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Summary
Summary

Carrier-mediated drug delivery has emerged as a powerful methodology for the treatment of
various pathologies and is the subject of intensive ongoing research. Combined with passive or
active targeting, the therapeutic index of a carrier-associated drug can be enhanced and side
effects can be reduced. Nanoparticles were proposed as drug carriers over 30 years ago and
have received growing attention since, mainly due to their stability, enhanced loading
capacities and control over physicochemical properties. Additionally, the unique
pathophysiology of solid tumors allowing for passive accumulation of nanoparticles upon
intravenous injection and long circulation times of stealth nanoparticles making them more
efficient in reaching tumor tissue, makes these nanoparticles ideal candidates for targeted
cancer therapy.

A number of carriers have been developed in the past that are chemically or enzymatically
degradable or that are pH or temperature responsive. To our knowledge, no particulate carriers
sensitive to a reductive environment have been developed so far, although there are a number
of systems using disulfide crosslinking as stabilization of complexes. The idea of exploring
reduction sensitive materials is especially interesting as the reduction of disulfides is a key step
in intracellular processing and the redox potential difference between oxidizing extracellular
and reducing intracellular space is very high. 

In this approach, a reduction sensitive material based on poly(ethylene glycol) (PEG) has been
developed by functionalization of PEG macromolecules with protected thiol end groups.
Nanoparticles have been produced through disulfide crosslinking of activated PEG-thiol
macromolecules in a novel inverse emulsion system. The inverse emulsion polymerization
approach allows for control over size, yielding PEG-disulfide hydrogel nanoparticles of 100 to
200 nm in diameter that are stable against aggregation as aqueous dispersions and as freeze-
dried solid powders. 

Hydrophilic drugs can either be covalently linked to the particulate carrier using disulfide
bonds or can be physically entrapped into the PEG-disulfide network. Covalent linkage of low-
molecular weight moieties was shown for fluorescent molecules used in intracellular tracking
of nanoparticles. Entrapment of high molecular weight molecules was investigated using
plasmid DNA, allowing for additional testing of the PEG-nanoparticles as gene delivery
devices. Degradation of the reduction-sensitive material was verified both in bulk and in
particles under model conditions, showing a vast potential for swelling before losing of
network coherence.  

In vitro cell culture studies revealed no nanoparticle cytotoxicity even at high concentrations.
Interactions with model tumor cells showed high levels of non-receptor-mediated uptake of
nanoparticles into the cells. Intracellular tracking revealed no coexistence of nanoparticles and
endo-/lysosomes, suggesting that the PEG-disulfide nanoparticles completely bypass the
classic endosomal pathway. Intracellular reduction of nanoparticle-disulfide bonds was shown
indirectly through release of linked/entrapped moieties. Transfection studies with GFP-
plasmid nanoparticles have shown the potential of PEG-disulfide nanoparticles as non-viral
gene delivery system. 

In conclusion, the nanoparticles presented here are well suited for certain drug delivery
applications, including cancer gene therapy and are potential vehicles for investigations of the
still unexplored diversity of endosomal pathways.
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Zusammenfassung

Gezielte Medikamentenabgabe mittels Trägermaterialien hat sich zu einer wirkungsvollen
Methode zur Behandlung verschiedenster Krankheitsbilder entwickelt und ist ein Gebiet
intensiver Forschung. Kombiniert mit aktivem oder passivem Targeting, kann der
therapeutische Index von trägerassoziierten Medikamenten erhöht und ihre Nebenwirkungen
verringert werden. Nanopartikel wurden bereits vor 30 Jahren als Medikamententräger
vorgeschlagen und haben, aufgrund ihrer Stabilität, hohen Beladefähigkeit und der guten
Kontrolle über ihre physikochemischen Eigenschaften, seitdem ständig wachsende
Aufmerksamkeit erfahren. Da die spezifische Physiologie von Tumoren die passive
Anreicherung von Nanopartikeln nach intravenöser Injektion ermöglicht und zudem Stealth-
Partikel aufgrund ihrer langen Zirkulationszeiten sehr effizient im Erreichen von
Tumorgeweben sind, stellen diese Nanopartikel ideale Kandidaten für gezielte Krebstherapien
dar.

Verschiedenste chemisch- oder enzymatisch abbaubare, und pH- oder Temperatur-sensitive
Trägermaterialien wurden in den letzten Jahren entwickelt. Unseres Wissens wurden jedoch
keine abbaubaren Partikel, welche spezifisch auf reduzierende Bedingungen reagieren,
entwickelt und das obwohl Disulfidbindungen z.B. zur Stabilisation von Komplexen
untersucht werden. Die Grundidee reduzierbare Medikamententräger zu entwickeln ist dabei
aber sehr interessant, da die Reduktion von Disulfiden ein wesentlicher Schritt in
intrazellulären Prozessen ist und die Redox-Potentialdifferenz zwischen oxidierender
extrazellulärer und reduzierender intrazellulärer Umgebung sehr hoch ist. 

Vor diesem Hintergund haben wir ein reduzierbares, Poly(ethylene glykol) (PEG) basierendes
Material durch Funktionalisierung von PEG Makromolekülen mit geschützten
Thiolendgruppen, entwickelt. Nanopartikel wurden in einem neuen, inversen Emulsionssystem
durch Disulfidbrückenbildung zwischen aktivierten PEG-Thiol Makromolekülen, geformt. Die
Polymerisation in inverser Emulsion ermöglicht eine gute Kontrolle über die Grösse der
entstehenden Partikel, womit hier Hydrogel-Nanopartikel mit Grössen zwischen 100 und 200
nm Durchmesser und die stabil gegen Aggregation sowohl in wässrigen Dispersionen wie auch
in lyophilisierter Pulverform waren, hergestellt werden konnten. 

Hydrophile Medikamente können entweder kovalent mittels Disulfiden an den Träger
gebunden oder physisch in das PEG-Disulfid Netzwerk eingebunden werden. Kovalentes
Einbinden von niedrigmolekularen Stoffen wurde mittels fluoreszenter Moleküle, die zudem
zu intrazellulärem Tracking der Nanopartikel verwendet wurden, gezeigt. Physikalisches
Einbinden von hochmolekularen Stoffen wurde mit Plasmid DNA, welche zudem die
Evaluation der potentiellen Verwendung der Nanopartikel als Gentherapievehikel ermöglichte,
untersucht. Reduktiver Abbau des PEG-Disulfid Hydrogels wurde sowohl im Bulk wie auch
an Partikeln unter modellierten Bedingungen verifiziert und hat ein sehr grosses Quellpotential
des Polymernetzwerkes im Stadium vor der Netzwerkauflösung aufgezeigt. 

In vitro Zellkultur Studien mit unsern Nanopartikeln haben selbst bei hohen Konzentrationen
keinerlei zytotoxische Auswirkungen gezeigt. Interaktionen von Nanopartikeln mit
Tumorzellen haben hohe Levels an rezeptorunabhängiger Aufnahme von Nanopartikel in die
Zellen gezeigt. Intrazelluläre Tracking Studien konnten keine Koexistenz von Nanopartikeln
und Endo-/Lysosomen bestätigen, was darauf hindeutet, dass die PEG-Disulfid Nanopartikel
den klassischen endosomalen Pfad komplett umgehen. Intrazelluläre Reduktion der Partikel-
Disulfidbindungen konnte indirekt durch Freigabe und Wirkung der gebundenen/
eingebundenen Moleküle bestätigt werden. Transfektionsstudien mit GFP-Plasmid
iv                                                            



Zusammenfassung
enthaltenden Nanopartikel haben das Potential der PEG-Disulfid Nanopartikel als nicht-virales
Gentherapievehikel unterstrichen. 

Abschliessend kann gefolgert werden, dass die hier entwickelten Nanopartikel sich für
verschiedenste Medikamentenabgabeanwendungen, insbesondere der Krebs-Gentherapie,
eignen und zudem potentielle Kandidaten für Studien der noch weitgehend unerforschten
endosomalen Pfade darstellen. 
v
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Chapter 1 Introduction
1. Drug delivery 

1.1. Background

A strong will to survive and amazing resourcefulness have always helped humanity to progress
and improve. From early on the desire to overcome pain and discomfort led to the usage of
substances occurring in nature as treatments against diseases and in the case of accidents.
Human curiosity has constantly pushed science onwards and the active ingredients, the drugs,
of these long-used substances have been identified, isolated or even prepared synthetically. As
our knowledge about diseases increases daily, the quest to find new or more effective drugs,
natural or synthetic, is still going on and does not look like it will be over soon.

Although the exact mechanism of how a drug works might not be known for each single active
substance that has ever been used, drug activity can be summarized to be the result of induced
molecular interactions inside specific cells. From this very simple definition the following aim
and ultimate goal of researchers in the field of drug delivery can be stated: 

A useful drug needs to be delivered to the right place, at the right concentration, 
and for the right period of time. 

If any of these points is impossible to achieve by simple administration (oral, intravenous,
transdermal, etc.) of the drug, or if the administration itself causes the patient discomfort,
formulation of a carrier system - a drug delivery system - has to be considered1,2. 

Drug delivery systems (DDS) have been developed in order to control pharmacological
parameters such as bioavailability, biodistribution and pharmacokinetics of the administered
substances. Bioavailability is defined as the percentage of an administered dose of therapeutic
agent that becomes available in the systemic circulation in its active form. DDS can enhance
bioavailability by increasing in-vivo half-lives of fragile pharmaceuticals - e.g. protection of
proteins from enzymatic degradation - or by changing their chemical characteristics - e.g.
improving solubility of hydrophobic moieties. Biodistribution is defined as the percentage of
an administered drug that becomes deposited into specific organs throughout the body at
specific time points. DDS can alter the biodistribution of a drug by active targeting of specific
cell types, passive targeting (accumulation in certain tissues), retention at the injection site or
by helping to cross biological barriers. Pharmacokinetics describe the time course in the
                                                                                                                  1



Chapter 1
distribution of the administered drug concentration in the different organs throughout the body.
DDS can help to maintain drug levels in the therapeutically desired range by releasing the
substance over a predefined period of time, e.g. through time-staggered degradation of the
carrier system.

DDS, ranging from implantable electronic devices such as insulin pumps to chemical
functionalization such as coupling of a hydrophobic drug with a hydrophilic polymer, are thus
mainly developed to reduce harmful side effects and increase the therapeutic index of a drug.
More specifically, the aims to be achieved when designing a DDS are: 

Enhancement of the deposition or accumulation of the therapeutic agent in a particular tissue. 
Association of the therapeutic agent with a particular cell population. 

Association of the therapeutic agent with a specific intracellular component. 

Prolongation of the association of the therapeutic agent with a specific tissue. 

Additionally, a DDS can help to improve patient compliance in difficult or expensive
treatments by decreasing the number of dosages and providing a less invasive dosing. 

1.2. Long-circulating colloidal drug carriers

Colloids are at the fore-front of projects in nano-sized (from a few to 250 nm) DDS1,3.
Generally administrated intravascularly, the residence time and routing in the bloodstream as
well as confrontation with the body’s defence mechanisms are the main hurdles encountered
by colloids. To reach their target in a therapeutically relevant concentration, colloidal drug
carriers have to be designed in a way to prolong their circulation time in the blood stream4,5 -
long circulation both meaning repeated passage through the target site and evasion of the
immune system. 

The dimensions and anatomy of blood vessels determine one of the design parameters of
colloidal carriers: Colloids larger than a few micrometers accumulate in the lung capillaries,
whereas structures smaller than 10 nm escape from the bloodstream through intercellular
junctions of healthy endothelium (e.g. in lymph nodes6) or may be removed by the sinus
endothelium of the bone marrow7. A large amount of in vivo data has established an optimal
size range of 20 to 200 nm for prolonged blood circulation5. 

The immune system constitutes the active barrier to be overcome for successful drug delivery
by colloidal carriers. Active filtration is achieved in two steps: Recognition as a foreign object
and removal from circulation through the mononuclear phagocyte system (MPS). Recognition
occurs through absorption of blood proteins on colloids, the extent of which depends on the
carrier’s surface physicochemical properties (charge density, hydrophobicity, etc.8-10). This
absorption mechanism, also called opsonization, promotes activation of the complement
system and/or assists phagocytic uptake by macrophages. Preventing or delaying of
opsonization, mainly through modification of the chemical microenvironment on the carrier’s
outer surface4,5 (e.g. with PEG11-13), has proven to be a successful strategy to increase
circulation times in the blood stream. Biological approaches might be the use of biomimetic
markers14,15 (integrin-associated protein CD47, essential for red blood cell longevity) or
dysopsonins4,5 (proteins suppressing recognition by macrophages)
2                                                            



Introduction
1.3. Targeting with drug delivery systems

Passive targeting: 

Long-circulating particles can eventually escape from the blood stream in sites where the
capillaries have open fenestrations such as in the sinus endothelium of the liver16 or when the
integrity of the endothelial barrier is perturbed. Observations in experimental setups with either
animals or humans, have shown evidence of increased capillary permeability to liposomes and
polymeric nanoparticles during inflammation17-21 and in specific cancers22-24.

Almost 20 years ago, a phenomenon observed in solid tumours and called ‘enhanced
permeability and retention (EPR) effect’ was first described25: The vascular permeability
varies during tumour progression and the greatest extravasation occurs in smaller tumours (≥
2-3 mm) showing active angiogenesis. These newly formed blood vessels are irregular in
shape, dilated, leaky or defective, and the endothelial cells are poorly aligned or disorganized
with large fenestrations (≤ 300 nm). Also, in tumours the perivascular cells and the basement
membrane, or the smooth-muscle layer, are frequently absent or abnormal in the vascular wall.
Tumour vessels generally have a wide lumen, whereas tumour tissues have poor lymphatic
drainage. This anatomical defectiveness, along with functional abnormalities, results in
extensive leakage of blood plasma components, such as macromolecules, nanoparticles and
lipidic particles, into the tumour tissue. Moreover, the slow venous return in tumour tissue and
the poor lymphatic clearance mean that macromolecules are retained in the tumour, whereas
extravasation into tumour interstitium continues. It is possible to achieve very high local
concentrations of polymeric drugs at the tumour site, for instance 10 to 50-fold higher than in
normal tissue within 1–2 days. Interestingly, the EPR effect does not apply to low-molecular-
weight drugs because of their rapid diffusion into the circulating blood followed by renal
clearance (see Fig. 1). Recently, the EPR effect has become the gold standard in the design of
polymer conjugates, micellar or liposomal formulations of anticancer agents. 

Fig. 1: Schematic representation of the EPR effect (adapted from Iyer et al.26): Diffusion of (i) a low
molecular weight drug (black dots) and (ii) a high Mw drug from the blood vessels into the
interstitium of tumour tissue (large pink circles). Note that low Mw drugs can diffuse freely in
and out of the tumour blood vessels because of their small size and thus, the effective
concentration of the drug in the tumour diminishes after 1 h when the concentration in the
plasma decreases. High Mw drugs however, cannot diffuse back into the blood stream because
of their large size. Thus there is progressive accumulation of high Mw drug in the tumour tissue
with time by the enhanced permeability and retention effect.

Active targeting:

Active targeting of cells is the specific delivery of drugs with the help of molecules that bind to
antigens or receptors which are either uniquely expressed or overexpressed on the target cell
population. Active targeting for example complements passive accumulation in tumours.
                                                                                                               3



Chapter 1
Targeting molecules can be either antibody or non-antibody ligands: Non-antibody ligands,
like peptides, sugars or vitamins, are often readily available, inexpensive to manufacture and
easy to handle. On the other hand, the relatively unselective expression of the addressed
receptors is a major drawback of these targeting moieties. Ligands such as the RGD peptide for
neovasculature targeting27,28 or folate aiming at the overexpressed folate receptors in certain
cancers29,30, have shown to have a certain selectivity for the targeted tissue but can also bind to
some non-targeted cells. Antibodies, on the other hand, have a higher specificity and a wide
range of binding affinities can be achieved. The main down side, immunogenicity of rodent-
derived antibodies, has been addressed by the production of humanized monoclonal
antibodies. However, the production of antibodies remains expensive and time-consuming, and
problems with stability and storage of the resulting product still exist31. 

1.4. Interactions between cells and DDS and cytosolic trafficking

Once a carrier has successfully reached the targeted tissue or cell population, by either passive
or active targeting or a combination of both, several scenarios of further progression are
possible (Fig. 2). If the carrier is sensitive to the specific environment or simply gradually
freeing its cargo, the drug will be released into the extracellular space and can consequently
enter the cells either directly through the membrane or via receptor binding and endocytosis. If
the carrier is designed to be inert under extracellular conditions and needs to be internalized to
be able to release its cargo, several cellular uptake mechanisms can potentially be used. These
possible uptake routes vary depending on the cell type (phagocytic vs. non-phagocytic), the
mode of activation (receptor-mediated vs. unspecific endocytosis) and the physicochemical
properties of the agent to be internalized32-34.

Once a DDS that has been endocytosed - either in a receptor-mediated or in an unspecific way
- it experiences a significant drop in pH, going from the extracellular 7.2 to 7.4 to 6.5 to 5.0 in
the early stages in the endosomal processing pathway (see Fig. 3). Another drop in pH to about
4.0 occurs upon fusion with lysosomes which additionally contain a great number of enzymes,
e.g. phosphatases, nucleases, proteases, esterases, that become active at acidic pH35. This
environment - highly developed for protein processing through proteolysis and disulfide bond
reduction36,37 - is extremely harmful for most active substances, leading to drug degradation
and inactivation. On the other hand, low pH values and presence of specialized enzymes are
properties that have been exploited for release of the DDS/drug from the endosome into the
cytosol, for example: Destabilization of the endosome through carrier-membrane interaction in
using pH sensitive peptides like GALA38,39 that induces pore formation or by causing fusion
of liposomal carriers and endosomal membrane with the aid of fusogenic phospholipids like
DOPE (dioleoylphosphatidylethanolamine)40,41. Or: Disruption of the endosome by a ‘proton-
sponge’ mechanism, using amine-containing polymers, e.g. PEI, that can be highly protonated
during endosome acidification, thus inducing massive chloride influx into the vesicle, causing
osmotic swelling and eventual vesicle lysis42. 

Another set of methods devised to obtain cytoplasmic localization and thus increase
bioavailability of a delivered drug being direct delivery into the cytosol, bypassing the
endocytic pathway completely, using cell-penetrating peptides like the HIV-1 derived TAT
protein transduction domain43,44. 

