order to overcome the main disadvantage of bovine asialofetuin, immunogenicity, either the
human analogue or isolated N-glycans should be used. The latter approach was investigated 7 vitro to
specifically trigger the internalization into hepatocytes (Chapter V). The use of these multivalent
glycan ligands might be a promising and efficacious strategy 7z vivo. The main advantages are the high
affinity, enhanced specificity, small size and biocompatibility.

In addition, to the targeting ligands explicitly described and discussed in the “Results”
section, various other targeting approaches were assessed during this PhD project. The use of
synthetic ligands including multiantennary glycan conjugates or monovalent glycomimetics was

19164 However
b

considered. Ernst and colleagues synthesized several different high affinity ligands.
the availability of sufficient amounts needed for the development of nanoparticulate drug delivery

systems was restricted due to the complex chemical synthesis.
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Table 3: Expert opinion on ASGPR-specific targeting ligands. The advantages and disadvantages of
different ligands for ASGPR-specific drug targeting are summarized. Synthetic glycans, natural glycans
and protein-based ligands are evaluated separately. In each group the complexity and ASGPR affinity
of ligands decreases from top to bottom.

Ligand Type Advantages Disadvantages Ref.
Synthetic Glycan Ligands
. Multivalent Glycans high affinity, chemical expensive, complex synthesis, 149,167,169
variability sub-optimal geometrical
arrangement, availability
. Monovalent Glycans medium affinity, chemically expensive, lower affinity 163,164
defined
Natural Glycan Ligands
. Glycoproteins (e.g., asialofetuin) highest affinity (several immunogenic, batch-to-batch 103,158,159
multivalent glycans), cheap, differences
high amount
. Glycopeptides high affinity, lower glycan variability, several 162
immunogenicity production steps necessary
. Multivalent Glycans (e.g., NA3) high affinity, no synthesis, ideal  isolation necessary, yield low,
geometrical arrangement reproducibility/quality
dependent on starting material
. Monovalent Glycans (e.g., GalNAc)  cheap, easy to use, low affinity/specificity, density ~ 165166,168
improvement of avidity using on nanocarriers influences
surface of nanocarriers outcome
Protein-based Ligands
157,190

. Antibodies high specificity species dependent,
immunogenic, expensive

An alternative strategy to mimic multivalency of natural N-glycans is the conjugation of
monovalent sugars onto the surface of nanocarriers. This approach has also been evaluated during
this PhD project using stealth liposomes. Based on the fluidity of the lipid bilayer, ligands conjugated
to a lipid bilayer-standing anchor (i.e., DSPE-PEG2000) should self-assemble in clusters and

therefore mimic a multivalent ligand. ™'

Custom synthesized monovalent GalNAc moieties
(i.e., B-GalNAc-PEG,-SH) were conjugated to the surface of pegylated liposomes to increase their
specificity and avidity, and thus enhance the uptake rate in hepatocytes.

However, cellular uptake experiments showed no difference in uptake rate of

GalNAc-conjugated liposomes as compared to stealth liposomes. The absent targeting ability can be
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attributed to the amount of sugar moieties needed to exactly mimic the optimal spatial arrangement
of multiantennary glycans. To reach the ideal geometrical distance of sugar moieties, up to 20mol%
of DSPE-PEG would be necessary. Already starting at 10mol% we observed the formation of
micelles (electron microscopy analysis). Therefore, the optimal concentration of ligands on the
nanocarrier surface cannot be achieved. Furthermore, the influence on biodistribution for future
in vivo applications has to be considered. A high rate of modification might interact with stealth
properties and cell type specificity 7z wvivo. Shimada and colleagues showed that 20mol%
galactosylated lipids significantly increased the uptake rate in Kupffer cells at the expense of

parenchymal liver cells. '**

Finally, the use of antibodies for ASGPR-specific drug targeting was evaluated. Several
research projects from our group have successfully shown that antibodies can be used to guide
liposomal drug delivery systems to specific tissues. ”*'* In terms of immunogenicity, single-chain
antibody fragments (scFv) are advantageous for 7z wivo applications as compared to full-length
antibodies. Recently, Trahtenherts and colleagues isolated a scFv against the ASGPR from a phage
display library to facilitate the internalization of a highly effective immunotoxin. > Therefore, this
targeting ligand was investigated for nanoparticulate drug delivery. However, preliminary
experiments showed that the applicability as a ligand for nanocarriers was limited. Due to its low

affinity, further investigations using this scF'v were not performed.

In conclusion, pegylated liposomes for ASGPR-specific targeting should be combined with
glycoproteins or multiantennary glycans. These approaches were successfully tested during this PhD
project n wvitro as well as in vive. Alternatively, other receptors for hepatocyte-specific targeting
approaches should be evaluated in the future (see below and exemplified in the “Future Perspective”

section).
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3. Alternative Targeting Approaches
Since the ASGPR is significantly downregulated in some pathological liver diseases such as
hepatocellular carcinoma, other surface proteins on hepatocytes should be evaluated in the future.
Interestingly, viruses also use active targeting approaches to enter parenchymal liver cells. The
following paragraph summarizes three receptors interesting for the development of active targeted

nanomedicine therapeutics, which are also used by viruses to enter hepatocytes.

First, the low-density lipoprotein receptor (LDLR) is highly expressed on hepatocytes.
Natural ligands such as apolipoprotein E (ApoE) are internalized after receptor binding.
Interestingly, this receptor (among several others) is utilized by the hepatitis C virus as an entry
pathway. "' During the last decade, this strategy has also been evaluated for nanoparticulate drug
delivery systems. Akinc and colleagues showed 7z vivo that siRNA loaded lipid nanoparticles
spontancously absorb ApoE on their surface after systemic administration. '™ This allows specific
binding of the “endogenous ligand-modified nanocarriers” to the hepatic LDL receptor and
mediation of cellular uptake. Interestingly, this technology is already in clinical trials for the therapy
of genetic liver diseases. © Patisiran is tested in a phase 3 clinical trial for the treatment of
transthyretin-mediated amyloidosis (NCT 01960348, ALN-TTR02). However, the LDLR is not
exclusively expressed on hepatocytes. Targeting strategies to pass the blood-brain-barrier also take
advantage of this approach. " Therefore, the specificity of L.DI.-targeted nanocarriers is limited

and off-target effects have to be kept in mind.

Second, the coxsackie-adenovirus receptor (CAR) on hepatocytes is utilized by
adenoviruses to accumulate in parenchymal liver cells. '* This approach has been evaluated for viral
gene therapy approaches. ***” However, safety concerns due to immunogenicity, gene transduction,

and off-target effects prevent the widespread use. ****”
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Third, the sodium-taurocholate cotransporting polypeptide (NTCP/SLC10A1) on
parenchymal liver cells might be an interesting target. The hepatitis B virus has a strong affinity to
hepatocytes. However, for a long time the exact mechanism of this highly efficient hepatotropism
was unknown. Recently, Yan and colleagues discovered that the human hepatitis B virus binds with
high affinity to the hANTCP. ® To specify the exact requirements for this strong binding, Urban ez a/.
performed a fine mapping of the HBV surface protein (HBVpreS) sequence. ** This approach
revealed a highly essential peptide sequence (NPLGFFP) in the HBV envelope proteins specific for
the hNTCP. * The discovery resulted in the first HBV/HDV entry inhibitor (ICy, = 80 pM), namely

Mycludex B. "

The development of a novel nanoparticulate drug targeting approach to the human NTCP
and its implementation is carefully elaborated in the “Future Perspective” section as an alternative to

ASGPR-specific targeting strategies.

| | . Gene Delivery

Nanoparticulate drug delivery systems offer the unique opportunity to transport complex
biomolecules including nucleic acids. Therefore, it is possible to implement gene therapy approaches
for systemic administration. During this PhD project the feasibility of such an approach was
evaluated and a stealth polymeric nanomaterial was tested 7 vitro. This “Discussion and Conclusion”
section elaborates the use of non-targeted gene delivery systems including commercially available
transfection reagents and the developed sterically stabilized plasmid DNA nanocarrier. In addition,

further improvements necessary for a targeted gene delivery 7z vivo are emphasized.
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1. Passive Gene Delivery

1.1. Transfection Reagents

Commercially available transfection reagents such as Lipofectamine 2000, FuGene HD, or
jetPEI profit from high transfection efficiencies 7z vitro. These positively charged lipid or polymer
mixtures electrostatically interact with negatively charged nucleic acids, thus forming cationic lipo- or
polyplexes. The positive surface charge enhances the interaction with negatively charged cell
membranes, thus enhancing cellular uptake. Intracellulatly, the nucleic acid-nanocarrier complexes
are released via endosomal escape mechanisms and thus allow for gene expression.