A more detailed overview and comparison of recent advances in achieving cytoplasmic
delivery is given in chapter 5.
4                                                            



Introduction
Fig. 2: Summary of possible positive interactions between DDS and a cell: A -
Targeted DDS binding to receptors on the cell surface: i) release of cargo
after binding or ii) receptor-mediated endocytosis and iii) release of drug
in response to environmental stimuli (pH, enzymes, reducing conditions)
in the internalization vesicles or iv) escape of the carrier into cytosol and
release of cargo therein. B - Non-targeted DDS having reached the
desired tissue through passive targeting: i) release of the drug in the
proximity of the cell or ii) in contact with the cell membrane; iii) non-
specific endocytosis and iv) release of cargo in response to stimuli from
the endosomal vesicle or v) escape of the carrier into the cytoplasm and
release of the drug therein.

Fig. 3: Schematic representation of the endosomal pathway (adapted from
Haag et al.45)

 
                Non-targeted colloidal DDS 
 
 
                Targeted colloidal DDS 

 
                Internalizing receptor 

 
                Active substance 

ii

i

A 

B 

i

iii

iv

iii

iv

ii

v

                                                                                                               5



Chapter 1
2. Gene therapy

2.1. A brief overview

Gene therapy has become the focus of research for many laboratories as it offers new potent
possibilities for treatment of a range of diseases by introducing genetic materials which have a
therapeutic effect. In its simplest terms, a wild-type gene, which is non-functional (mutated) in
the target cell and thus leading to disease development, is introduced into the somatic cell to
restore its normal gene function. Although gene therapy was initially devised for treatment of
genetic disorders, it is currently studied for a wide range of diseases (see Table 1) including
cancer, infectious and vascular diseases, arthritis, neurodegenerative disorders and acquired
immunodeficiency syndrome (AIDS)46.

Table 1. Candidate diseases for gene therapy (adapted from Verma IM 199746)
Disease Defect Incidence Target cells
Genetic
Severe combined 
immunodeficiency 
(SCID/ADA)

Adenosine 
deaminase (ADA) 
in ~25% of SCID 
patients

Rare Bone-marrow cells 
or T lymphocytes

                            A
Haemophilia
                            B

Factor VIII 
deficiency
Factor IX 
deficiency

1:10000 males

1:30000 males

Liver, muscle, 
fibroblasts or bone-
marrow cells

Familial 
hypercholesterolaemia

Deficiency of low-
density lipoprotein 
(LDL) receptor

1:1 million Liver

Cystic fibrosis Faulty transport of 
salt in lung 
epithelium. Loss of 
CFTR gene

1:3000 
Caucasians

Airways in lungs

Haemoglobinopathies: 
Thalassaemia/sickle 
cell anaemia

Structural defects in 
α- or β-globin gene

1:6000 in 
certain ethnic 
groups

Bone-marrow cells, 
giving rise to red 
blood cells

Gaucher’s disease Defect in the 
enzyme 
glucocerebrosidase

1:450 in 
Ashkenazi Jews

Bone-marrow cells, 
macrophages

α1-antitrypsin 
deficiency: Inherited 
emphysema

Lack of α1-
antitrypsin

1:3500 Lung or liver cells

Acquired
Cancer Many causes, 

including genetic 
and environmental

1 million/year in 
USA

Variety of cancer-
cell types; liver, 
brain, pancreas, 
breast, kidney
6                                                            



Introduction
The main objective of gene therapy is to develop successful gene delivery systems that transfer
genetic materials into the target tissue. Depending on the application, a suitable delivery
strategy needs to be chosen, for example prolonged and sustained gene expression is needed
for diseases related to single gene dysfunctions (e.g. hypercholesterolemia), while short
periods of gene expression are sufficient for most cancer gene therapies. 

Despite the wide range of research going on in the field of gene therapy, development of
efficient and safe vectors that are able to deliver the genes of interest to the target cells and that
assure the proper expression of the transferred genetic material remains a major challenge (see
Fig. 4). Currently various vector systems or delivery vehicles are being tested (see Table 2) -
they can be divided into two groups: viral and non-viral, each type having its own advantages
and limitations. 

Fig. 4: Comparison of delivery efficiency versus toxicity for various DNA
transfection methods (adapted from Luo and Saltzman47)

Viruses have naturally evolved to become highly efficient in nucleic acid delivery into specific
cell types and escaping the immune system. The ability of retroviral vectors to successfully
deliver foreign genetic material was first described in 198148,49. When used as gene delivery
vehicles, specific virus pathogenicity is eliminated without losing efficiency of gene transfer

Neurological diseases Parkinson’s, 
Alzheimer’s, spinal-
cord injury

1 million 
Parkinson’s and 
4 million 
Alzheimer’s 
patients in USA

Direct injection in 
the brain, neurons, 
glial cells, Schwann 
cells

Cardiovascular Restinosis, 
arteriosclerosis

13 million in 
USA

Arteries, vascular 
endothelial cells

Infectious diseases AIDS, hepatitis B Increasing 
numbers

T cells, liver, 
macrophages

Table 1. Candidate diseases for gene therapy (adapted from Verma IM 199746)

Mechanical/Electrical
Low-voltage electroporation 

Bombardment
Pressure

Chemical
PLL-based

DEAE-dextran
Lipids

CaPO4
Dendrimer

PEI

Electrical 
High-voltage electroporation

Microinjection

Controlled-release polymers
EVAc
PLGANaked DNA

100 %0 % Delivery efficiency

High

Low

Toxicity
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Chapter 1
and expression. Viral delivery systems are, however, still difficult to produce, often
immunogenic, suspected to be able to cause mutations by random insertion into the cellular
genome and restricted in the size of the inserted gene (e.g. max 8 kbp for retroviruses). 

Non-viral gene delivery systems present a safe way of gene transport and constitute 15 % of all
clinical trials50. There seems to be no size limitation (from the part of the delivery vehicle) for
insertion of genetic material and large-scale production of non-viral delivery systems promises
to be fairly easy. However, often gene transfection efficiency is very low compared to the viral
vectors. In general a whole set of barriers have to be overcome to successfully deliver DNA
into a cell’s nucleus and produce the desired protein. Physical and chemical properties of non-
viral delivery systems, such as size, surface and zeta potential, play a critical role in the various
stages from uptake into targeted cells to delivery of the genetic material. 

2.2. Barriers to non-viral gene delivery

Efficiency of gene transfection with non-viral delivery systems is typically lower than for viral
systems51-53. This inefficiency is primarily the result of the inability of the vectors to
overcome the numerous barriers encountered between the site of administration and

Table 2. Gene delivery systems: an overview (from El-Aneed 200450)

Vector Properties
Viral vectors:
Moloney murine 
leukaemia virus (MMLV)

Stable transfection of dividing cells, high transduction 
efficiencies

Human immunodeficiency 
virus (HIV)

Stable transfection of dividing cells, high transduction 
efficiencies

Adenovirus Transient transfection of dividing and non-dividing cells, 
high transduction efficiencies

Adeno-associated virus 
(AAV)

Stable transfection, only small insert sizes (<4kbp), high 
transduction efficiencies

Herpes Simplex virus 
(HSV)

Large insert size (<20 kbp), neuron specificity, transient 
gene expression, potential of infections with HSV in 
humans, low transduction efficiencies

Vaccinia virus Limited to nonpox-vaccinated immunocomprised patients, 
high transduction efficiencies

Non-viral strategies:
Liposomes Large insert size, transient expression, low transfection 

efficiency, some cellular toxicity, variable transduction 
efficiency

Polymers Large insert size, variable transfection and transduction 
efficiencies, some cellular toxicity

Naked plasmid DNA Low transduction efficiency, rapid tissue clearance, 
transient expression

Ballistic DNA injection Variable transduction efficiency, transient expression
8                                                            



Introduction
localization in the cell nucleus. The series of barriers to efficient non-viral gene delivery is
thought to include (a) the physical and chemical stability of DNA and its delivery vehicle in
the extracellular space, (b) cellular uptake, (c) escape from the endosomal compartments prior
to trafficking to lysosomes, (d) cytosolic transport and (d) nuclear localization of the plasmid
for transcription (see also Fig. 3). In addition to these chemical and physical obstacles,
biological barriers, such as immunogenic responses to the vector itself as well as immune
stimulation by certain DNA sequences54,55, may play a major role. 

(a) Stability in extracellular compartments: The existence of nucleases in the extracellular
environment results in a rapid degradation of plasmids both intravenously and
intramuscularly56,57. This degradation has to be overcome by a carrier protecting the DNA
against nucleases.

(b) Cellular association of DNA: Association of DNA with the cell surface is typically very
low in the absence of any delivery agent as an immediate consequence of the relatively high
negative charge density of both the DNA and the cell surface. The association of non-viral
gene delivery systems containing either cationic lipids or polymers is thought to be mediated
by interactions with cell surface heparin proteoglycans58,59. Alternatively, increasing the
amount of DNA associated with cells through conjugation of targeting ligands to the carrier60-
64 or even the DNA itself 65 is being investigated.

(c) Internalization: Different internalization pathways as described in paragraph 1.5 have been
observed for a range of non-viral gene delivery systems60,64,66-73. However, a comprehensive
description of the relative influence of these various pathways on uptake is currently lacking. 

(d) Intracellular trafficking: Once internalized, the intracellular vesicles carrying the vectors
fuse with organelles collectively referred to as the endocytic compartment. Escape of the DNA
from these structures has been demonstrated to be one of the major barriers to efficient gene
delivery. It has been postulated that two types of vesicles74 exist at the early stage in
endosomal processing: The sorting endosomes, responsible of redistribution of material from
the surface, and the recycling endosome, returning internalized material back to the surface.
No information is currently available regarding the relative role of these two endosomes in the
intracellular trafficking of non-viral gene delivery systems. At the later stage of the endosomal
pathway, trafficking to lysosomal compartments and coming into contact with their load of
degrading enzymes in a very acidic environment, eventually leads to degradation of DNA.
Therefore, efficient endosomal escape is necessary for effective gene delivery. Different
escape mechanisms, depending on the gene carrier formulation, are being studied: Endosome
membrane disruption with the aid of cationic lipid vectors75 or cationic polymers76, osmotic
lysis through the ‘proton sponge’ effect of cationic polymers with ionizable groups77,78, pH-
dependent membrane lytic activity of fusogenic peptides62,79 and inhibition of lysosomal
processing through addition of pharmacological agents like chloroquine80.

(e) Cytosolic transport of DNA: After endosomal escape and release from its carrier, DNA
must traverse the cytosol to access the nucleus. Diffusion of DNA in the cytoplasm has been
found to be substantially less than that observed in dilute solution and inversely related to the
size of the plasmid, e.g. for DNA > 2 kb, the diffusion coefficient in the cytosol is less than 1 %
of that in water81. This decreased mobility has been ascribed to molecular crowding of the
plasmid, but may also reflect an increased viscosity of the cytoplasm. No evidence of active
transport of DNA in the cytosol has been reported. The presence of calcium-sensitive cytosolic
nucleases poses an additional metabolic barrier. Delivery systems in which DNA is still
associated with the entire or part of the original carrier after escape into the cytosol, have been
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found to enhance mobility (possibly through active transport) and protect DNA from cytosolic
nucleases82,83.

(f) Nuclear localization of plasmid DNA: At least three routes exist for DNA transport to the
nucleus: The DNA can pass through nuclear pores, it can become physically associated with
chromatin during mitosis when the nuclear envelope breaks down or it could traverse the
nuclear envelope. The latter possibility seems the least likely and no experimental data has yet
been produced supporting this mechanism. Nuclear pores (3000-4000/nucleus) could, in their
open state (transport of particles up to 26 nm), accommodate the threading of supercoiled
plasmid. Facilitation of DNA transport through nuclear pores is possible by modification of the
DNA sequence to include binding sites for karyophilic proteins that aid nuclear transport or by
covalent modification for the attachment of nuclear localization sequences (NLSs) to DNA. An
interesting new possibility is that positively charged regions of gene delivery complexes could
themselves serve as NLSs. The second and quite widespread mechanism of access to the
nucleus, association with nuclear material during mitosis, has been observed on numerous
occasions for cationic lipid- and polymer-mediated gene delivery by comparing transfection
efficiencies for cells at various stages in the cell cycle84-89. For this second pathway into the
nucleus to be efficient, DNA needs to be localized in the perinuclear region and there be
stabilized against cytosolic nucleases whilst awaiting breakdown of the nuclear membrane. 

Fig. 5: Schematic representation of the barriers to non-viral gene delivery (adapted from Wiethoff CM
200290): A: Interaction (specific or unspecific) of the carrier with the cell membrane; B:
Internalization; C: Vesicular trafficking; D: Interaction of carrier with transport vesicle leading to G:
Successful release of carrier or load from endosome; E: Trafficking to lysosomes resulting in F:
Degradation of DNA; H: Possible intracellular degradation of DNA by nucleases when transport to
perinuclear region fails; I: Active transport through the nuclear membrane or J: Passive uptake into
the nucleus during mitosis
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2.3. Gene therapy in cancer treatment

Cancer gene therapy is the most studied application of gene therapy. During the past two
decades, more than 600 clinical studies in gene therapy have been evaluated - almost 70 % of
which were in the area of cancer treatment91. 

The transformation of normal cells into neoplastic ones involves multiple alterations on the
genetic level of these cells92. Due to the complex nature of cancer, cancer gene therapy
includes many therapeutic strategies, which can be categorized in to two main groups:
Molecular and immunologic therapies (see Fig. 6). 

Upregulation or downregulation of some genes is the basis of tumor initiation and progression.
Oncogenes and tumor suppressor genes - two gene groups that counterbalance each other -
play a crucial role in cancer development. While tumor suppressor genes induce apotosis
(programmed cell death), oncogenes enhance cell proliferation. The biological activity of
oncogenes can be modulated and suppressed using anti-oncogenes, that is oligonucleotides,
that can bind to a specific sequence of the RNA (antisense oligonucleotides) or the DNA
(antigene oligonulcleotides). The main representative of the tumor suppressor gene family is
the p53 gene which is responsible for detection of DNA damage followed by repair initiation
or apoptosis induction93. As mutational alterations in the p53 gene occur in almost 40% of all
tumors, successful transfection with wt p53 into cancerous cells can result in tumor growth
inhibition and regression. Suicide gene strategy which combines chemotherapy and gene
therapy is another molecular approach in cancer gene therapy. This strategy relies on the
conversion of a non-toxic prodrug into its active cytotoxic metabolite within cancerous cells94.
The conversion is mediated by a non-mammalian enzyme which is overexpressed in the
neoplastic cells as a result of a successful transfection with their genes. Other molecular
approaches in cancer gene therapy are inhibition of angiogenic inducers (vascular endothelial
growth factor and angiopoietine), introduction of angiogenic inhibitors (angiostatine,
endostatine) or transferring of multiple drug resistance genes and thereby overcoming the
dose-limiting toxicity of traditional chemotherapy. 

Cancer cells are immunogenic in nature, with cancer antigens being intracellular molecules,
but regular immune response is not enough to eradicate tumor cells. The ability of cancer cells
to escape the immune system is related to the secretion of immunosuppresive factors, down-
regulation of antigen expression or major histocompatibility complex molecules and the lack
of co-stimulation. Genetic immunotherapy can be utilized mainly to boost T-cell mediated
immune response against cancer. The most frequently used strategy to do so involves the
transfer of the genes of the immunostimulant molecules such as cytokines and more
specifically interleukin-1295. The production of interleukin-12 by tumor cells mediates the
immune response by the activation of many components in the immune system, in particluar
cytotoxic T lymphocytes and natural killer cells. Another method to induce the desired
immune reaction against cancer cells is direct genetic vaccination by antigen-encoding genes.
Injected subcutaneously or intramuscularly, the DNA enters local cells (fibroblasts, myocytes)
which then produce and secrete the antigen. Antigen presenting cells capture the new antigen
and migrate to lymphoid organs, initiating the desired immune response. Cell vaccines on the
other hand are produced by in vitro engineering of antigen presenting cells in a way that
enables them to actively present tumor antigens. 
                                                                                                               11
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Fig. 6: Summary of the most commin current cancer gene therapy approaches (adapted from El-Aneed 200450)

Whether targeting cancerous cells on the immunological or molecular leves, success of the
gene therapy largely depends on the efficiency of delivery of the DNA to its target. “A
potential therapeutic gene for cancer should first be successfully encapsulated in suitable, non-
toxic and preferably targeted gene carriers which may be viral or non-viral vectors, followed
by efficient gene transfer and expression within the cancerous tissue.” (A. El-Aneed, 200450)

3. Nanoparticles

3.1. Nanoparticles as colloidal drug carriers

Polymeric nanoparticles (NPs) occupy an increasingly prominent place in the armory of
injectable, colloidal drug delivery systems96-99 - the other carrier methods being polymer-drug
conjugates100, dendrimers101, micelles102, polyplexes, polymerosomes103 and
nanocapsules104,105. NPs are solid colloidal drug carriers, ranging in diameter from 10 to 1000
nm. They are typically made of one single material (synthetic, i.e. polymers or natural, e.g.
polysaccharides), the drug being entrapped or covalently linked to the polymer or being
adsorbed onto the surface106. NPs were introduced almost 30 years ago107; the predominant
materials being used since then being poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA) and poly(cyanoacrylate). 

Polymeric nanoparticles offer significant advantages over other nanocarrier platforms
primarily since a tremendous versatility in polymer matrices allows for tailoring of the
nanoparticle properties to meet the specific intended need. Other advantages of polymeric
nanoparticles include ease of production, ease of surface modification, encapsulation
efficiency of the payload, payload protection, large area-to-volume, slow or fast polymer
degradation and stimuli-responsive polymer erosion for temporal control over the release of
drugs, and feasibility of scale-up and manufacturing under Current Good Manufacturing
Practices (cGMP) guidelines. Some examples of the most commonly used polymers for
nanocarriers include, but by far are not limited to, synthetic polymers such as poly(D,L-lactide-

Cancer gene therapy

Immunological targeted therapies                        Molecular targeted therapies

Immune-stimulant       Vaccines                 Suicide genes      Anti-oncogenes          Tumor suppressor
      genes                                                                                                                            genes  

Cell vaccines     Gene vaccines         Antisense oligonucleotides      Antigene oligonucleotides
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coglycolide) (PLGA), poly (L-lactic acid) (PLL), poly(epsiloncaprolactone) (PCL),
polyalkylcyanoacrylates, and natural polymers such as gelatin, chitosan, and hyaluronic acid.

In contrast to self-assembling structures, e.g. polyplexes and polymerosomes, NPs are
inherently stable structures. However, in order to avoid undesired accumulation in the body,
the stability must be coupled to a long-term degradation mechanism under physiological
conditions. Additionally, the products resulting from particle degradation need to be
biocompatible and should ideally be naturally excreted (molecules smaller than the size of the
renal excretion treshold (≤  40 nm)) or absorbed by the body.

Methods for obtaining NPs can be divided into two main categories: Polymerization of
monomers and colloid formation from macromolecules or preformed polymers. Techniques
used include emulsion cross-linking, desolvation, solvent evaporation/extraction, high pressure
homogenization and spray drying (see Table 1). In most of the used methods, formation of an
emulsion is the crucial step for obtaining spherical colloids, emulsions offering a control over
size that is not possible with other techniques. The main downside of production methods
using emulsion is however the use of organic solvents, surfactants and/or a chemical reaction
stabilizing the colloid structure. In order to assure biocompatibility of the NPs, no traces of the
mostly harmful used chemicals should remain in the finished product. Thus, stability and
control over size in NPs is counterbalanced by the need of extensive purification before use. 

Table 3. Overview NPs for drug delivery: Synthesis and materials (adapted from A. Rehor, Diss ETH)

Process Examples of materials Remarks
Emulsion 
polymerization

Poly(methyl methacrylate)
(PMMA)

Radical polymerization; PMMA is 
hydrophobic and non-
biodegradable, bioavailability is 
limited to surface adsorbed drug

Poly(alkyl cyanoacrylate)
(PACA)

Anionic emulsion polymerization; 
PACA can degrade by acid 
hydrolysis into alkyl cyanoacetate 
and formaldehyde (toxic)

Emulsion 
crosslinking

Albumin, chitosan,
gelatine, cellulose
derivatives

Cross-linking with glutaraldehyd in 
reverse (O/W) emulsion

Desolvation in
solution

Albumin Polymer is dissolved in a suitable 
solvent and desolvated by addition 
of a non-solvent or salt. In case of 
albumin, stabilization by 
glutaraldehyd cross-linking or heat 
denaturation

Complexation Polyelectrolytes (e.g
alginate, chitosan, poly-
L-lysine)

Complexation of polyanions with 
polycations
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3.2. Inverse emulsion polymerisation

The term ‘emulsion’ refers to a dispersion of one phase into a different, continous phase - both
immiscible - with the help of an emulsifier (usually an amphiphilic molecule). Emulsions are
classified according to the nature of dispersed and continous phase - oil-in-water or direct,
water-in-oil or inverse, water-in-oil-in-water or double - and their size/stability:
Nanoemulsions108, miniemulsions109, microemulsions110. Control over structure, bulk and
surface composition make emulsions ideal ‘containers’ for polymerization reactions.

Nanoemulsions are transparent or translucent systems mostly covering a droplet size range of
50 to 200 nm. Unlike microemulsions (which are also transparent or translucent and
thermodynamically stable) nano-emulsions are only kinetically stable. However, the long-term
physical stability of nanoemulsions (with no apparent flocculation or coalescence) makes them
unique and they are sometimes referred to as ‘Approaching Thermodynamic Stability’.
Nanoemulsions do not form spontanesously, but need the input of energy (e.g. from
ultrasonication or a high pressure homogenization). However they have the advantage over
microemulsions that they can be prepared using a much lower surfactant concentration (5-10%
vs. 20%). 

Inverse emulsions (IE, water-in-oil) were initially developed as an alternative to acrylamide
polymerization in solution, but soon found their way into the field of hydophilic nanoparticle
formation67. Emulsification of the aqueous phase in the oil (commonly consisting of
hydrocarbons) is achieved by amphiphiles with low ‘hydrophilic-lipophilic balance’ (HLB)
values. The HLB of surfactants is determined by their molecular structure and more
particularly the differing proportions of lipophilic and hydrophilic moieties. The HLB scale
ranges from 0 to 20, emulsifiers with values below 10 being more lipophilic molecules that are
more inclined to solubilize in the oil phase and thus tend to form water-in-oil emulsions. 

Solvent evaporation/
extraction
(salting out)

Poly(lactic acid) (PLA) or
Poly (lactic-co-glycolic
acid) (PLGA)

Polymers are dissolved in a volatile 
solvent and dispersed in water 
(with help of a surfactant) and the 
solvent is evaporated or extracted. 
PLA/PLGA are hydrophobic 
polymers, degradation into lactic 
and glycolic acid

PLA-PEG, PLGA-PEG Block-copolymer containing PEG 
for obtaining protein-repellent 
surface, processed as described 
above

High pressure
homogenization

Solid lipids Hot or cold high pressure 
homogenization

Spray drying PLGA Emulsion of PLGA is spray dried, 
rather suited for microspheres 
production

Table 3. Overview NPs for drug delivery: Synthesis and materials (adapted from A. Rehor, Diss ETH)
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Fig. 7: Schematic representation of an inverse emulsion polymerization system with water-soluble initiators
and a multi-arm reactive macromonomer. In this setup the emulsifier-stabilized water droplets will be the
polymerization reaction container.

The mechanism of polymerization in emulsion depends strongly on the type of initiator used
(oil- vs. water-soluble) and the solubility of the monomers in the continuous phase. For
hydrophilic initiators and monomers, i.e. a homogenous reaction mixture, the loci of initiation
and propagation are the dispersed aqueous droplets, rather than the continuous phase or
micellar structures. If additionally the reaction kinetics are faster than emulsion break-up, the
obtained particle size distribution will be mainly determined by the nanodroplet size
distribution.

It can thus be said that inverse emulsion polymerization is a multi-parameter system, whose
potential and versatility in fabricating aqueous-based nanomaterials is already established and
whose optimization may provide better-defined colloids for drug delivery applications.

3.3. Particle sizing with dynamic light scattering

Dynamic light scattering (DLS) is a versatile technique112,113  for measuring the sizes, size
distributions, and (in some cases) the shapes of nanoparticles in liquids in situ. DLS techniques
are ‘hydrodynamic’ in that they directly measure hydrodynamic quantities, usually the
translational and/or rotational diffusion coefficients, which are then related to sizes and shapes
via theoretical relations. Photon correlation spectroscopy (PCS, also called quasi-elastic light
scattering or intensity fluctuation spectroscopy) is now a standard technique that is widely used
in biophysics, colloid and polymer laboratories. 

PCS is based on fact that the intensity of light scattered from a dispersion of particles into a
given scattering angle is the result of interference on the surface of a square-law detector
between light scattered from different particles in the medium. The phases at the detector of the
light scattered from different particles depend on the relative positions of the particles relative
to the direction of the incoming and scattered light beams. Thus, at a given instant the total
scattered intensity at a given scattering angle depends on the positions of the particles. The
particles, however, are constantly executing Brownian motion so that their positions fluctuate.
Thus, the scattered intensity also fluctuates. These scattered intensity fluctuations occur on the
time scale that it takes a particle to move a significant fraction of the wavelength of light (10-6

- 10-3 s).

continuous 
phase water

  
 Surfactant-stabilized  
 water-droplet 
 
 Surfactant micelle 
 
 Reactive macromonomer 
 
 Initiator 
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The scattered intensity itself is a stochastic signal, since it reflects the thermal (Brownian)
motion of the particles. To extract useful information from the signal, its time correlation
function is computed. This is usually done using an autocorrelator A schematic of a PCS
apparatus is shown in Fig. 8. Light from a laser is focused on a sample and the light scattered at
a given scattering angle is collected by a square law detector – a photomultiplier or an
avalanche photodiode. The output of the photomultiplier is then digitized by a photon counting
system and the output sent to an autocorrelator.

The normalized scattered intensity time autocorrelation function of the scattered light intensity
may be written as

where γ  is a constant determined by the specific experimental setup and g(1)(t) is the
normalized first order (scattered electric field) time autocorrelation function. 

Fig. 8: schematic drawing of PCS apparatus

It may be shown for a dilute solution of monodisperse nanoparticles that g(1)(t) is a single
exponential whose time decay is determined by the translational self-diffusion coefficient of
the particle D and the length of the scattering vector q:

The scattering vector length depends on the scattering angle θ, and the wavelength λ of the
light in the scattering medium:

C t( ) It )I 0( )〈 〉
I 0( )I 0( )〈 〉

-------------------------- 1 γ g 1( ) t( )[ ]
2

+[ ]= = (1)

g 1( ) t( ) q2Dt–( )exp= (2)

q 4π λ⁄( ) θ 2⁄( )sin= (3)
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As may be seen from Eqs. (2) and (3), PCS, in this case, directly gives the translational self-
diffusion coefficient of the nanoparticle.

For spherical particles in a dilute dispersion, the Stokes–Einstein relation relates the
translational selfdiffusion coefficient to the particle radius R

where kB is Boltzmann’s constant, T the absolute temperature and η is the viscosity of the
suspending medium. Thus, for spherical nanoparticles the particle radius (including any
solvation layer) may be derived from the PCS experiment.

Nanoparticle dispersions are often polydisperse; that is, there may be particles with a
distribution of sizes and shapes rather than particles of a single size and shape. The particles in
the distribution thus, in general, have different translational self-diffusion coefficients.

For a dilute solution, we may view the particles with a given diffusion coefficient (denoted by
i) as contributing its own exponential to the first order correlation function so that

where Γi = q2Di is the reciprocal decay time and Ai is a weighting factor proportional to the
fraction of the scattered intensity contributed by this subset of particles. Thus, the first order
time correlation function is now a sum of exponentials. One technique for characterizing this
sum of exponentials is the method of cumulants.

In the cumulants method, the logarithm of the normalized correlation function g(1)(t) is
expanded as a power series in the time:

The coefficients Kn are the cumulants. K1, the first cumulant, is equal to the average of the
reciprocal relaxation time K1 = 〈(Γ)〉. The second cumulant K2 is a measure of the dispersion of
the reciprocal relaxation time around the average value. Note that if K2 (and higher order
cumulants) are 0, the first order correlation function is a single exponential. The cumulant
method is simple and most commercial autocorrelators include a computer program for
calculating the first few cumulants.

A more powerful method, which has become the standard in analyzing PCS data, uses
mathematical algorithms to perform an inverse Laplace transform on the data to obtain the
distribution function of relaxation times. Take the continuous limit of the sum in Eq. (5).

D kBT( ) 6πηR( )⁄= (4)

g 1( ) t( ) ΣAi Γit–( )exp
i

= (5)

g 1( ) t( )[ ] K1t– 1 2⁄( )K2t2 ...+ +=ln (6)
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where A(Γ)dΓ is the fraction of the correlation function decaying with reciprocal relaxation
time between Γ and Γ + dΓ. Note from Eq. (7) that g(1)(t) is the Laplace transform of A(Γ). To
find A(Γ) from measurements of g(1)(t), we must invert the Laplace transform. This is an ill-
conditioned problem. It turns out that we cannot simply find the ILT by picking the A(Γ) that
gives the best least squares fit to data. Mathematical techniques for performing such
transforms, known as regularization techniques, have been developed by mathematicians and
applied to the analysis of PCS data by Provencher, who has implemented his technique in a
program called ‘CONTIN’. This program has, sometimes in modified form, become the
method of choice for analyzing PCS data. Basically, it finds the smoothest non-negative A(Γ)
consistent with the data and the noise in it.

The CONTIN method gives good estimates for the widths and peaks of unimodal distributions
when the data has good signal to noise. Tests have also shown that PCS with CONTIN analysis
is capable of resolving peaks in A(Γ) as long as the separation of the A(Γ) peaks is about a
factor of two or more and the areas under the peaks are not very different . Thus, it is, with
these limitations, possible to detect and study bimodal particle distributions by this method.
The output of CONTIN is frequently expressed in hydrodynamic radius rather than Γ.

4. Biocompatible degradable polymers

4.1. The biocompatibility of poly(ethylene glycol)

Poly(ethylene glycol) PEG (also called poly(ethylene oxide), PEO, although PEO often refers
to the polymer with only one termial OH group and a higher molecular weight, the distinction
in nomenclature is not faithfully held) has the general structure shown below: 

PEG can be synthesized in two conformations, either linear or branched. The polyether
backbone is chemically inert and the terminal hydroxyl groups can be activated for conjugation
to different types of polymers and drugs. PEG is uncharged, hydrophilic, however with some
hydrophobic character, and is soluble in water as well as in many organic solvents. 

PEG offers the advantage that it is non-toxic114, leading to approval by the United States Food
and Drug Administration (FDA) for internal use in humans and inclusion in the list of inactive
ingredients for oral and parenteral applications. It has been shown that PEG with a molecular
weight up to 20 kDa is primarily excreted trough the renal system, whereas for higher
molecular weight there is a transition from urinary to fecal excretion115. 

g 1( ) t( ) A Γ( ) Γt( )exp Γd
0

∞

∫= (7)
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PEG is a preferred material for imparting protein resistance - the so-called ‘stealth effect’,
which prevents opsonization by the macrophages of the reticuloendothelial system (RES) and
thus accumulation in the liver and spleen - to surfaces116. Its hydrogen-bond acceptor character
as well as the size compatibility of an ethylene glycol monomer unit in a network of hydrogen-
bonded water accounts for the higher-order interchain structure of PEG in water. Extensive
hydration (2-3 water molecules per ethylene oxide unit), good conformational flexibility and
high chain mobility contribute to a steric exclusion effect between PEG chains in water. These
attributes can be illustrated by the fact that a PEG molecule act as if it were 5 to 10 times as
large as a soluble protein of comparable molecular weight. Although not yet fully understood,
the mechanism underlying the protein resistance of PEG is attributed to this ‘exclusion effect’
or ‘steric stabilization effect’ as well as osmotic repulsion. 

PEG surface modification, therefore, enhances the circulation time of molecules and colloidal
particles in the blood. In addition, PEG surface modification may also increase the
hydrodynamic size of the particle decreasing its clearance, a process that is dependent on the
molecular size as well as particle volume. Ultimately, this aides in greatly increasing
circulation half-life of the particles. The technology of PEGylation117,118 is readily in use119,
and a few examples of the many PEG-modified nanocarrier products developed for tumor
targeting are presented in Table 1.

Table 4. Examples of PEG-modified nanocarrier products for tumor targeting (adapted from Vlerken 2007120)

Complex Application Outcome
Non-covalent PEG-
modified nanocarriers
PEG-block-poly(ε 
caprolactone

Tuning the Hydrophilicity Hybrid gold nanoparticles 
synthesized by RAFT 
polymerization

Multi-arm PEG-poly(L-
lactide)

Biodegradable hydrogels Hydrogels with high storage 
moduli

Poly(N-vinylpyridine)-
graft-PEG copolymer

Protein repellent and 
stable interface

Semiconductor material for 
self-assembling into micelles

PEG-block-poly(ε 
caprolactone 

Nanoencapsulation of 
lipophilic prodrugs

Geldanamycin analogue 
against breast cancer

PEG-DSPE Encapsulation of 
octathyprophine

Solubility and stability 
enhancement

PEG-peptide-DOPE 
conjugate

Tumor specific cleavable 
lipid

In vivo cancer gene therapy

Covalent PEG-modified 
nanocarriers
PEG-modified cationic 
gelatin

Non-viral gene carrier 
system

Gene transfection and 
expression was found to be 
significantly increased

TAT-derived peptide 
covalently coupled to PEG 
-PEI

Nanocarrier for DNA 
delivery

Non-viral gene carrier for lung 
therapy

PEG-poly(D,L-lactide) Tissue adhesive hydrogel Tissue adhesive applications
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4.2. Biodegradable polymers

The use of biodegradable polymers for biomedical applications has dramatically increased in
recent years121. As temporary scaffolds, these materials have been explored as, among many
other applications, biodegradable orthopaedic prostheses, guides for nerve regeneration,
vascular grafts and drug carriers. While medical researchers in the past tended to just adapt
what was available commercially, more and more polymer scientists are teaming up with life
scientists to custom-design the polymeric biomaterials for specific applications. The number of
synthetic biodegradable polymers being explored for controlled-release applications has been
growing rapidly. 

Biodegradable polymers are primarily insoluble polymers capable of undergoing chemical
decomposition that results in the formation of either soluble monomer or polymer units. This
degradation to small oligomeric units and thus the lack of need to remove the delivery system
from the body after it has delivered its dose is one of the biggest advantages of biodegradable
drug delivery systems. However, because of the degradation, toxicology studies must be
performed on both the polymer and its decomposition products as well as their metabolites. 

In most investigated cases, biodegradation of a polymer involves chemically or enzymatically
catalyzed hydrolysis. In the designing of hydrolytically labile polymers a variety of linkages
has been used. Bonds between carbon and oxygen or carbon and nitrogen are invariably
present either in the polymer’s backbone or in an adjacent group activating the linkage that is
being hydrolyzed. The stability of various such linkages (see Fig. 9 with examples) can be
predicted on the basis of fundamental chemical principles and has been experimentally
confirmed. 

Fig. 9: Stability of linkages used in hydrolytically degradable polymers (left to right):  amides,
esters, orthoesters and anhydrides (adapted from Controlled release of drugs121)

Fluroalkyl double-ended 
PEG 

Chlorambucil-Tempol 
adduct

High chlorambucil entrapment 
efficiency

PEG-poly(L-lactic acid) 
amphiphilic di-block co-
polymers

Thermo-stimuli Self-association and micelle 
formation

PEG-poly(D,L-lactic acid)-
PEG 

Dexamethasone nano-
aggregates

Balloon-catheter treatment

Folate-PEG-poly(aspartate 
hydrazone) doxorubicine

Doxorubicin encapsuled 
in polymeric micelles

pH-triggered drug release

Table 4. Examples of PEG-modified nanocarrier products for tumor targeting (adapted from Vlerken 2007120)
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The most widely studied groups of hydrolytically degradable polymers are121: Polyamides,
synthetic poly(amino acids) and synthetic polypeptides and polyesters, such as poly(glycolic
acid) which was used as the first resorbable suture material, poly(lactic acid) and co-polymers
of these two. Other polymer groups that are hydrolytically degradable include poly(acetals), eg
natural sugar polymers such as starches, dextrans and amylose, poly(urethanes), having been
used in biodegradable prostheses, poly(dioxinones) as resorbable sutures or
poly(dihydropyrans) developed for contraceptive delivery systems. 