In particular, for 7z vitro experiments these transfection reagents are favorable. However, they
suffer from major drawbacks. First, the high positive charge of the complexes results in increased
cytotoxicity. Second, the 7z wivo application is limited. After systemic administration positive
complexes are rapidly sequestered in the lung. Therefore, only a local administration such as

intratumoral injection is possible thereby decreasing patient compliance and acceptance.

1.2.Advanced Transfection Reagent

An advanced transfection reagent would offer possibilities to complex nucleic acids during
formulation (low pH) and result in a neutral or negative surface charge at physiological pH
(pH = 7.4). In addition, advanced gene delivery systems should be sterically stabilized. This would
offer possibilities to envision a systemic administration.

During this PhD project, a novel, biocompatible, and stealth polymer-peptide hybrid
nanomaterial was developed. The general physico-chemical properties of the resulting pDNA-
polymer nanoparticles are ideal for the development of a hepatocyte-directed gene therapy. The

nanoparticle size was less than 120 nm, they had a monodisperse size distribution and a slightly
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negative zeta potential. Importantly, passive transfection of cells 7z vitro was achieved without
cytotoxic drawbacks. In order to increase the transfection efficiency further modification is
necessary.

First, targeting ligands attached to the surface of these nanocarriers might increase cellular
uptake and thus gene delivery. Second, the nanomaterial should be optimized in regard to pDNA
encapsulation and efficient intracellular release. The development of novel lipid-based nanomaterials

is described in the “Future Perspective” section.

2. Active Targeted Gene Delivery

The pharmacological effect of nucleic acids (i.e., plasmid DNA, mRNA, siRNA, miRNA) is
dependent on internalization. In order to facilitate the uptake of negatively charged nucleic acids
across the negatively charged cell membrane, nanoparticulate delivery systems are necessary. As
mentioned above, neutral or slightly negative nanocarriers are needed for systemic application.
However, this hampers the uptake of nanocarriers. Therefore, targeting ligands are required to guide
the nanocarriers to a defined cell type and enhance cellular uptake (Figure 8). During this PhD
project, several targeting ligands were evaluated. This knowledge should be used in the future to

develop a hepatocyte-specific gene delivery system.
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| I | . Conclusion

Despite the improved therapeutic options for many diseases, incidence rates of hepatic
disorders are further increasing and millions of people are affected around the globe. In the context
of this PhD thesis, drug delivery and drug targeting strategies to parenchymal liver cells should be

evaluated and developed.

During this PhD project the four core aspects of hepatocyte-specific drug delivery were
evaluated: (i) nanocarrier systems, (i) tatget receptors, (i) targeting ligands, (iv) iz wvitro/in vivo
models. First, various nanomaterials and drug delivery systems were evaluated regarding their clinical
application (Chapter I/II). Several stealth nanoparticulate drug delivery systems were developed
accordingly. Second, the use of the ASGPR as target receptor for hepatocyte-specific drug delivery
was assessed. ASGR1 expression levels in human liver specimens and several liver-derived cell lines
were investigated (Chapter III). Third, various ASGPR-specific targeting ligands were evaluated.
Glycoproteins and glycans were tested for their targeting ability and ASGPR-specificity 7z vitro as well
as in vivo (Chapter IV/V). Furthermore, technologies to investigate the uptake mechanisms and
intracellular fate of nanocarriers were established (Chapter VI). Fourth, all zz vitro and in vive tests
were petformed in suitable model systems (Chapter III/IV/V). Finally, the first steps towards the

development of a hepatocyte-specific gene delivery system were made (Chapter VII).

In conclusion, future projects should use the acquired technologies for the development of
novel hepatocyte-targeted gene delivery systems. This is of great interest for therapeutic
interventions of various liver disorders. The idea and concept of a possible research project is

described in detail in the “Future Perspectives” section.
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FUTU RE PERSPECTIVES

Nanomedicines for the delivery of therapeutic genes have the potential to overcome the lack
of satisfactory and alternative treatment options for hepatic disorders. Therefore, future projects
should focus on the design of functional nanomedicines for targeted nucleic acid delivery to liver
parenchymal cells.

To implement such targeting strategies, the following steps are necessary: (I) Identification of
an alternative, highly selective and specific targeting ligand, (II) development of novel ionizable
nanomaterials to assist in the formulation of expression plasmids, (III) combination of targeting

strategy and gene delivery technology to address unmet medical needs 7 vivo.

| . Novel Targeting Strategy

So far, hepatocyte-specific targeting strategies have been based on ASGPR-specific drug
carriers. However, as outlined in this PhD thesis, the ASGPR showed variable expression levels and
altered expression patterns in different patients as well as different liver disorders. In addition,
targeting vectors based on “asialofetuin” have important shortcomings including batch-to-batch
differences and possible immunogenicity. In view of these problems, alternative hepatocyte-specific
targeting strategies should be evaluated.