Hydrolytic degradation of carriers triggered by specific enzymes (e.g. proteinases122,
esterases123, lipases124) presents a very interesting delivery method and has been investigated
for conditions such as cancer where proteolytic activity is upregulated125. However, this
approach has certain pitfalls like the uneven distribution of specific enzymatic activity
throughout the body tissues and fluids, a moderate patient-to-patient variation in these
enzymes as well as variation within a given patient over a period of time, the failure of many
enzymes to act well on solid substrates and at surfaces, the effect of polymer crystallinity on its
rate of enzymatic degradation and the difficulty of designing synthetic polymers that serve as
both good enzyme substrates and suitable vehicles for drug delivery.

Upcoming new biodegradable materials make use of much more specific stimuli such as
oxidative or reductive environments, changes of pH126-128, temperature129 or external
application of ultrasound130 or light131. Oxidative triggered release is interesting in
pathological conditions where oxidative species are released intra- and extracellularly.
Reactive oxydative species, such as hydrogen peroxide and hydroxyl radicals, occur in
inflamed areas as well as in tumors, which thus become a choice field of interest for
development of delivery systems utilizing these site-specific conditions, as described for
example by Napoli et al. for vesicles132 and Rehor et al. for nanoparticles133. Reductively
triggered release, another interesting approach for biodegradable materials, is discussed below. 

4.3. Disulfide crosslinking in drug delivery

Attachment of cellular and subcellular targeting moieties, delivery-enhancing molecules or
other functional entities to drugs or their delivery systems has become an essential and
important approach in the field of drug delivery. Among various non-covalent and covalent
linkages, the readily reversible yet relatively stable disulfide bonds presents is particularly
interesting for designing new delivery systems134. Covalently bonded disulfides can be formed
spontaneously from thiols, primarily via oxidation upon exposure to air and can be cleaved in
the presence of reducing agents such as dithiothreitol or cysteine. The presence of a high redox
potential difference between the oxidizing extracellular space and the reducing intracellular
space, makes the disulfide bond a potential delivery tool. A number of bacterial toxins such as
diphtheria and cholera toxins and plant toxins such as ricin, consist of two protein subunits
linked via a disulfide bond. They take advantage of the reversible breakage of the disulfide
bond during the process of translocation across cellular membrane into the cytosol of host
cells. Studies on toxin conjugates using disulfide bonds were published as early as the late
1970s135-137 and ever since the disulfide-based bioconjugation approach has been a popular
method applied in a variety of cellular drug delivery systems (examples see Table 5). 

In general, cytosolic disulfide reduction, oxidation and isomerisation are mediated by small
redox molecules alone or with the help of redox proteins. Glutathione (GSH) is the most
abundant non-protein thiol-source in mammalian cells, reaching millimolar concentrations (1
to 11 mM, depending on cell type)138-140. The vast excess of GSH (over the oxidized form
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GSSG) and the presence of thioredoxin enzymes maintain a high reducing potential in the
cytosol. In contrast to the cytosol, GSH concentrations in the extracellular space are much
lower, typically being around 10 uM141 and even lower in the blood (about 2 µM for GSH and
around 8 µM for cysteine).

Although there is evidence that disulfide bonds are reduced in the vesicles of the endosomal
pathway - e.g. cleavage of disulfide bonds in endocytosed proteins, facilitating denaturation
and unfolding - the exact mechanism remains unclear since reduction is generally inefficient in
acidic environments. GILT (gamma-interferon-inducible lysosomal thiol reductase) has been
identified as the reducing enzyme primarily active in the endocytic pathway at a pH optimum
of 4.0 to 5.5142, with cysteine, present in high concentration in endosomes and lysosomes,
acting as an endogenous reducing buffer and thus helping GILT to regenerate and retain its
activity.  

The different described reducing environments can be used in various delivery strategies
(examples see Table 5). The use of disulfide bonds for delivery of macromolecular drugs via
endocytosis has been supported by studies in vitro and in vivo. The disulfide bond has also
been used for conjugation of cell-penetrating peptides such as HIV-tat derived peptides or
penetratin. Even the very low reducing potential of the blood has been taken advantage of in
designing a long-circulating carrier that slowly releases the drug in the blood.

Table 5. Examples of drug delivery systems making use of disulfide bonds

Delivery System Specific Function of Disulfide Application
transferrin-SS-
polylysine complexes 
with DNA

reversible attachment of 
targeting moiety

gene delivery143

melittin-SS-PEI 
complexes with DNA

conjugation of fusogenic 
peptide

gene delivery144

disulfide crosslinked 
PEG-PLL-DNA 
complexes

stabilization of the 
polyelectrolyte complex

gene delivery145,146

low molecular weight 
peptide - DNA 
complexes 

stabilization through 
interpeptide disulfide bonds

gene delivery147,148

PEG surface-grafted 
DOPE liposomes

destabilization of liposome 
through reductive cleavage of 
PEG-SS-lipid bond

drug delivery149

disulfide crosslinked 
poly(acrylic acid) 
microparticles

crosslinking of 
macromonomers

mucoadhesive drug delivery 
system150

reversible 
poly(acrylamide) 
hydrogel

hydrogel formation / 
dissolution through disulfides

entrapment of islet cells for 
insulin delivery151

in situ polymerizing 
PEG hydrogel

hydrogel formation trough 
disulfide bonding under 
physiological conditions

anti-adhesive, protein-
repellant surface as protection 
against thrombosis after 
surgery152
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5. Outline of the thesis

The aim of this thesis was to develop a novel class of nanoparticles for intracellular drug
delivery applications. Of particular interest was the production of well-defined nanoparticles,
sensitive to a particular environmental stimulus but otherwise stable, via a reproducible and
versatile technique, allowing the accomodation of a variety of therapeutic agents and keeping
in mind scaling-up issues and storage potential. In particular, the aim was to develop
nanoparticle system capable of carrying drugs into the cytosol after endocytosis and being
disrupted there, exploring a reductive mechanism of disruption.

The emergence of a wide variety of new hydrophilic drugs, combined with moderate attention
to aqueous-based nanoparticles compared to their hydrophobic counterparts, prompted the
design of nano-sized hydrogels. Although a number of chemically degradable or otherwise
environmentally responsive drug carriers have been and are still being investigated, no
nanoparticles sensitive to the specific reductive intracellular environment have been developed
so far.  

To achieve the set goal, poly(ethylene glycol) was chosen as core building material for the
nanoparticles. Its established biocompatible, inert and protein-repellant character makes it an
ideal candidate for biomedical applications and a stealth character of PEG nanoparticles can be
anticipated. Moreover, this polymer is available in a range of molecular weights and
architectures, offering the potential of fine-tuning the material properties of the resulting
nanoparticles. In order to achieve reductive degradation of the nanoparticles as a release
mechanism for hydrophilic drugs and a way to decompose the particles into hydrophilic
polymer chains of lower molecular weight, which should be excretable through the kidneys, a
disulfide-based crosslinking of functionalized PEG macromonomers has been chosen to be
explored. 

In a first step, a process to functionalize branched PEG molecules with thiol end groups had to
be developed. In order to prepare stable nanostructures with control over size and architecture,
based on the thus functionalized polymer, an inverse emulsion technique where thiolated
macromonomers were crosslinked trough oxidative disulfide-bond formation was established.
Different ways to incorporate low or high molecular weight drugs are to be investigated, using
either the hydrogel architecture or the thiols as functionalizable groups. The small size of the
colloids (100 - 200 nm in diameter) is expected to promote passive targeting through
permeable vasculature in tumors (EPR effect). 

The need for an efficient non-viral gene delivery system for cancer therapy, led to closer
investigation of this system as carrier for entrapped DNA. A mild and straighforward drug
entrapment method was established and  found to be compatible with sensitive molecules such
as plasmid DNA. Fluorescent labelling of the nanoparticles served both as a proof of concept
for direct covalent linkage of small molecules into the network and as a tool for intracellular
tracking studies. Having in mind in vivo drug delivery applications and in order to assess the
biological potential of the biomaterial, interactions between nanoparticles and cells have been
studied in vitro. 

The investigated properties of the PEGdisulfide nanoparticles and their limitations are
summarized in Chapter 5. Studies in progress and envisioned, which have emerged from the
way by which these nanoparticles are taken up into cells, are also briefly discussed. 
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Chapter 2 Star-PEG-Thiol Synthesis, 
Formation and Characterization of 
Disulfide Crosslinked Hydrogels
1. Introduction

Disulfide bonds as key features in drug delivery systems are being investigated in a wide
variety of forms and applications. Because of the easy reversability but relative stability,
disulfide bonds have mostly been used to attach functional moieties to an already existing drug
delivery system. However, these exact same properties also present an interesting opportunity
as a basis for a reductively degradable bulk carrier material. 

In this chapter we investigate the possibility to functionalize branched poly(ethylene glycol)
(PEG) macromolecules with thiol groups, in order to then crosslink them via formation of
disulfide bonds and thus form hydrogels. 

As thiols are highly reactive moieties and readily form disulfides under oxidizing conditions,
e.g. when in contact with oxygen from air, storage of thus functionalized molecules and further
stochiometric use of the thiol groups becomes a problem that can only be prevented by
inserting a protective group for the thiol. The thioacetate group, a base-sensitive thioether, will
be investigated for the purpose of in situ thiol formation. 

Conditions for formation of hydrogels from the branched thiol-functionalized PEG
macromolecules will have to be investigated, keeping in mind the later use as drug carriers and
thus allover compatibility of all involved procedures with sensitivity of active moieties to be
incorporated (e.g. DNA). Hydrogel properties will be determined to gain some insight into the
molecular architecture and thus possibilities to incorporate various drugs. Three different kinds
of incorporation can be imagined: Covalent linkage of small-molecule drugs, diffusible
entrapment of middle-sized moieties and entrapment of large molecules (e.g. plasmid DNA). 

.
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2. Step one - Synthesis of allyl-PEG

The synthesis route used here (see Fig. 1) is a modification of a protocol described by A.
Napoli et al.1,2

2.1. Reaction scheme

Formation of reactive alcoholate:      R-OH + NaH → R-O- + Na+ + H2 

Aliphatic nucleophilic substitution: 

R-O- + Br-CH2-CH=CH2  → R-O-CH2-CH=CH2 + Br-

Fig. 1: Overall reaction scheme (steps one and two)
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Star-PEG-Thiol Synthesis, Formation and Characterization of Disulfide Crosslinked Hydrogels
2.2. Synthesis, purification and characterization

5 g (2 mmol arms) of 4-arm PEG (10 kDa, Shearwater Polymers, Lot Nr. 01585) were
dissolved in 100 ml toluene (purum, Fluka) in a 250 ml two-neck round bottom flask and dried
for 3 h by reflux distillation (110°C) through a Soxhlet extractor filled with activated
molecular sieve (4 Å).

To the cooled PEG solution a total of 576 mg (8x excess over arms = 16 mmol and factor 1.5 to
account for ageing during storage) NaH  (dry, 95%, Aldrich) was added to generate the
alcoholate. (Hydrogen gas development from the reaction of NaH with water and the PEG-OH
might be observed.) The mixture was stirred for about 15 min, then the flask was cooled down
on ice. Using an addition funnel, 2.42 g (10 excess over arms = 20 mmol) allyl bromide
(purum, Fluka) dissolved in 3 ml dichloromethane (HPLC grade, LabScan) were gradually
added to the reaction mixture. A few minutes after completion of the addition, refluxing the
solvent was started anew and kept up during the night.

Workup: The remaining NaH was filtered away through a paper filter and the volume of
toluene reduced under reduced pressure until the product was almost dry. This residue was then
redissolved in 100 ml dichloromethane and washed in an extraction funnel 3 times with 50 ml
water. The dichloromethane phase was dried by adding NaSO4 until no salt clumping was
observed, the salt filtered off and the volume reduced under reduced pressure before
precipitating in 350 ml cold diethyl ether. The precipitate was filtered through a paper filter,
washed and dried under vacuum.  

The resulting substance was characterized by 1H-NMR (in CDCl3) and IR spectroscopy. NMR
spectra were recorded on a 300 MHz Bruker DPX instrument and chemical shifts are
expressed as parts per million using tetramethylsilane (= 0.0 ppm) as an internal standard. FT-
IR spectra were recorded on a Perkin Elmer Spectrum One system.

2.3. Results 

3.6735 g whiteish dry product were obtained. Using a calculated molecular weight of 10160 g/
mol for 4-arm allylPEG (initially 10 kDa), this results in a mass yield of 72%.

Thin film FT-IR of the product was consistent with expectations (see Fig. 3); the allyl signals
C-H (3095 - 3075) and C=C (1680 - 1620) can not be seen in the spectrum because they are
either masked by the C-H signal around 3000 or very weak.

1H-NMR spectroscopy of the product in CDCl3 showed the following peaks (see Fig. 1):

1.92 (s, 1H, -OH unreacted), 

3.39-3.89 (broad, PEG chain protons), 

4.01-4.04 (dd, 2H, -CH2OCH2CH=CH2), 

5.15-5.30 (m, 2H, -CH2OCH2CH=CH2), 

5.85-5.98 (m, 1H, -CH2OCH2CH=CH2)

From these peaks a functionalization yield of 93.45% could be calculated. Combining
functionalization and mass yield, the overall yield of this reaction was 67.3%
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Fig. 2: 1H-NMR of PEGallyl in CDCl3 (7.25 ppm) with TMS

3. Step two - Conversion from allyl-PEG to PEG-thioacetate

3.1. Reaction scheme

R-CH=CH2 + SH-C(=O)-CH3  –(AIBN)→  R-CH2-CH2-S-C(=O)-CH3

3.2. Synthesis, purification and characterization

The 3.67 g (1.47 mmol arms) allylPEG obtained from step one were dissolved in 120 ml
toluene (purum, Fluka, degassed 15 min by sonication) in a 250 ml Schlenk tube. 2.41 g (10x
excess over arms) AIBN (2,2’-azo-bis-isobutyrylnitrile, freshly recryst. from MeOH, from
purum, batch# 11630, Fluka) were dissolved in the PEG solution and the neck of the Schlenk
tube stoppered with a septum. Using a long needle, the solution was further degassed by Argon
purging for 30 minutes. The Schlenk tube was then connected to an argon line, the needle
withdrawn and the solution brought to 60°C using a stirred hot oil bath. At having reached
60°C the first of 5 aliquots of a total of 0.955 ml (8x excess over arms) thioacetic acid (purum,
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Lot Nr. 386714/1 30201, Aldrich) was added using a microliter syringe. The addition was
repeated every 2 to 3 hours over a period of 10 hours; after the last addition the reaction was
carried on for a total of 24 hours. 

Workup: (Complete reaction of the thioacetic acid can easily be assessed by the absence of
characteristic odour). The volume of the solution was reduced to about 20 ml using the
rotavapor. To precipitate the product, 300 ml cold diethyl ether were added to the solution; the
precipitate was filtered off and redissolved in dichloromethane. This solution was precipitated
again in 400 ml cold diethyl ether, the product collected and dried under vacuum. 

The resulting substance was characterized by 1H-NMR (in CDCl3) and IR spectroscopy. NMR
spectra were recorded on a 300 MHz Bruker DPX instrument and chemical shifts are
expressed as parts per million using tetramethylsilane (= 0.0 ppm) as an internal standard. FT-
IR spectra were recorded on a Perkin Elmer Spectrum One system.

3.3. Results

3.501 g white dry product were obtained. Using a calculated molecular weight of 10468 g/mol
for 4-arm PEG-thioacetate (initially 10 kDa), this would result in a mass yield of 92%.

Thin film FT-IR of the product was consistent with expectations (see Fig. 3); carbonyl
absorption from the thioacetate at 1690cm-1 can be seen clearly.

1H-NMR spectroscopy of the product in CDCl3 showed the following peaks (see Fig. 2):

1.81-1.90 (q, 2H, -OCH2CH2CH2S-), 

2.35 (s, 3H, -SCOCH3), 

2.92-2.97 (t, 2H, -OCH2CH2CH2S-), 

3.39-3.89 (broad, PEG chain protons)

From these peaks a functionalization yield of 82.91% could be calculated. Combining
functionalization and mass yield, the overall yield of this reaction is 76%

The synthesized product presents a slight sulfurous smell which can not be removed even by
extensive purification. The material is stable for an indefinite time span under normal storage
conditions (room temperature, no protective atmosphere)2.
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Fig. 3: H-NMR of PEG-thioacetate in CDCl3 (7.25 ppm) with TMS. Peaks in 1.2 ppm (diethyl ether), 2.17 ppm 
(aceton) and 5.3 ppm (dichloromethane) are residuals from synthesis and purification.

Fig. 4: FT-IR spectra of PEG-OH, PEGallyl and PEG-thioacetate
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4. Deprotection reaction

4.1. General reaction scheme

Fig. 5: Deprotection reaction scheme for end of one PEG arm

A few considerations on this reaction: An ideal OH- concentration of 0.1 M has been
determined for the deprotection reaction (see Fig. 6, detailed results not shown). Moreover, the
equilibrium between thiol and reactive thiolate (S-) is dependant on pH, a pH of 9 (buffer)
being the best for fast disulfide formation as shown by Lütolf et al.3. The base in excess from
deprotection reaction needs to be neutralized so as not to interfere with any further reactions or
reagents. Different ratios of OH-/H+ have been tested and an addition of 1/3 HCl respective to
the initial moles NaOH has been found to be sufficient (detailed results from pH measurements
not shown).

Fig. 6: Deprotection efficiency vs. time and 
NaOH concentration (Ellman’s essay)

4.2. Quantification of thiol formation over time using Ellman’s Reagent

General idea

A solution of DTNB – Ellman’s reagent – reacts readily with free thiols, yielding a mixed
disulfide and producing the spectrophotometrically quantifiable, yellow-coloured product
TNB (2-nitro-5-thiobenzoic acid). DTNB has a high specificity for –SH groups at neutral pH
values, features short reaction times and TNB has a high molar extinction coefficient in the
visible range and stable between pH 7.6 and 8.6
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Fig. 7: Ellman’s reaction

4.2.1. Procedure

4 mg Ellman’s reagent DTNB ((5,5’-Dithio-bis(2-nitrobenzoic acid)), Pierce) were dissolved
in 1 ml phospate buffer (0.1M sodium phosphate buffer (Na2HPO4 anhydrous / NaH2PO4
anhydrous), pH 8).

160 mg PEGtac (8 wt%) were dissolved in 2 ml glycine buffer (50 mM pH 9) in a small glass
vial with cap and stirrer. 40 µl 5M NaOH (to final concentration of 0.1M) were added under
stirring, the vial closed and the timer started immediately. 250 µl samples (in 1.5 ml
polypropylene microtubes) were taken at times 0, 2.5, 5, 7.5, 10, 15 min. Each of these samples
originally contained 0.025 mmol OH-. 8.333 µl 1M HCl (1/3 of 0.025 mmol) were added to
each sample and the sample shaken for 10 min to neutralize the unreacted OH-.

In a 15 ml centrifuge tube 50 µl Ellman’s solution, 2743 µl phosphate buffer (with sample total
volume of 2750 µl) and 7 µl sample (theo.: 1.94E-7 mol -SH) were mixed, then shaken
vigorously and left to react for 15 min. A mixture of 50 µl Ellman’s solution and 2750 µl
phosphate buffer was prepared as a measuring reference.

The samples were transferred into 1 cm2 quartz cuvettes and the absorbance of the solution at
412 nm measured against the reference using a Perkin-Elmer Lambda 20 UV/VIS
spectrophotometer.  

4.2.2. Results

From the measured absorbance the amount of deprotected –SH groups can be calculated as
follows:

where:  c = concentration of –SH in the measured solution in mol/L
E = molar extinction coefficient = 14150 at 412nm and the used buffer system
Pathway = 1 cm
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Calculating back from this value, the amount of deprotected PEG-thioacetate can be correlated
to the deprotection time (see Table 1). From the obtained results it can be affirmed that a
deprotection time of 15 min is enough to generate the active thiols needed for subsequent
crosslinking in emulsion.

Fig. 8: Measured absorbance at 412 nm versus PEGtac deprotection time

In the suggested setup the deprotection efficiency as calculated from TNB absorption will
never go to 100 % because deprotected thiols are partly oxidized. To get a 100 % deprotection
value, the experiment would have to be conducted under protective atmosphere such as argon
or nitrogen and the buffer would need to be deoxygenized before use. If, however, the
deprotected PEG-thiol solution is emulsified immediately, premature formation of disulfide
bonds can probably be kept to a minimum. 

The neutralization of excess OH- groups is achieved by addition of 1/3 HCl respective to the
initial moles NaOH and the reaction is left to proceed for 3 min (the time needed to prepare
emulsification). The conditions for neutralization were determined through pH measurements,
detailed results not being shown.  

5. Disulfide crosslinking of star-PEG

Oxydation of pendant thiol groups (P-SH) to disulfides (P-SS-P) can be achieved either by
oxygen (scheme I) or by a thiol-disulfide exchange reaction between the thiol (P-SH) and low-
molecular weight disulfides (R-SS-R, scheme II). The rate of air oxydation of the thiol group
P-SH is determined by a one electron transfer from P-S- to oxygen. This reaction rate increases

Table 1: Results from Ellman’s test

deprotection 
time [min]

absorbance calculated 
mol thiols

0.5 0.252 1.56 E-5 theo. mol thiols deprotection efficiency in %
15 0.836 5.18 E-5 6.09 E-5 85.23
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with increasing pH, because the concentration of ionized thiol groups increases in an alkaline
environment3. 

Scheme I:

P-SH + OH-             P-S- + H2O
P-S- + ·O2·               P-S· + O2

-

      P-S·              P-SS-P

Scheme II:

P-SH + R-SS-R             P-SS-R + R-SH
P-SH + P-SS-R             P-SS-P + R-SH

It was shown by A. Goessl2 that disulfide formation and thus gelation of the PEG-thiol
solution by air oxidation can be sped up to useful timescales by the use of a biocompatible
Fenton-type catalyst (bidentate chelate complex of Fe(II) with cysteine):

Fig. 9: Gelation time of star-PEG-thiol solutions vs catalyst concentration (from A. Goessl2)

For better handling, the well-established persulfate/TMED catalyst system4 will be used here.

5.1. Determination of catalyst concentration 

5.1.1. General reaction scheme

TMED accelerates the homolytic scission of peroxydisulfate, yielding the bisulfate free radical
(HSO4-·) (Fig. 6). In addition the TMED free radical (CH3)2NCH2CH2N(CH3)CH2· and the
hydroxyl free radical OH· are generated. These three free radicals are thus responsible for the
initiation of the crosslinking reaction.
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Fig. 10: Formation of the polymerization initiating radicals from peroxydisulfate 
and N,N,N,N-tetramethylethylenediamine (from Stenekes et al.4).

5.1.2. Procedure

100 µl solutions of 8 wt% PEGtac in glycine buffer (50 mM, pH9) were deprotected with
NaOH (0.1M) for 15 min and the excess base was neutralized with HCl (1/3 vs. OH-). Freshly
prepared APS (ammonium persulfate, 98+ %, Sigma) and TMED (N,N,N’,N’-
tetramethylethylene diamine, 99%, Fluka) stock solutions were added in different
combinations to the deprotected PEG solutions to give ratios from 1:1 down to 1:4
(APS:thiols) and 1:2 down to 1:10 (thiols:TMED). Augmentation of viscosity and gelation of
the solutions was assessed by tapping the tubes and probing the forming gel with a pipette tip.
Disappearance of characteristic smell was an additional indication of thiol groups being used
up in the formation of disulfides.

5.1.3. Results

Table 2 summarizes a few of the results. Not all ratios are mentioned in the table because only
selected ones were replicated a few times. Besides, a few samples showed augmentation of
viscosity only – no gelation – but accompanied with disappearance of thiol smell. This might
be an indication of formation of a high amount of intramolecular disulfides.

Table 2: Determination of catalyst concentration

APS:thiols TMED:thiols observation
1:1 1:10 gelation after 1.5 h
1:2 1:2 gelation next day
1:2 1:5 gelation after 4 h 
1:2 1:10 gelation after 10 min
1:3 1:3 gelation next day
1:4 1:4 gelation next day
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The ratio 1:10:5 (TMED:thiols:APS) shows the fastest gelation – 10 min – and does thus seem
the most appropriate for use in an emulsion polymerisation system where stability of the
emulsion over time might be a problem.

5.2. Rheological determination of the gel point

5.2.1. General idea

The formation of gels from a rheological point of view5,6: Prior to initiation of the
polymerization, the ‘monomers’ solution shows a low viscosity which is only a little different
from the solvent itself. As the reaction is initiated, ‘oligomers’ form and crosslink sites
develop. The excluded volume begins to increase and viscosity starts to rise. There is a
progressive increase in the loss modulus with time and extent of reaction. As the chains
become longer, there is an increased ability to store energy and the storage modulus also rises.
Initially the loss modulus is higher than the storage modulus. However, as the reaction
progresses toward the formation of a solid and completion, the storage modulus must become
greater than the loss modulus. At some intermediate time between these two states, the storage
and loss moduli equate and this timepoint is defined as the gel point. When the reaction is
complete, some time after the gel point, there is complete connectivity and the molecular
weight is effectively infinite.

Fig. 11: Schematic drawing of the evolution of storage (G’) and loss (G’’) moduli in respect to 
polymerization time 

5.2.2. Procedure

Before each measurement 100 µl activated precursor solutions (PEG-thiol and catalysts APS
and TMED) were freshly prepared (as described above) and processed as quickly as possible to
reduce the influence of oxidation by air. 

A Bohlin CVO 120 High Resolution rheometer was equipped with a 20 mm circular plate
(plate-plate geometry), the gap set to be 100 µm during measurements and the frequency to be
used was set to 1, 0.7 or 0.5 Hz. A 50 µl droplet of the precursor solution was put in the middle
of the bottom plate and the defined measurement program started (delay between adding the
catalysts to the PEG-thiol solution and start of the measurement was timed and noted).
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5.2.3. Results

Measurements at 1 and 0.7 Hz showed too much variation in the solution part of the
measurement and making it thus difficult to determine the gel point. Moreover the samples
measured at these frequencies needed varying and long (> 10 min) times to reach the gel point. 

Samples measured at 0.5 Hz and a strain of 10 yielded reproducible results, indicating that the
gel point is reached 3 to 4 min after adding the catalysts to he activated PEG-thiol solution.

Fig. 12: Representative measurement at 0.5 Hz  (dotted vertical line: the time it took to
reach the gel point, determined graphically from the crossover of G’ and G’’; for this
measurement a delay of 66 s has to be added)

6. Hydrogel properties

As hydrogels are composed of two phases, a solid network structure and entrapped liquid
solution, two methods are used for characterisation: Rheological measurements give
information about the elastic properties of the gel and swelling determines the volume fraction
of PEG. 

6.1. Swelling

6.1.1. General idea

A very straightforward way to take a look at the swelling of a PEG network is to make a
defined macrogel, e.g. a disc, and follow the size and weight during swelling under different
conditions. 

Equilibrium swelling of PEG hydrogels is reached within hours. A rule of thumb is that they
reach equilibrium swelling in PBS at 4°C after 6 h and that they swell more at 4°C than at
37°C.
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Determination of the equilibrium swelling is done by mass or volume evaluation or via
determination of density. Know characteristics7 are the volume factor of PEG (0.8 of solid) and
its density (1.12 g/cm3).

The equilibrium swelling - via volume - is defined as: 

Qvol = Vswollen gel/Vpolym.gel               (1)

and is generally found to be in the range of 1-5, depending on the crosslinking density. There
are two different ways to determine Qvol, either via mass or via measurement of the dimensions
of the gels. When choosing the determination method via mass, Eq (1) can be rewritten as: 

where:
mswollen = weight of gel swollen to equilibrium
mpolymgel = weight of gel directly after polymerisation 
mdried = weight of gel swollen to equilibrium and then lyophilized to complete dryness
dsolv. = density of swelling solvent 

dPEG = 1.12 g/cm3 (assuming that the density of the crosslinked polymer = density of PEG)

The equilibrium swelling – via mass – is defined as: 

Q(w/w) = mequilibrium/mprecursors          (3)

and is generally found to be in the range of 30-50, depending on the crosslinking density. There
are two different ways to determine Q(w/w), either calculating the theoretical mass of the
precursors (Q(w/w)theo), via volume fraction), or by determining the mass of the gel swollen to
equilibrium (mequilibrium)and then lyophilized to complete dryness (Q(w/w)).

6.1.2. Procedure

8 wt% PEGtac solutions in glycine buffer (50 mM, pH 9) were prepared. The free thiols were
obtained by reacting this solution 15 min with 5M NaOH; afterwards the excess OH- was
reacted off by adding 1M HCl. After 3 min of this ‘neutralization’, APS and TEMED solutions
were added and the whole mixed quickly with a pipette (for exact amounts, see Table 3).  
50 µl portions of this solution were then pipetted onto siliconized (Sigmacote, Fluka) glass
slides and a second slide put carefully on top of the droplet and the whole clamped together
using a 0.8 mm thick spacer. The plates were then incubated at 37 °C for 45 min, during which
time the crosslinking through formation of disulfides proceeded. 

Qvol
Vswollengel
Vpolymgel

---------------------------
mswollen mdried–( ) dsolv⁄[ ] mdried dPEG⁄[ ]+

mpolymgel mdried–( ) dsolv⁄[ ] mdried dPEG⁄[ ]+
----------------------------------------------------------------------------------------------------------------------= = (2)
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To swell the gel discs, Corning 24mm Netwell™ Inserts with 74µm mesh size polyester
membrane were immersed in PBS (10 mM, pH 7.4) in 6-well TCPS (tissue culture
polystyrene) plates. A drop of PBS was pipetted between the glass slides to wet the gels, so
that they could be removed from the slides with the aid of a spatula. The discs were then
weighed, the diameter measured and put each onto a separate netwell and into 5 ml of PBS in
the well plate. The netwells had previously been immersed in PBS for a few hours, dried with
a tissue and weighed (tara). The plates were then incubated at 4 °C or at 37 °C. In order to
follow the swelling, the netwells with the gel discs were removed from the PBS at different
time points to be weighed and both the radius and the height of the swollen gels measured. To
assess the dry weight, some gel discs were lyophilised inside the netwells. 

6.1.3. Results

Measured weights of gel discs right after polymerization and after swelling to equilibrium at 4
and 37 °C are summarized in the graphs below. The large variation in weight the measurements
is caused by small gel imperfections such as ragged edges, included air bubbles, cracks
produced whilst handling gel with spatula etc.. These results show nicely the temperature
dependance of the swelling behaviour of PEG, i.e. more swelling at 4 °C than at 37°C. Analysis
of the swelling data (Table 3) shows that the PEGdisulfide hydrogels swell twice as much at
4°C than at physiological temperature. This implies that this kind of hydrogel has a rather large
potential of swelling when degrading at physiological temperature.

Table 3:  Recipe for 6 gel discs

8 wt% PEG
24 mg PEGtac

9.143E-06 mol tac groups
300 µl buffer

0.00003 mol OH-
6 µl 5M NaOH

0.333 H+ factor
0.00001 mol H+

10 µl 1M HCl
2 APS factor

1.829E-05 mol APS
4.1728 mg APS

0.1 TMED factor
9.143E-07 mol TMED
0.1379859 µl TMED

Table 4: Summary of swelling data

freshly polymerized eq. in PBS at 4°C eq. in PBS at 37°C
average weight  [mg] 53.28 112.73 84.80
standard deviation (in %) 12.0 8.8 5.5
average weight gain (+%) 113.28 64.88
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Fig. 13: Measured weights of gels equilibrated to different conditions, calculated averages & standard deviations

According to Eq (3):         Q(w/w) = mequilibrium/mprecursors          

the equilibrium swelling Q(w/w) can be calculated in two ways, either by calculating the
theoretical mass of the precursors Q(w/w)theo, via the volume fraction of PEG, or by
determining the mass of the gel swollen to equilibrium (mequilibrium) and then lyophilized to
complete dryness (Q(w/w)meas).

Nb: ‘Equilibrium swelling’ for all calculations of the different swelling characteristics Q,
means swelling to equilibrium at 4°C.

For Q(w/w)theo, mprecursors was calculated as follows (see Table 1, recipe for 6 gels): 

24 mg PEGtac in 300 µl buffer with a PEG volume factor of 0.8 give a volume of 319.2 µl of
PEGtac solution.

Total amount of solids (=PEGtac): 24 mg

Final volume of polymerizable solution (including NaOH, HCl, TEMED and APS solutions):
347.2 µl

Thus, for 50 µl gels, the amount of solids = 3.456 mg per gel = mprecursors 

To calculate Qvol, either the dimensions of the gels  Qvolmeas or equation (2) Qvolcalc was used: 

where:
mswollen = weight of gel swollen to equilibrium
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mpolymgel = weight of gel directly after polymerisation 
mdried = weight of gel swollen to equilibrium and then lyophilized to complete dryness

dsolv. = density of swelling solvent = approximated to be 1  g/cm3

dPEG = 1.12 g/cm3 (assuming that the density of the crosslinked polymer = density of PEG)

Lyophilization has proven to be a rather unreliable method to determine mdried; the average dry
gel mass determined with this method is 4.511 mg (compared to the calculated 3.456 mg) and
the variation between the gels is quite high - standard deviation of 37.16% in a measurement of
18 gels. This variation may have several reasons: On one hand there might be some residual
water bound to the PEG chains, on the other hand it is rather difficult to get rid of all the salts
before lyophilizing the gel discs. Consequently, the values calculated for Q(w/w) and Qvolcalc
also show a big variation, the effect being more pronounced for Q(w/w), where the influence of
mlyophil. on calculation is bigger than in Qvolcalc.  

The different equilibrium swelling characteristics are summarized in the Table 5. In total  54
gel discs were prepared and evaluated. Calculated values for both Q(w/w)theo and Qvol were
found to lie within the expected ranges7. The bigger deviation from the expected range for Q(w/
w) can be explained by the abovementioned drawbacks of determining mdried through
lyophilization.

6.2. Pore size

6.2.1. General idea

The pore size of a tridimensional network is of interest when it comes to diffusion of chemicals
into or out of the network. In macrogels used for culturing live cells, the mesh size is generally
measured with tha help of a perfusion chamber, monitoring mass transport whilst permeating
the gel with a buffer at constant pressure. However, this method has been found to be inade-
quate for high-density PEG-based gels and thus the pore size ξ has to be calculated on from the
swelling properties of the gel

where:
fvol is the polymer volume fraction of the gel in the swollen state = 1/Qvol
r0 is the unperturbed mean square end-to-end distance of the PEG:

Table 5: Summary of calculated swelling characteristics

Q(w/w)theo Q(w/w)  Qvolmeas Qvolcalc

average 32.58 28.67 2.09 2.06
standard deviation (in %) 8.9 47.5 3.8 11.7
expected value range 30-50 30-50 1-5 1-5

ξ fvol
1 3⁄( )– r0

2
⎝ ⎠
⎛ ⎞

1 2⁄
⋅= (4)
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where:
l is the average bond length between C-C and C-O in the PEG repeat unit = 1.46 Å 
Mc is the average molecular mass between crosslinks in the network = 5150 g/mol

Mr is the molecular mass of the PEG repeat unit = 44 g/mol

Cn is the characteristic ratio for PEG = 4

6.2.2. Results

Using Eq. 4 and 5, the average mesh size has been calculated to be 122.67 Å. This result is in
accordance with the average pore diameter calculated for a PEG hydrogel formed from 20 kDa
PEG and with 2 wt% PEG content and giving a value of 25 nm (see G..Raeber, Diss. ETHZ
No. 15672).

These calculated mesh sizes are only a crude estimation of the average porosity in the synthetic
network, presuming ideal crosslinking. In reality, presence of molecular defects such as
unreacted groups leading to dangling chains and thus macroscopic inhomogeneities, will
substantially increase effective mesh size. On the other hand, physical entanglements, which
are not accounted for in the calculation, will decrease mesh size. Nevertheless, it can be
affirmed that the here estimated average pore size is the right order of magnitude.

6.3. Density

6.3.1. General idea

The density of a solid is determined with the help of Archimedes’ principle, stating that a body
immersed in a fluid apparently loses weight by an amount equal to the weight of the fluid it
displaces. Thus the density of a solid can be determined using a liquid (generally water or
ethanol) whose density ρ0 as a function of temperature is known. The solid is weighed in air
(A) and then in the auxiliary liquid (B). The density ρ of the solid can then be calculated as
follows: 

ρ = [A/(A-B)]* ρ0           (6)

(A-B) = P is called buoyancy and can directly be determined on a balance with a density kit.

6.3.2. Procedure

The weight of the equilibrated, tissue-dried gels (prepared as described above, pre-swollen
over night at room temperature in PBS) was determined. The Mettler Toledo solids density
determination kit was installed on the balance, the container filled with ethanol (HPLC grade,

r0
2

⎝ ⎠
⎛ ⎞

1 2⁄
l 2Mc Mr⁄( )1 2⁄ Cn

1 2⁄⋅ ⋅= (5)
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Riedel-de-Haën) and the tissue-dried gels immersed to determine their weight in ethanol. The
temperature of the ethanol was noted too, as its density is a function of T.  