The most promising target to implement such an approach is the sodium/bile acid
cotransporter hNTCP (sodium-taurocholate cotransporting polypeptide), which is highly expressed

on parenchymal liver cells.
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1. Active Targeting of hANTCP

In close collaboration with the Molecular Virology Division at the University of Heidelberg

(Group of Prof. Dr. Stephan Urban), a novel hepatitis B virus (HBV) entry inhibitor should be tested

as targeting ligand. The HBV entry inhibitor Myrcludex B was developed by Urban and colleagues

and is at present being tested in clinical phase Ila studies (NCT02637999). Interestingly, Myrcludex B

is characterized by a strong tropism towards hepatocytes. The polypeptide-lipid conjugate binds with

high affinity to the hNTCP thereby effectively blocking HBV entry and infection (Figure 9).

Myrcludex B is a lipid-conjugated polypeptide identified by epitope mapping of the preS1 domain of

the N-terminal extension of the large surface glycoprotein of HBV (Figure 9).
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Figure 9: Hepatitis B Virus (HBV) structure and cell entry. (A) Structure of HBV with envelope consisting
of different surface proteins. Important for hepatocyte-specific binding is the myristoylated preS1
domain. Myrcludex B is the first HBV entry inhibitor blocking the hNTCP tested in clinical trials.
(B) Route of hepatocyte uptake is shown. The HBV passes the hepatic sinusoids to enter the space of
Disse, where it interacts with proteoglycans. The specific binding to the NTCP results in endocytosis.
Intracellular processes are initiated for the replication inside hepatocytes. Figures are adapted from

Urban et al. %
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In order to implement a novel targeting strategy to hepatocytes, Myrcludex B-modified pegylated
liposomes should be developed and tested 2 vitro as well as in vivo. Liposomes should be modified
with different variations of Myrcludex B (e.g., truncated peptide sequences and various fatty acid
modifications), to test their effect on liposome formulation, physico-chemical liposome
characteristics, and targeting ability. Specificity of cellular binding, uptake mechanism and its
efficiency as well as intracellular transport should be investigated in several human cell lines 7 vitro.
In vivo experiments will be necessary to analyze the biodistribution of the nanoparticulate drug
delivery system on an organ as well as cellular level and to verify hepatocyte specificity. *** In vivo
imaging in mice will be performed in collaboration with the Radiopharmaceutical Chemistry Division

209,210

at the University of Heidelberg (Group of Prof. Dr. W. Mier) using established protocols.

With this approach, it will be possible to develop a novel and ASGPR-alternative
nanoparticle-based drug delivery platform to deliver small molecules or nucleic acids efficiently and

with high specificity to hepatocytes.

| | . Plasmid DNA-based Gene Delivery

There is an increasing interest in non-viral gene delivery systems. Future projects should
focus on the development of a novel nanoparticle platform to deliver nucleic acids efficiently and
with low cytotoxicity to hepatocytes. An ideal nucleic acid delivery system for biomedical
applications should fulfill following criteria: small size (<120 nm), neutral or slightly negative zeta
potential, high nucleic acid encapsulation, efficient cellular uptake and endosomal release,

1

biocompatibility, and easy manufacturing process. "> Most approaches described in literature for

cellular delivery of nucleic acids suffer from major drawbacks.
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First, the synthesis route of many polymers used for the design of nanomaterials is complex
and offers limited control over polymerization."® Second, commonly used nanoparticle preparation
techniques such as the film-rehydration method are time-consuming, not amendable to scale up, and
characterized by poor encapsulation efficiency. *'' So far, these systems are not being used in clinical
applications, largely because of their complex design leading to technical challenges with respect to
GMP manufacturing and product registration. Finally, many developed gene delivery systems have a
positive charge (i.e., needed for the pPDNA complexation). *'* This leads to unspecific cellular uptake
and rapid sequestration in the lung after i.v. injection. '’ Thus, systemic administration 7 vivo is not
possible. One solution to this problem are pH responsive delivery systems. *** Ionizable groups offer
the possibility to formulate nanoparticles at low pH thus enhancing intravesicular pDNA
complexation. At physiological pH in circulation the nanoparticle surface has a neutral charge thus

offering optimal physico-chemical properties for a systemic administration (Figure 8).