6.3.3. Results 

Density values determined from measurement of 12 gel discs and calculated average (1.019 g/
cm3) and standard deviation (1.3 %) are shown in the graph below.

Fig. 14: Gel densities calculated from measurements

6.4. Elastic properties

6.4.1. Procedure

Storage (G’) modulus measurements of swollen gel discs (prepared as described above and
swollen to equilibrium at 4°C) were obatined by performing small strain oscillatory shear
experiments on a Bohlin CVO 120 High Resolution rheometer with plate-plate geometry ( 20
mm circular top plate) at 25 °C and under humidified atmosphere. Prior to measurement the
diameter of the gel discs was measured in two places using a micrometer. Excess water was
carefully removed using a tissue in order to get an ideal situation where the disc neither sticks
to the plate because it is too dry, nor slips because of a residual water film. The gel was placed
as precisely as possible in the middle of the lower plate and the upper plate lowered carefully
until it contacted the gel. The indicated gap size was reduced by 10% (empirical value for gels
of ca. 1200 Pa) to slightly compact the gel and avoid plate slipping during measurement. Data
was accumulated letting the instrument perform a frequency sweep between 0.1 and 10 Hz at a
constant stress of 10 Pa.

6.4.2. Results

The raw elastic moduli G’(measured) were calculated from the raw data (see Fig. 15) as an
average of 10 values in the linear range between 0.5 and 2 Hz. It can be noted that G’’ is one to
two orders of magnitude smaller than G’, indicating that the material is predominately elastic.
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The low phase angle, characterizing the ratio between the two moduli (tan δ = G’’/G’), also
points to the PEGdisulfide hydrogel being an almost ideally elastic material at low frequencies.

Fig. 15: Representative graph of measurement data

To account for the geometry factor (measuring plate area bigger than gel area), G’ is corrected
via the mean gel diameter using: 

where:

Øplate = 20 mm and Øgel = average of two measured diameters 

6 measured gels gave an average corrected G’ of 2129.4 Pa with a standard deviation of
21.3%. These values are in accordance with G’ measured for similar gels in the group9. 

6.5. Degradation

6.5.1. General idea

In the disulfide crosslinked network, degradation reduces the number of elastically active
chains and consequently influences the swelling of the hydrogel. There are two basic
degradation mechanisms – bulk degradation, which is not transport limited and surface
erosion, which is diffusion controlled. With pure bulk degradation, the diffusion of the
degrading agent into the gel is ‘perfect’, so that all reducible bonds in the gel will be degraded
equally fast. This leads to an overall loosening of the network, allowing even more water to be
taken up and increasing the mass and the volume of the gel. They will increase up to the point
when enough bonds are broken for the network to loose its cohesion. Surface erosion, on the
other hand, takes place when the degrading agent can not diffuse freely into the gel. Layer after
layer the surface of the gel will be degraded, the freed network-building molecules diffusing

G′ G′ measured( )
∅plate
∅gel

----------------
⎝ ⎠
⎜ ⎟
⎛ ⎞ 3
⋅= (7)
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away and exposing a new layer to be attacked. Under these conditions swelling of the gel does
not change much, but the mass and the dimensions of the gel will decrease steadily

Fig. 16: Schematic drawing of hydrogel behaviour during 
degradation

Modelling the reducing conditions that a particle will encounter when taken up into an
endosome is not very straightforward, as the mechanism of interaction between acidifying
components and reducing agents is still a point of conjecture. In a simplified system cysteine
and glutathione - at their physiological concentrations of 0.66 mM11,12 - can be used as model
reducing agents in pH 7.4 PBS at 37°C. Moreover, as the reducing agent concentration is
supposed to be more or less constant inside the endosome, replacing ‘used’ reducing solution
with fresh solution should be incorporated at regular timepoints in the degradation model.  

6.5.2. Procedure 

Gel discs were prepared as described above, weighed and put each onto a separate netwell
(Costar, as described above) into 5 ml of PBS (10 mM, pH 7.4) in the well plate and stored
overnight overnight at 37 °C to reach the swelling equilibrium of that condition. The netwells
had previously been immersed in PBS for a few hours, dried with a tissue and weighed (tara).
The weight of gel disc plus netwell was noted prior to degradation.

TCEP (Tris(2-carboxyethyl)phosphine, purum, Fluka BioChemika), a non thiol-based, water-
soluble reagent for the selective, fast reduction of disulfides, was used as a ‘positive’ control to
test the manageability of the setup (ratio TCEP:disulfides 1:1).

GSH (glutathione, reduced, AppliChem BioChemica) and Cys (L-Cysteine, AppliChem
BioChemica) solutions were calculated to reach a concentration of 0.66 mmol in 5 ml. At this
concentration the ratio of reducing agent to disulfides is 4.33:1. Because of the oxidation
sensitivity of their thiols, the solutions were freshly prepared before each degradation medium
replacement, using PBS stored at 37°C to dissolve pre-weighed amounts of cysteine or GSH.
The solutions were added to the wells and the weight of the gels measured every 20 min until
the gel discs dissolved. In between measurements the well plate was stored in an incubator at
37 °C.
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6.5.3. Results

As expected the degradation of the disulfide gels with TCEP progressed very fast (see Fig. 17).
Although no significant mass and volume increase could be seen (because the reaction
proceeds too quickly), it visual evaluation of the degrading gels gave a strong indication that
the degradation mechanism was mainly bulk degradation.

Fig. 17: 2 PEGdisulfide gels degraded in a TCEP solution

Preliminary trials with cysteine and glutathione solutions and 60 min intervals show that
cysteine is a more powerful reducing agent (see Fig. 18). Gels degraded in the cysteine
solution showed a weight gain of + 71.86% (slope 62.62) after one hour, whereas the gels in
glutathione solution gained only + 38.48% (slope 33.66) in weight during the same time.

Fig. 18: Degradation of 5 gels each in cysteine or 
glutathione solutions

Comparison of degradations of 6 gels each in cysteine and glutathione solutions shows that the
reduction in glutathione is much slower (GSH slope: 0.46 vs. Cys slope: 0.87) and that gels
degraded in a physiological cysteine solution completely dissolve sometime between two and
3 h.
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Fig. 19: Comparison of degradation in cys and GSH solutions (dotted 
lines indicate linear interpolations between two measurement 
points)
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7. Summary and discussion

As discussed in detail in the introduction, disulfide bonds present an interesting opportunity as
crosslinking moieties for the formation of degradable PEG networks for drug delivery
applications. To achieve disulfide-crosslinked PEG hydrogels, functionalization of multi-arm
PEG macromolecules was investigated. Since thiols are highly reactive groups that are easily
oxidized, direct functionalization with thiols would present serious drawbacks such as difficult
estimation of actual concentration of active thiolates or reduction of formed intermolecule
disulfides in oxygen-free conditions prior to use. To avoid the likelihood of dimerization,
enhance shelf life of the hydrogel precursor material and know in a precise and reproducible
way the concentration of active crosslinkable groups, the approach of synthesizing protected
PEG-thiol macromolecules and deprotecting them in situ to form the active PEG-thiolate3, was
adopted. From possible protective moieties such as dithioacetates, trithiocarbonates, xantates
and other related groups5, thioacetates were chosen for being well established6 and easy to
cleave under basic conditions. 

A new synthesis route to functionalize PEG-OH - either linear or multi-arm - with a thioacetate
group and based on a protocol described by A. Napoli et al.1,2 was established. The here
described method of functionalization in a two-step procedure via an allylPEG has the
advantage that the second step has a very high conversion yield and purification is largely
simplified, thus also improving the mass yield of the overall reaction. The thioacetate group,
acting as a protective moiety for the rather environment-sensitive thiol, is stable for an
indefinite time span and the PEG-thioacetate can be kept under normal storage conditions
(room temperature, no protective atmosphere)2. 

The PEG-thioacetate can be deprotected in a mild, base-catalyzed way and the excess base can
be neutralized via addition of a small quantity of acid. A combination of relatively mild basic
conditions (0.1 M NaOH) and a deprotection time of 15 min were shown to be the most
advantageous for handling and further reactions of PEG-thiol macromolecules.  

Since mild conditions for crosslinking of PEG-thiols are especially important for later
incorporation of a model drug into the PEG network, special care was taken to determine and
adjust conditions for disulfide formation. The highest rate of reactive thiolate groups generated
at a potentially harmless pH could be achieved by using an aqueous environment buffered to
pH 9. Although PEG-thiols can be crosslinked to form a disulfide-based network by action of
oxygen contained in air, the reaction is sped up significantly using a catalyst. This is of special
interest in a nanoparticle formulation system like the projected inverse emulsion, where
oxygen supply is very limited but the timescale of network formation might impact on the
activity of incorporated drug molecules. Previously the utilization of a biocompatible Fenton-
type catalyst has been shown by A. Goessl et al.2. Since however this type of catalyst is
unpractical for use in an inverse emulsion system, the well-established4 persulfate/TMED
catalyst system has been chosen for enhancing disulfide crosslinking of our PEG-thiol
macromolecules.

Under the here described conditions, the gel point of network formation is reached after 3 - 4
min (as determined via rheology) and the reaction can be said to be complete after 15 min.
Keeping the reaction time to a minimum is relevant for further use in the inverse emulsion
polymerisation system where stability of the emulsion over time might be a problem.

Physicochemical properties of the disulfide-crosslinked PEG hydrogels were determined using
macroscopic gel discs produced in a defined and well-established way7. The here described
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hydrogels - of a water content of about 96 % -  were found to have an elastic modulus of about
2100 Pa, an average density of 1.019 g/cm3 and an average pore size diameter of 122.7 Å.
These properties are in accordance with values (determined by the same methods) for
comparable PEG-hydrogels9,10 and consistent with the high water content of the material. 

Equilibrium swelling characteristics Q(w/w) and Qvol of the PEG-disulfide hydrogels were
determined to be 32.6 and 2.09 respectively, found to be in the expected ranges (30-50 and 1-5
respectively) and in accordance with results from comparable PEG-hydrogels9. Average
weight gain - which can be approximated to average volume gain in aqueous environments and
by setting the contribution of  the PEG chain weight to zero - through swelling of gels to
equilibrium was determined to be + 65 % at 37°C and + 113 % at 4°C. These results confirm
on one hand the rule of thumb that PEG-hydrogels have the highest swelling potential at 4°C
and on the other hand imply rather large potential for swelling when degrading at physiological
temperature. 

Model degradation studies of macroscopic PEG-disulfide hydrogels in physiological cysteine
and glutathione solutions11,12 confirmed a high swelling potential of the hydrophilic material.
It was shown that degradation of the PEG-disulfide network through biologically relevant,
small molecules like cysteine is not diffusion-limited. Average weight gain and thus (in
aqueous environments) volume gain under the tested conditions was determined to be +72% in
cysteine after 1 h. For nanoparticles of a hypothesized diameter of 200 nm, this would translate
into a surface gain of approximately +45%.  

Summarizing it can be stated that a new synthesis route to easily functionalize poly(ethylene
glycol) macromolecules with protected thiol groups and resulting in a product with a long shelf
life, has been described. Conditions for formation of disulfide-crosslinked hydrogels from the
PEG-thiol macromolecules have been determined, keeping in mind the later use as drug
carriers and thus allover compatibility of all involved procedures with regard to sensitivity of
active moieties to be incorporated at a later stage. Formation of macroscopic PEG-disulfide
hydrogels has helped gain insight into the molecular architecture and physico-chemical
properties of these networks, as well as giving first indications on degradation mechanisms and
time scales. 
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Chapter 3 Inverse Emulsion Polymerisation, 
Particle Purification and 
Characterization
1. Introduction
In Chapter 2, a new synthesis route to functionalize branched poly(ethylene glycol)
macromolecules with protected thiol groups has been described. Formation of macroscopic
PEG-disulfide hydrogels has been investigated and the hydrogel characteristic determined. In
this chapter these hydrogels are to be taken from the macro to the nano size range, in that
formation of 100 - 200 nm diameter PEG-disulfide hydrogel nanoparticles is targeted. 

Hydrophilic colloidal particles can be obtained by crosslinking reactions between monomers or
functionalized macromonomers in non-interacting compartments or under conditions that
ensure size-dependant termination of the reaction. Inverse emulsion polymerisation, where an
aqueous solution of precursors is dispersed in an oil phase by the use of an apropriate
emulsifier - the nature and concentration of which mainly determines the size of the resulting
nanoparticle - is the most attractive method for the formation of the here aimed at PEG-
disulfide nanoparticles. Generally inverse emulsions are less stable than regular oil-in-water
emulsions, since the low dielectric constant of oils makes electrostatic stabilization ineffective
and only steric effects prevent aggregation and droplet coalescence. Nevertheless, it is possible
to prepare thermodynamically stable inverse emulsions by using a comparatively high content
of emulsifier and low aqueous phase volumes. 

Conditions for crosslinking branched PEG-thiol in inverse emulsion with the aim of
developing a reproducible and versatile technique for the production of well-defined
nanoparticles will be investigated. The potential of accomodating a variety of therapeutic
agents as well as a good purification method resulting in highly biocompatible and easily
storable end material has to be kept in mind. 
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2. Preparation, stability and characteristics of the inverse emulsion

2.1. General idea

In the case of water-in-oil emulsions, electrostatic stabilization does not play a significant role,
thus the attractive forces between aqueous phase droplets need to be compensated by steric-
type forces as imparted by non-ionic surfactants. The formation of stable inverse emulsions
can be obtained by choosing an increased hydrocarbon chain length of the surface active agent
or by favouring a compact interfacial film through usage of a blend of surfactants. 

The selection of surfactants used here was thus essentially based on three criteria: HLB
(hydrophilic to lipophilic balance) value between 3 and 8 according to the HLB concept; Non-
ionic-type surfactants are better adapted for inverse emulsions; A blend of two surfactants, one
of high-, the other of low HLB, leads to more stable emulsions. This stability is imparted by
the formation of a stable complex due to intermolecular assosciation at the water-oil interface.
Moreover, blending of surfactants having different structures causes an increase in entropy,
which is also in favour of enhanced stability. 

2.2. Choice of surfactants

The non-ionic surfactant pair Span80 and Tween80 has been chosen for the inverse emulsion
polymerisation of an aqueous PEG solution in a hexane continous phase. The HLB values of
surfactants being additive (via weight fractions), Span80 (HLB 4.3) and Tween80 (HLB 15)
can be combined in a range of ratios to yield mixtures of HLBs between 3 and 8.

Fig. 1: Span 80 - sorbitan monooleate

Fig. 2: Tween80 - polyethylene glycol sorbitan monoolate 
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2.3. General emulsification procedure

The surfactants Span80 (Mw 428.62 g/mol, d 1.032 g/ml, Fluka) and Tween80 (Mw 1309.68 g/
mol, d 1.064 g/ml, AppliChem) are measured out in a 20 ml screw-cap glass vial using a
positive displacement pipette. The hexane (n-hexane, 99 %, HPLC grade, LabScan) is added
and the surfactants dissolved in the solvent using a Bandelin Sonoplus tip sonicator at 70% for
30 s.

The aqueous phase is added to the micellar surfactant solution and a 5 s sonication pulse is
used to disperse the water phase into the micelles, thus forming an inverse emulsion.

2.4. Stability of emulsion over time 

As the size of the dispersed water droplets determines the size of the resulting particles, these
droplets need to be stable during the time predicted for polymerization to proceed. Two
different mechanisms of destabilization are to be considered: coalescence and sedimentation.
Simple sedimentation of droplets or formed particles can be reversed by gentle stirring and is
as such of no greater consequence. Coalescence on the other hand means fusion of emulsion
droplets and thus changes the droplet size distribution. It can furthermore lead to complete and
irreversible phase separation and should thus be avoided.

2.4.1. Experimental procedures

Visual evaluation

The simplest means to determine occurence of phase separation is by visual evaluation. 

Micellar solutions and emulsions with unreactive PEG-OH (4-arm, 10 kDa, Shearwater
Polymers) in different concentrations and different compositions have been prepared as
described above. The samples were kept at room temperature and evaluated at different times
to see if any phase separation had taken place.

Evaluation using DLS

Micellar solutions of surfactants in hexane of different concentrations and different
compositions were prepared as descibed above. Emulsions with unreactive PEG-OH (4-arm
PEG 10 kDa, Shearwater Polymers) were prepared as described above. The micelle or droplet
size - i.e. the hydrodynamic diameter - was determined by dynamic light scattering (DLS)
using a Brookhaven instrument (BI-9000AT) with a 514 nm laser source at a fixed angle of
90°. Size measurements were made right after preparation of the samples and at various
timepoints between which the samples were kept at 4°C. Each sample was prepared in
triplicates and each measurement performed in triplicates. 

Sample details

Table 1. HLB in function of surfactant mix composition

wt% Span80 in mix 90 85 80 75 60 50
HLB 5.370 5.905 6.440 6.975 8.580 9.650
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nb: 9, 7, 5, 3, 1 wt% surfactants in hexane correspond to 5.9, 4.6, 3.3, 1.9 and 0.6 % (weight
per volume) respectively.

2.4.2. Results

Micellar solutions

All samples were transparent upon sonication, indicating a small micelle size. Samples with
both a high surfactants (7 and 9 wt%) and Span80 content (90 and 85 wt%) showed
sedimentation of surfactants after a few min. Span80 alone is not soluble in hexane and only
when the ratio of Tween80 exceeds 20% micelles can be formed. 

All the mixes with 85 or 90 wt% Span80 showed multiple peaks in DLS, indicating formation
of aggregates bigger than micelles. Size measurements of all the other samples remained stable
over a few days (details see below). 

Inverse emulsions

From previous results, mixes with 85 and 90 wt% Span80 were not tested.

All samples were transparent or translucent upon sonication, indication a small droplet size.
Samples with high surfactant content (7 and 9 wt%) showed sedimentation after a few min.
This sedimentation could be reversed by lightly tapping the glass vial. 

Mixes with 1 and 3 wt% surfactants showed mulitple peaks in DLS measurements, indicating
formation of aggregates bigger than initial droplets. Size measurements of all the other samples
remained stable over a few days (details see below).

2.5. Characterization of micelle and emulsion droplet size 

To adjust the size of the polymerized nanoparticle it is necessary to be able to control the size
of the droplets in the initial inverse emulsion. This can be achieved by investigating the
relationship between emulsion composition, i.e. hexane and water volume fraction, surfactants
concentration and surfactant mix composition (HLB), and size of the resulting inverse
emulsion. 

Table 2. Volume [µl] of Span80 in surfactant mix in 10 ml hexane (vol T80 = total vol - vol S80)

wt% S80 in surfmix
wt% surfmix in hexane

90 85 80 75 60 50

        9   (593.1 µl tot) 517.2 488.5 459.8 431.0 344.8 223.3
        7   (461.3 µl tot) 402.3 379.9 357.6 335.2 268.2 223.5
        5   (329.5 µl tot) 287.3 271.4 255.4 239.5 191.6 159.6
        3   (197.7 µl tot) 172.4 162.8 153.2 143.7 114.9 95.8
        1   (65.9 µl tot) 57.5 54.3 51.08 47.9 38.3 31.9
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2.5.1. Dependance of micelle size on surfactant composition and concentration

Procedure

Micellar solutions of surfactants in hexane of different concentrations and different
compositions were prepared as descibed above and the size determined with DLS. Each
sample was prepared in triplicates and each measurement performed three times.

Results

nb: Samples marked xxx did not yield results interpretable regarding the size of the micelles.
The DLS measurements of these samples showed multiple peaks at far bigger sizes, hinting at
formation of aggregates bigger than micelles and thus indicating instability of the emulsion.
Sample compositions under 50% Span80 were not tested as the resulting HLB would be
unfavourable to the formation of inverse emulsions.

The present results show that stable micelle suspensions can only be formed in a range of 80 to
50 % Span80 in the surfactants mix. Moreover, in a mix of Span80 and Tween80 in hexane, the
micelle size is dependant on the composition of the surfactant mix (determining the HLB) and
not the concentration of the surfactant mix in the oil phase: Increasing the amount of surfactant
mix in hexane only increases the number of micelles formed, whereas increasing the amount of
Tween80 in the surfactant mix means increasing the number of bulkier molecules (PEG
chains) in each micelle and thereby influencing the size of the micelle.  

Table 3.   Measured micelle sizes in nm (top row: wt% surfactant mix in hexane; left column: 
wt% Span in mix)

9 7 5 3 1
90 xxx xxx xxx xxx xxx
85 xxx xxx xxx xxx xxx
80 6.5 6.4 7.4 6.7 6.9
75 7.5 7.8 8.1 7.7 7.9
70 8.9 8.9 10.3 8.8 9.4
60 11.3 11.0 12.0 10.5 11.9
50 14.0 14.1 16.1 13.9 14.7
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Fig. 3: Micelle size vs. surfactant mix composition and surfactant concentration in hexane

  

2.5.2. Dependance of emulsion droplet size on surfactant composition and concentration

Procedure

Inverse emulsions using unreactive PEG-OH (8 wt%) and different surfactants compositions
and concentrations were prepared as described above. The emulsion droplet size was
determined using DLS. Each sample was prepared in triplicates and each measurement
performed three times.

The procedure of using unreactive PEG was validated by measuring three reactive emulsion
samples of different compositions. The measured effective diameters did not vary more than
10% from the data measured with unreactive samples.

Results 
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hinting at formation of bigger aggregates and thus indicating instability of the emulsion.
Sample compositions above 85% Span80 were not tested as the results from the micelle sizing
experiment with those compositions did not yield stable micelle solutions.

As presumed, the emulsion droplets are bigger then the corresponding micelles. Interestingly
the average size of the inverse emulsion droplets is distributed around 24.1 nm (not including
the 50 wt% samples) and - in the stable composition area - is not at all dependant of the ratio
between Span80 and Tween80. 

The reason why the sizes measured for the samples formed with a 50/50 ration of Span80 to
Tween80 are higher, but still reproducible remain unclear.

Fig. 4: Emulsion droplet size vs. surfactant mix composition and surfactant 
concentration in hexane. 

2.5.3.   Dependance of emulsion droplet size on precursor concentration

Procedure

Inverse emulsions (75/25 Span80 to Tween80 ratio) using unreactive PEG-OH at different
concentrations were prepared as described above. The emulsion droplet size was determined
using DLS. Each sample was prepared in triplicates and each measurement performed in
triplicates.

Results 

For a Span80 / Tween80 ratio of 75:25, a total surfactant concentration of 7 wt% and a varying
PEG content in the solubilized water phase, the measured inverse emulsion droplet size varied
around an average value of 22.9 nm (± 8%). 
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Fig. 5: Emulsion droplet size vs. PEG content in the 75/25 S80T80 system. 

2.6. Summary and conclusions inverse emulsion parameters

The range of practicable inverse emulsions using hexane, PEG in glycine buffer and a mix of
Span80 and Tween80 has been narrowed down to the following:

An inverse emulsion water phase content of 2 % in oil phase (hexane); a PEG-precursor
content in the water phase of 4 to 10 wt%; a total surfactant concentration in the emulsion of 5
to 9 wt% and a ratio of Span80/Tween80 of 60 to 80 wt% Span80 in surfactant mix.

The 7 wt% total surfactants, 75/25 Span80/Tween80 and 8 wt% PEG-precursor will be chosen
as standard inverse emulsion for all further procedures.

The present results show that only a part of the stable micelle suspensions determined in 2.5.1.
can form stable inverse emulsions with a repeatable droplet size. This is in accordance with
findings from literature, showing that water/oil/surfactant mixtures are complex ternary
systems (see Fig.5) and only form emulsions in very limited regions of composition.

Fig. 6: Left: Phase behaviour of the water/poly(oxyethylene) nonionic surfactant/decane system at 25°C; I
denotes the isotropic liquid phase consisting of inverse emulsion droplets (from Forgiarini et al.1).
Right: Existence regions of micro- and nano- emulsion in a Span80/Tween80 - water - decane system
(from Porras2). 
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3. Emulsion polymerization
Since APS is a water-soluble initiator, it can be expected that the initiation of the crosslinking
reaction takes place within the small water droplets in the inverse emulsion. The size of the
nanoparticles formed initially approaches that of the aqueous droplet and as the water droplets
in the inverse emulsion are highly monodisperse, the nanoparticles formed should show a
narrow size distribution.

3.1. General preparation method

The surfactants Span80 and Tween80 are measured out in a 20 ml screw-cap glass vial using a
positive displacement pipette. The hexane (99 %, HPLC grade, LabScan) is added and the
surfactants dissolved in the solvent using a Bandelin Sonoplus tip sonicator at 70% for 30 s.

The PEGtac (4 arm, 10 kDa, as characterized before) is dissolved in the appropriate volume of
glycine buffer and deprotected by reacting with NaOH for 15 min. Excess NaOH is removed
by reacting with HCl for 3 min. Solutions of APS (ammonium persulfate, Sigma) and TMED
(N,N,N’,N’-tetramethylethylene diamine, Fluka) are prepared in glycine buffer (50 mM, pH 9)
to yield a minimal volume (e.g. 2 µl for 10 ml emulsion volume) to be added to the emulsion.

First the catalyst solutions, then the aqueous PEG phase are added to the micellar surfactant
solution and a 5 s sonication pulse is used to disperse the water phase into the micelles, thus
forming an inverse emulsion. A small magnetic stirrer is added to prevent sedimentation and
the crosslinking reaction is left to proceed for 1 h under very slight stirring at 4 °C. 

Table 5. Typical particle recipe (yellow boxes: set values)

ml hexane 10
g = ml * 0.659 [g/ml] g hexane 6.59

surf/hexane wt% 7
g surf total 0.4613
wt% S80 in mix 75
g S80 0.346

µl = (g / 1.032 [g/ml]) * 1000 µl S80 335.25
g T80 0.115

µl = (g / 1.064 [g/ml]) * 1000 µl T80 108.39
HLBmix = (HLB-S80 * 0.75) + (HLB-T80 * 0.25) HLB of mix 6.975

wt% PEGtac 8
mg PEGtac 16

g PEG / 10500 [g/mol] * 4 mol tac = mol thiols 6.095 10-6

µl buffer 200

(µl buffer / 106) * 0.1 [M] mol OH- 0.00002

(mol OH- / 5 [M]) * 106 µl 5 M NaOH 4

mol OH- / 3 mol H+ 6.667 10-6

(mol H+ / 1 [M]) * 106 µl 1 M HCl 6.667
APS factor 2
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3.2. ‘Endcapping’ and functionalization of particles

Unreacted thiols (see below) can be used to functionalize the nanoparticles whilst still in
emulsion. If not used for functionalization, these thiols need to be reacted off in order to
prevent interparticle crosslinking during purification. This can be achieved by using water-
soluble, thiol-reactive chemicals such as iodoacetamide (IAA, Mw 184.96, solubility in water
0.1 g/ml, SigmaUltra) or 6-iodoacetamidofluorescein (IAAF, Mw 515.26, good water
solubility at pH 7,  MolecularProbes) for insatnces where fluorescently labelled particles were
needed. 

General procedure

For a good coupling to unreacted thiols on the nanoparticles, a concentration of 10 % of initial
free thiols should be used (see below for determination of free thiols). The thiol-reactive
iodoacetamides are dissolved in an appropriate volume (e.g. 10 µl for a 10 ml emulsion batch)
of destilled water (pH 7). This reactive solution is then added to the emulsion, using a 5 s
sonication pulse to disperse the water phase into the emulsion droplets. The endcapping
reaction is left to proceed for either 2 h at room temperature or overnight at 4°C under very
slight stirring.

3.3. Entrapment of large molecules

Large molecules like plasmid DNA can be enclosed into the nanoparticles by entrapping them
in the forming PEG network during emulsion crosslinking. Additional endcapping or
fluorescent labelling can be done on the formed particles as described before.

General procedure

For stability reasons, the volume of the water phase in the inverse emulsion can not be changed
by much. However, the very good solubility of PEG allows for reduction of the PEG solution
volume. For example for a 40 ml batch emulsion, the PEG solution volume can be reduced
from 800 to 700 µl to allow for addition of 100 ug plasmid DNA in 100 µl solution.

The macromolecule-containing solution should be added to the micellar suspension right
before addition of the reactive PEG solution and sonication.

mol thiols * APS factor mol APS 1.219 10-5

mol APS * 228.2 [g/mol] * 1000 mg APS 2.782
in µl buffer 4
TMED factor 0.1

mol thiols * TEMED factor mol TMED 6.095 10-7

((mol TEMED * 116.21[g/mol]) / 0.77 [g/ml])*1000 µl TMED 0.092

Table 5. Typical particle recipe (yellow boxes: set values)
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4. Determination of unreacted thiols
Initial particle preparation and purification trials always yielded pellets that could not be
resuspended to form a colloidal solution. This led to the hypothesis, that some of the thiols in
the PEG networks of the particles had not formed disulfides - probably due to sterical
hindrance. During purification, as the single particles came in to contact with each other, these
free and still reactive thiols were capable of forming interparticle disulfides and thus a rather
compact mass of interconnected PEG particles. 

In order to prevent interparticle disulfide bond formation, it became necessary to determine the
amount of unreacted thiols after particle formation. On one hand such thiols would need to be
reacted off - endcapped - on the other hand, they present a good opportunity of functionalizing
the surface of the particles, e.g. with targeting moieties or fluorescent labels. 

4.1. Thiol quantification using Ellman’s reagent

Ellman’s reagent (DTNB) is used to determine thiol concentrations as it reacts quantitatively
with thiols, forming TNB which can be detected spectrophotometrically through absorbance
measurerements at 412 nm.

4.1.1. Procedure

A reactive, i.e. particle-forming inverse emulsion was prepared as described above. After 1 h
crosslinking time, a 1 ml sample was taken as a reference for the absorbance measurements.
100 µl Ellman’s solution (4 mg Ellman’s reagent DTNB dissolved in 1ml phosphate buffer
0.1M pH 8) were added to the remaining emulsion, using a high-frequency sonicator to
disperse the solution into the water phase of the emulsion. The reaction between thiols and
DTNB was left to proceed under slight stirring for 15 min at room temperature.

Absorbance of 200 µl samples at 412 nm was measured in a transparent 96 well plate with a
Tecan Safire2 fluorometer/spectrophotometer. This vertical measurement method was chosen
instead of the standard horizontal, cuvette-based method to avoid interference from settling
particles. 

4.1.2. Results

From the measured absorbance the amount of deprotected –SH groups can be calculated as
follows:

where:  c = concentration of –SH in the measured solution in mol/L
E = molar extinction coefficient = 14150 at 412nm 
Pathway of light beam in sample

The pathway of the light beam in the sample has been calculated via the sample volume and
the well geometry to be 0.64 cm.

Calculating back from the measurements of 4 samples and triplicate measurements, a residual
free thiol concentration of 2.73 % of initial thiols (stdv. 0.28) was determined. 

pathwayE
Absorbancec
⋅

=
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4.2. Free thiol quantification with CPM

CPM (7-dimethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin, MW 402.45, λex 384
nm; λem 469 nm, soluble in DMSO, MolProbes) is a UV light–excitable fluorescent thiol
reagent, used for studying protein structure and for detecting protein–membrane interactions.
CPM is  essentially nonfluorescent until it reacts with thiols, permitting thiol quantitation in
the picomole range without a separation step. 

Fig. 7: Structure of CPM (top) and scheme of reaction between maleimide and thiol (bottom)

4.2.1. Procedure 

Labeling was performed as follows: The particle-forming emulsion was prepared as described
above. A 10 mM solution of CPM in degassed DMSO was prepared and an appropriate
volume of solution (e.g. 100 µl to a 5 ml emulsion batch) added to the inverse emulsion after 1
h polymerization time. The added moles of CPM corresponded to 1/3 of the initial amount of
reactive thiols in the polymerizing solution. The thiol-consuming reaction was left to proceed
over night at 4 °C and under light stirring, protected from light as much as possible. The
particles were purified as decribed below, being careful to protect them from light as much as
possible. After purification they were resuspended in MilliQ water for measurements. 

Blank: Particles endcapped with IAA were prepared as described above, to be used as a blank
in the fluorescence intensity measurement.

Calibration: A range of solutions containing known amounts of DTT (dithiothreitol,
AppliChem) and CPM were prepared. These were added to a determined amount of suspended
blank particles and used as samples for the CPM calibration curve.

Measurement: Fluorescence intensity at 469 nm (excitation: 402 nm) of the samples for the
calibration curve, the reference and the actual samples was measured in a white well plate
using a LS-50B fluorometer. All samples were measured in triplicates. 
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4.2.2. Results

Calibration curve: The measured fluorescence intensity was found to depend strongly on the
concentration of (blank) particles in the measured sample (Fig. 8).

Fig. 8: Fluorescence intensity vs. moles of reacted (with DTT) CPM at different concentrations (see legend, 
conc. in mol free thiols) of added blank particles. 

Samples were measured at different concentrations of CPM particles and the recorded
fluorescence intensity was found to show a similar concentration dependance. Comparing the
measured intensities for the fluorescent samples with the appropriate calibration data yielded a
residula free thiol concentration of about 0.1% of initial. 

4.3. Summary and conclusion residual free thiols

As the amount of free thiols remaining after polymerization of PEG-thiol macromonomers
could not be elucidated conclusively, a value of 10 % of initial was used for practical purposes. 

5. Particle purification

5.1. General purification method

Particle purification steps have to include de-emulsification, removal of all traces of hexane,
getting rid of surfactant molecules and removing all traces of catalysts.

De-emulsification can be achieved by increasing the volume of the water phase; when using
brine instead of pure water, the salt ions help destabilizing the emulsion droplets. Once the
emulsion is destabilized, particle settling (if needed using high rpm centrifugation) in
combination with phase separation between hexane and water can be used to remove the
hexane from the particle-containing aqueous phase. 

Removing the surfactants can be achieved by using the different solubilities: Span80 is soluble
in hexane but not in water or acetone, Tween80 is soluble in water and acetone but not in
hexane.

To remove salts, eg. the catalyst or NaCl if brine is used, a dializing step might be needed.
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5.1.1. Determining the best washing step:

A particle-forming emulsion (endcapping with iodoacetamide) was prepared as described
above. Small portions of this emulsion were processed in different ways:

1. 4 ml hexane were added to 2 ml emulsion, the sample centrifuged (15 min, 5500 rpm) and
the hexane decanted. The resulting pellet was resuspended by vortexing in 4 ml acetone and
the sample centrifuged again. This step was repeated two more times. The last pellet was
slightly air-dried and resuspended in 1 ml water.

2. As above, but adding 80 µl water to each of the acetone washes to reach a water content of
2 %.

3. As in 1 but washing once with 4 ml ethyl acetate and once with 4 ml acetone.
4. As in 1 but washing once with 4 ml THF instead of using acetone.
5. As in 1, leaving out the acetone washing steps and dissolving the first pellet directly in

water.
6. 3 ml hexane and 2 ml brine were added to 2 ml emulsion in a separation funnel. After phase

separation, the hexane phase was discarded and the extraction process with 5 ml hexane
repeated two more times. 

7. As above, but adding 3 ml acetone to the resulting brine phase and centrifuging this mix at
5500 rpm for 20 min.

Resulting particle suspensions were characterized by DLS (particle size) and 1H-NMR
(chemical purity).

5.1.2. Results

Methods 1 to 4 all yielded non-resuspendable pellets, although the effect was less pronounced
in method 4. The pellet from method 5 was redispersable using slight stirring. Methods 6 and 7
yielded translucent brine phases that were dialized (MWCO 50000, against MilliQ water) and
lyophilized. 

DLS measurements of the resuspended sample from Method 7 showed big aggregates, and
measurements of sample 5 gave unclear results. NMR of sample 5 showed a significant
amount of Tween80. The sample from Method 6 yielded both good DLS and NMR results and
was chosen to be analyzed in more detail.

Comment: Although acetone can be used as a solvent for Tween80, it does not dissolve
Tween80 when in combination with PEG-particles. Presumably, acetone is not a very good
solvent for Tween80 and the surfactant molecules adhere to the particles’ surface, thus making
them sticky to each other.

5.2. Summary - General washing procedure

The volume of the emulsion is quadrupled by adding hexane and brine in a ratio of 3:1
(hx:brine). After shaking in an extraction funnel and phase separation, the brine phase
(including whiteish interphase layer) is collected and extracted two more times with hexane at
the same brine to hexane ratio. Remaining traces of hexane are removed by bubbling argon
through the last collected brine phase for 30 min. This particle-containing water phase is then
desalted either using conventional dialysis (MWCO 6-8000, against MilliQ water, at 4 °C for 3
days) or using centrifugal filter devices (Amicon Ultra-50, MWCO 100000, sample diluted
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until not salt-saturated anymore). After centrifugation, the particles in the insert need to be
diluted in a small amount of water and kept for at least 6 h at 4°C to maximized swelling and
favouring detachment from the insert’s walls. Additional lyophilization of the aqueous particle
suspensions yields an easy to dose and readily resuspendable white powder. 