1. Novel Nanomaterials: lonizable Amino-lipids

Among the various nanomaterials, liposomal formulations can be considered to be safe,
biocompatible and non-immunogenic. Therefore, these delivery systems are a promising alternative
to viral vectors for gene therapy. In general, neutral and pegylated phospholipids in combination
with cholesterol are used for the formation of liposomes. Such sterically stabilized liposomes were
shown previously to be ideal candidates to implement targeted drug delivery strategies. '” However,
for efficient loading of expression plasmids, cationic helper lipids are needed.

Therefore, a novel ionizable amino-lipid library should be synthetized to facilitate pPDNA
encapsulation within liposomal carriers as well as to enhance endosomal escape, intracellular release

and transgene expression. The ionizable lipids are supposed to have a high buffering capacity in the
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pH range between 5.0 and 6.0 and therefore induce rupture of endosomal membranes via “proton
sponge” mechanism enabling endosomal escape. Screening of the lipid library will help to identify
lead structures, which can be further optimized by chemical methods. This part of the project will be
carried out in cooperation with the Division of Chemical Lipidology at the University of Fribourg

(Group of Prof. Dr. Andreas Zumbiihl).

In order to establish a versatile platform technology, efficient technologies are needed to
prepare liposomal carriers and to load them with pDNA. Microfluidics is a recent technology,
which facilitates this process (Figure 10). It allows the rapid and highly controlled mixing of the
nanomaterial (i.e., amino-lipids or phospholipids) with nucleic acids (i.e., plasmid DNA). ***'° Batch
sizes range from a few hundred microliters to production scale volumes. This technology is thus

amendable to industrial scale production under GMP conditions.
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Figure 10: Schematic illustration of microfluidics approach. Nucleic acid loaded nanoparticles are

prepared using microfluidics. The microfluidics device has two inlet channels converging to a single
staggered herringbone micromixer. The lipid mix (ethanol) and pDNA (formulation buffer) solution are
injected simultaneously. In the micromixer the components are mixed and pDNA loaded nanoparticles
are formed. This process is controllable and highly reproducible. Figures are adapted from Rungta et

al. and Stroock et al. %%
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Finally, the developed nanoparticles should be tested 7z vitro for their cytocompatibility and
transfection efficiency. Several assays should be used to uncover potential safety issues including
general cytotoxicity, reactive oxidative species (ROS) and superoxide production, apoptosis, or
hemolysis. To investigate mechanisms of intracellular pDNA release from the endosomal
compartment and its nuclear translocation, labeled nanocarriers should be used. To explore the
transfection efficiency of amino-lipid containing formulations 7z vitro, expression of reporter genes

such as green fluorescent protein (GFP) or of the very sensitive marker luciferase can be studied.

The design of next-generation nanoparticles and the mechanistic insights from such an
research project will not only be instrumental to optimize gene targeting strategies but will also
contribute to ongoing efforts in this field of research to better control expression of transfected

genes on a cellular level.

| | | . Combination of Targeting and Gene Delivery Approach

For the implementation of gene therapy approaches, targeted nucleic acid loaded
nanoparticles are needed. These delivery systems should fulfill following criteria: efficient nucleic acid
loading, stealth properties, small size, specific target-binding and uptake, endosomal escape,
intracellular pDNA release (Figure 11). In addition, these systems should be safe and non-
immunogenic.

To develop such a targeted gene delivery approach, the above mentioned targeting strategy
(Section I) should be combined with novel gene delivery nanomaterials (Section II). This offers the

possibility to enhance cellular uptake and promote intracellular release.
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Figure 11: Hepatocyte-specific gene delivery. Ligand-modified DNA lipid nanoparticles circulate in the
blood stream. (1) After passage of the hepatic sinusoids, the nanoparticles specifically bind to

hepatocyte membrane receptors. This interaction triggers internalization. (2) The pH in endosomes
decreases due to proton pumps. (3) Acidification of endosome results in protonation of ionizable lipids
which finally causes endosomal escape of plasmid DNA via proton sponge effect. (4) Via the nuclear
pore the nucleic acid enters the nucleus. The delivered gene gets transcribed and finally leads to the
translation of an exogenous protein.

1. Targeted Gene Delivery
In the last phase of the project, the potential of the novel targeted gene delivery system will
be confirmed 7 vitro and possible future clinical applications will be explored 7z vivo. The targeted
gene delivery system will be optimized with respect to physico-chemical features for an 7 vivo
application (e.g., stability, increased circulation half-life, or biocompatibility). Optimal lipid
compositions will be identified based on expression levels of the transfected protein of interest.
Thus, it is the aim of these experiments to obtain a gene delivery system, which is optimized
both with respect to cell-specific targeting as well as cellular uptake, intracellular release and

subsequent gene expression of the delivered pDNA.
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|\/ . Future Clinical Applications

In conclusion, this research project aims to close the gap of efficient therapeutics with the
development of an innovative and functional platform technology for the expression of therapeutic
genes specifically in hepatocytes. A highly selective targeting ligand will be combined with optimized
nanomaterials for gene delivery. With this novel therapeutic strategy, we have the possibility to
address unmet medical needs. The proposed technology can potentially be used for several clinical
applications.

First, the delivery of larger nucleic acids could open the door to promising gene editing
approaches such as the CRISPR/Cas9 or zinc-finger technology for in vive applications. *'” Second,
the expression of oncotoxic proteins is a promising approach to treat hepatocellular carcinoma
more efficiently *'*. The treatment options for advanced stages of HCC are limited and the use of
small molecule therapeutics is often limited due to the development of resistance. Gene therapy
would offer new possibilities to overcome these limitations. An interesting strategy is the expression
of oncotoxic proteins inside tumor cells. For instance, the parvovirus-H1 derived non-structural
protein (NS1) induces tumor-selective apoptosis. *” Several endogenous proteins are redirected by
NS1 resulting in ROS production, DNA damage, actin skeleton rearrangement, cathepsin B release,
or caspase activation and finally tumor cell death. * Due to its various induced toxicity pathways, the
development of resistance to NS1 is not possible. Thus, cancer cells produce their own suicide
protein. Finally, patients with orphan monogenetic liver disorders (i.c., rare diseases) would highly
benefit from novel therapeutic options, which replace the mutated enzyme by delivery of their
encoding DNA sequences ***'. For instance, an UGT1A1 gene-replacement therapy for patients
with hereditary Crigler-Najjar syndrome would offer an interesting treatment strategy, which

outperforms all existing therapeutic options.
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ABBREVIATIONS

ADC Antibody Drug Conjugate MPS Mononuclear Phagocyte System

ApoE/B  Apolipoprotein E/B NAGS N-acetyl glutamate synthetase

ARG Arginase NDDS Nanoparticulate drug delivery system

ASGPR Asialoglycoprotein receptor NS1 Non-structural protein

ASL Argininosuccinate lyase NTCP Sodium-Taurocholate Cotransporting
Polypeptide

ASS Argininosuccinate synthetase OTC Ornithine transcarbamylase

BCLC Barcelona Clinic Liver Cancer PBS Phosphate Buffered Saline

CAR Coxsackie-adenovirus receptor PCSK9 Proprotein Convertase Subtilisin/Kexin
type 9

Cas9 CRISPR-associated PDGF Platelet-Derived Growth Factor

CPS Carbamoylphosphate synthetase pPDNA plasmid DNA

CRD Carbohydrate Recognition Domain PEG Polyethylene glycol

CRISPR Clustered Regularly Interspaced Short PMOXA Poly(2-methyloxazoline)

Palindromic Repeats
DNA Deoxyribonucleic acid RES Reticuloendothelial system
DSPC 1,2-Distearoyl-sn-glycero-3- RFA Radiofrequency Ablation

phosphocholine
DSPE 1,2-Distearoyl-sn-glycero-3- RNA Ribonucleic acid

phosphoethanolamine

FAH Fumarylacetoacetate hydrolase RNAi RNA interference

FAP Familial Amyloid Polyneuropathy ROS Reactive Oxidative Species

G6PD Glucose-6-phosphate dehydrogenase SAXS Small-Angle X-ray Scattering

Gal Galactose SC Stellate Cells

GalNAc N-acetylgalactosamine scFv Single-chain (variable fragment)
antibody

GFP Green Fluorescent Protein SEC Sinusoidal Endothelial Cells

GMP Good Manufacturing Practice siRNA small interfering RNA

GSD Glycogen Storage Diseases TACE Transarterial chemoembolization

HBV Hepatitis B Virus TEM Transmission Electron Microscopy

HC Hepatocytes TFR Transferrin receptor

HCC Hepatocellular carcinoma TGF Transforming Growth Factor

HCV Hepatitis C Virus TIMP Tissue inhibitors of matrix
metalloproteinases

KC Kupffer Cells TTR Transthyretin

LDLR Low-Density Lipoprotein Receptor UGT1A1 UDP-glucuronosyltransferase 1A1
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