6. Particle size

6.1. Particle sizing methods

For PCS (photon correlation spectroscopy, dynamic light scattering), a Brookhaven instrument
(BI-9000AT) was used with a 514 nm laser source and a fixed detection angle of 90°. For
measurements in hexane the dispersant viscosity was 0.292 cP and the refractive index RI 1.38.
(0.890 cP and RI 1.335 for water).

All suspending liquids as well as particle samples were filtered using a 5 µm syringe filter.
Sample vials were carefully cleaned to avoid all traces of dust in the measurement sample.
Samples were diluted (not possible for emulsions) to reach a value between 80 and 800 kcps.
Measurements were discarded if the number of counts changed or varied too much during the
measurement or if there were too many high count instances (dust, aggregates). The correlation
function should be a smooth, inverse S-shape (see Fig. 9), bumps indicating a non-monomodal
size distribution. The steepness of the curve gives an idea about the polydispersity - the steeper
the decay, the narrower the size distribution. Moreover, the position of the curve is related to
the size of the measured particles in that the smaller the particles, the shorter the decay times
(curve more to the left of the graph). When setting the parameters for measurement, the first
and last decay times have to be chosen in a way that the correlation function looks horizontal
for at least one decade in delay time before and after decaying. The fit of the autocorrelation
function (cumulants or CONTIN method) should really fit the data (see Fig. 9: red dots are
data points, blue line is the fit). Other criteria for a good measurement were the baseline
difference which should be as small as possible (ideally 0) and the polydispersity which should
also be as small as possible (0 means monodisperse, 0.025 being a good value for samples that
are supposed to be narrowly distributed). When using the cumulants method, the effective
diameter and the polydispersity (poly) contain all the relevant information. 

Fig. 9: Examples for good count history and good fit of autocorrelation function

nb: For repeat or control measurements of samples that were expected to have a monomodal
size distribution, a Malvern Zetasizer 3000HS or a Zetasizer Nano ZS were also used. 

Sizing through hydrodynamic exclusion chromatography, using a PL-PSDA instrument
(Ercatech), was also attempted. This method uses the principle that for liquid flow through a
capillary tube at low velocity, the drag against the tube walls creates a shear gradient such that
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the flow rate is slower near the wall than at the center of the tube. As smaller particles can
diffuse closer to the walls of such a tube than larger ones can (to a minimum distance of the
particle radius r), they will - on time average - sample slower velocities and therefore elute at
longer times from the end of the capillary tube. Thus physical segregation according to particle
size can be achieved. Detection is achieved by optical means, that is a 254 nm UV detector in
the used instrument3. 

However, the refractive index of the PEG-particles is too similar to the refractive index of the
suspending liquid (dd water) and the particles are ‘transparent’ to the detector at the used
wavelength. As preliminary trials with fluorescently labelled particles did not yield any
reproducible results either, all further attempts at using this instrument were discontinued.

Imaging of nanoparticles was attempted using TEM (Philips 208 instrument, Electron
Microscopy Centre University Zurich). Sample preparation consisted in depositing a
concentrated suspension of particles on a copper 300 mesh grid, negative staining with a 2%
phosphotungstic acid solution and air-drying of sample. 

6.2. Particle sizes measured with DLS

Particles were produced using a 75/25 Span80/Tween80 ratio, a total surfactant content of 7
wt% and a PEG content of 8 wt%. Unless mentioned otherwise, particles were endcapped
using IAA, as described under section 2.2. Purification of the particles was achieved using the
‘general washing procedure’ as determined from the above trials and described under section
4.1. Before measurement particle suspensions were left to equilibrate to maximum swelling of
the PEG network for at least 6 h at 4°C.

All samples were routinely measured using DLS and the data evaluated according to the
criteria defined above. 

6.3. Results particles measured with DLS

All samples of blank, IAA-endcapped particles were found to have an effective diameter
around 142.5 nm (± 5%). Although the polydispersity of all the measured particle suspensions
was rather high (around 0.5), this value was reproducible throughout all the samples. The
measured particle size is quite a lot bigger than the measured inverse emulsion droplet sizes,
indicative of the large potential for swelling of the PEG nanogels.

Particles endcapped with IAA-fluorescein for labelling purposes were only slightly bigger than
the blank particle batches, showing a size around 163.5 nm and a similar polydispersity. 

6.4. TEM

TEM imaging could not be validated as a good method to determine particle size. The staining
and drying procedure necessary for sample preparation, as well as the additional drying in the
vaccum of the imaging chamber, let the particles shrink in an uncontrolled and irregular way -
sometimes to extent where the particles were flattened into elliptical or other non-circular
shapes. 
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Fig. 10: Representative TEM image of PEG particles

6.5. Summary and conclusions

Dynamic light scattering has been determined to be the method of choice to investigate particle
size. 

Simple, blank PEG-disulfide particles were found to have an effective diameter around 142.5
nm (± 5%). The polydispersity of all the measured particle suspensions was rather high
(around 0.5), but this value was reproducible throughout all the samples. The measured particle
size is quite a lot bigger than the measured inverse emulsion droplet sizes, indicative of the
large potential for swelling of the PEG nanogels.

7. Particle degradation

7.1. Monitoring swelling during initial stage of degradation

PEG-disulfide macrogels have been found to swell up to +70% in weight before loosing
cohesion during degradation. Approximating the contribution of the PEG chain weight to zero,
this increase in weight is mirrored by an increase in volume of about 70%. If the particles
behave the same way as the bulk gels, it should be possible to monitor the swelling during the
initial phase of degradation via size measurements. 

Dynamic light scattering being a very sensitve measurement method, it seems advisable to
measure samples in which the degradation of the particles has been stopped instead of samples
in which the reaction is still proceeding and the particle size thus fluctuating. Two methods can
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be used to stop cysteine-induced reduction of disulfide bonds: Reaction of thiols with acrylic
acid or reaction of thiols with a maleimide. Both chemical compounds react selectively and
fast with thiols, forming stable bonds (Fig. 11). 

  

Fig. 11: Schematic reactions of thiols and acrylic acid or maleimide  

7.2. Experimental procedures

7.2.1. Procedure 1 - Acrylic acid

PEG-disulfide particles from one batch were suspended at 2 mg/ml in PBS (10 mM, pH 7.4)
and let to equilibrate at 4°C over night. This suspension was filtered using a 0.8 µm syringe
filter right before measurements.

A solution of L-cysteine (AppliChem BioChemica) was prepared yielding a concentration of
0.66 mM in the final reaction volume. Acrylic acid excess was calculated to be 50x the
potential total amount of thiols in the reaction volume (from PEG-SH and cysteine). 

Samples of 1 mg particles (500 µl suspension) were incubated with cysteine at 37 °C. The
disulfide reduction was stopped by adding aliquots of freshly filtered acrylic acid 1, 2, 3, 5, 8,
20 and 25 min after starting the degradation. 

Particles size was measured by DLS before the degradation and after stopping the degradation
process with acrylic acid.

7.2.2. Procedure 2 - Maleimide

PEG-disulfide particles from one batch were suspended at 1 mg/ml in PBS (10 mM, pH 7.4)
and left to equilibrate at 4°C over night. This suspension was filtered using a 0.8 µm syringe
filter right before measurements.

A solution of L-cysteine (AppliChem BioChemica) was prepared yieling a concentration of
0.66 mM in the final reaction volume. Maleimide (99%, MW 97.07, Aldrich) excess was
calculated to be 10x the potential total amount of thiols in the reaction volume (from PEG-SH
and cysteine). 

Samples of 0.5 mg particles (500 µl suspension) were incubated with cysteine at 37 °C. The
disulfide reduction was stopped by adding the suspension into vials containing maleimide 1, 2,
3, 5, 8, 20 and 25 min after starting the degradation. 
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7.3. Results

7.3.1. Stopping with acrylic acid

Particles from the used batch were found to be 140.9 nm (polydispersity 0.4) on average before
degradation. Measurements of degraded particles up to 5 min showed a similar size
distribution than the undegraded samples; polydispersity was slightly higher in all these
samples (around 0.5).  Measurements of samples reduced for 8 min or more showed very broad
size distributions around 240 nm and high polydispersity values (>1), indicating that particles
were beginning to dissolve.

Fig. 12: Measured particle diameter (DLS) versus degradation time

7.3.2. Stopping with maleimide

None of the samples stopped with maleimide gave interpretable results, due to formation of a
flocculate whose nature could not be determined. 

7.4. Summary and conclusions

Monitoring reduction-induced initial-phase particle swelling is not easily achieved. Due to the
sensitivity of the measurement method (DLS), the reduction of the sample to be analyzed has
to be stopped by adding a thiol-reactive chemical. Of the two chemicals with potentially fast
enough thiol-reactivities and as good as possible water solubility, only acrylic acid was found
to yield practicable results. 

When comparing the here obtained data with the values calculated for degradation of gel discs
(Chapter 1, section 5.5) under the same reducing conditions, it can be noticed, that the factor of
swelling is similar (+72% for discs; for particles: 140.9 + 72% is roughly 240 nm) in both gel
discs and nanogels. However, the swelling in the nanogels proceeds much faster than in the
macroscopic gels discs. 
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8. Summary and discussion

Formation of PEG-disulfide hydrogels by oxidative crosslinking of thiol groups - as described
in chapter 2 - has been taken from the macroscopic to the ‘nano’ level, resulting in hydrophilic
colloidal nanoparticles that can be used as versatile drug delivery vehicles. 

As discussed in the introduction, emulsions offer control over size, structure, bulk and surface
composition that is not possible with other techniques, making them ideal ‘containers’ for
polymerization reactions. Inverse emulsion polymerisation, where an aqueous solution of
precursors is dispersed in an oil phase by the use of an appropriate emulsifier is the most
attractive method for the formation of the here aimed at hydrophilic PEG-disulfide
nanoparticles. Conditions for crosslinking branched PEG-thiol in inverse emulsion with the
aim of developing a reproducible and versatile technique for the production of well-defined
nanoparticles were determined in this chapter.

On the basis of published data on comparable systems (poly(acrylic acid) nanoparticles)4,5,
conditions to prepare a thermodynamically stable inverse emulsion were chosen. The
components of the here used novel inverse emulsion polymerization system are hexane as
continuous phase, glycine buffer at pH 9 containing the deprotected PEG-thiol
macromonomers and a mix of the amphiphilic surfactants Span80 and Tween80 to prevent
aggregation and droplet coalescence. To produce reproducible, stable inverse emulsions with
good control over droplet size, the precursor solution of deprotected PEG-thiol
macromolecules has to be used in a 2 vol% ratio to hexane and the ‘monomer’ content of this
aqueous phase can be varied from 4 to 10 wt% PEG. Depending on the emulsion droplet size to
be achieved a total surfactant content of 5 to 9 wt% can be used, the composition of the
surfactant mix ranging from 60 to 80 wt% Span80 in the Span80/Tween80 mix. The 7 wt%
total surfactants, 75/25 Span80/Tween80 and 8 wt% PEG-precursor composition was chosen
as standard inverse emulsion composition for preparation of PEG-disulfide nanoparticles.

It has been found that the crosslinking reaction between the thiol-ended PEG arms in the
inverse emulsion droplets does not react to completion due to sterical hindrance and reduced
hydrodynamic mobility in the already highly crosslinked polymer network. These remaining
free thiol groups have been found to form interparticle disulfide bonds if not reacted off prior
to de-emulsification. The amount of remaining free thiols could not be quantified conclusively,
but a value of 10% of initial thiols was used for practical purposes, since residual free thiols
present a good opportunity for coupling of functional moieties. If not used for such specific
coupling of e.g. fluorescent markers, a protocol was developed to react the residual free thiols
off using iodoacetamide in an additional step before harvesting the PEG nanoparticles from the
emulsion. 

The main downside of production methods using emulsion being the use of organic solvents
and surfactants, extensive purification is a crucial step to assure biocompatibility of the NPs,
eliminating all traces of the mostly harmful used chemicals. A very mild but thorough novel
purification procedure, including de-emulsification through addition of brine, removal of all
traces of hexane and surfactants by extraction and of catalysts through dialysis (chemical
purity verified through 1H-NMR), has been determined. Resulting aqueous PEG-disulfide
nanoparticles suspensions have been found to have a long shelf life - showing no aggregation
and sedimentation being easily reversible by slight shaking - and additional lyophilization of
the aqueous particle suspensions yields a very stable, storable, easy to dose and readily
resuspendable white powder nanoparticles formulation. 

PEG-disulfide nanoparticles produced with this novel inverse emulsion system were found to
have an effective diameter around 142.5 nm (± 5%) with a high but reproducible polydispersity
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around 0.5. Dynamic light scattering (DLS, detailled descripition of technique see paragraph
3.3 in chapter 1) was chosen as standard characterization method for the highly hydrated PEG
nanoparticles over other methods such as hydrodynamic chromatography (refractive index of
particles too similar to refractive index of suspending medium for the particles to be detected),
transmission electron microscopy TEM (artifacts from staining/drying processes) and atomic
force microscopy AFM (hydrogel material too soft). 

Protocols for coupling functional moieties to the particles using residual free thiols as a last
step in the inverse emulsion polymerization process and for entrapment of large molecules e.g.
plasmid DNA, have been developed. All the here described functionalization methods are one-
pot techniques, making this novel PEG-thiol crosslinking in inverse emulsion an easy to use
and to scale-up production process for versatile nanoparticles. 

The large potential for swelling during initial-phase breakage of network-crosslinking bonds
determined in chapter 2 for macroscopic PEG-disulfide hydrogel discs has been confirmed
through DLS measurements of particles being reduced under model conditions6,7. Swelling in
the nanogels has been found to proceed much faster (ca. 8 min. before loss of cohesion) than in
the macroscopic hydrogel discs due to shorter diffusion distances, the factor of swelling
(approx. + 70%) being however similar in both hydrogel discs and nanoparticles. 

Summarizing it can be stated that a novel, upscalable one-pot inverse emulsion method for
crosslinking of thiol functionalized branched PEG molecules has been determined. The
resulting PEG-disulfide nanoparticles can be produced with good control over size under the
here described conditions and have a long shelf life both in suspension and as dried powder
formulation. An appropriate purification procedure was established, assuring high
biocompatibility of the nanoparticles through removal of all traces of potentially harmful
chemicals. The potential of accommodating a variety of therapeutic agents was confirmed and
the ease and promptness of nanoparticle degradation under model physiological conditions
was demonstrated. 
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 Chapter 4 Biological Performance of PEG-
disulfide Nanoparticles
1. Introduction

In Chapter 2 and 3, a method to synthesize PEG-disulfide-crosslinked nanoparticles has been 
described. These nanoparticles can be produced with a good control over size, are stable 
against agglomeration and can be degraded via reduction of the crosslinking disulfide bonds. 
In this chapter a range of interactions between the particles and model cells have to be 
investigated with the aim of using the PEG-disulfide nanoparticles as a drug delivery system.

When coming in to contact with cells, nanoparticle uptake and intracellular distribution are 
important issues, especially so if release of drugs from endosomes before coming into contact 
with lysosomes is aimed at. Potential cytotoxic or otherwise cell-metabolism impairing effects 
of the particles in themselves as well as their degradation products have to be elucidated. 

For nanoparticles that are to be used as a drug delivery system, drug loading, stability and 
release must be adressed. Loading of hydrophilic drugs (i.e. compatible with and soluble in the 
water phase of the inverse emulsion) can be obtained trough different methods in the here 
described particles, either covalently linking via the thiol groups of the PEG or by entrapping 
of large molecules in the crosslinked PEG network, both directly in the inverse emulsion. 
Although the parameters for particle formation have been optimized to be as mild as possible, 
it remains to be tested if the incorporated drugs, especially fragile payloads such as DNA, 
survive the incorporation and particle purification procedure. Loading yield is an issue as a 
drug delivery system should help providing a therapeutically relevant drug concentration at the 
target site. However, the potency of the drug strongly influences the necessary loading capacity 
of the carrier as for a very potent drug small amounts might already be efficient. Drug stability, 
meaning protection from premature metabolic breakdown, has to be adressed, as well as time 
point and location of release. Using plasmid DNA as a model for large molecule drugs, should 
give some insight into the stability issue and additionally show how well the PEG-disulfide 
nanoparticles perform as a non-viral gene delivery system.  
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2. Uptake of particles into cells

General idea

Non-receptor-mediated endocytosis is a unspecific way of uptake into the cell and should 
therefore be the most difficult to achieve. On the other hand, unspecific uptake should bypass 
the endosomal pathway and its acid- and enzyme-rich environment and thus be less harmful 
for the cargo. Moreover, not having to add a targeting molecule to the surface of the particle, 
leaves more opportunities for fluorescent labelling and thus tracking of the fate of the particle 
inside the cell.

2.1. Experimental

2.1.1. Particle functionalization with fluorescent markers

The most straightforward way to fluorescently label the here described particles is to use the 
unreacted thiols left after the polymerization. Addition of a thiol-reactive fluorescent marker 
can be achieved in the same way as described for the endcapping reagent (see Chapter 2; 
section 2.2). 
A very easy way to fluorescently label the particles is to use 6-iodoacetamidofluorescein 
(IAAF, Molecular Probes) which is identical to the endcapping reagent IAA in respect to 
reactivity with free thiols. IAAF has excellent water-solubility and yields green-fluorescent 
thiol conjugates (Absorption: 494 nm; emission: 518 nm).

Fig. 1: Iodoacetamidefluorescein

Procedure
Particles were essentially prepared as described in section 1.3, using a solution of IAAF (10% 
of initial thioacetate groups) in glycine buffer (50 mM, pH 9) instead of IAA. During all 
preparation and purification steps, special care has to be taken to protect the particles from 
light as fluorescein is know to bleach rather quickly.

2.1.2. Concentration dependant uptake in HeLa cells

Background information
HeLa cells are versatile, easy to cultivate (in DMEM, 10% FBS, 1% ABAM) human ovarian 
carcinoma cells. They are known to endocytose drugs, liposomes, particles etc. readily.

OOH O

N
H

O
I

OH

O

84                                                            



Biological Performance of PEG-disulfide Nanoparticles
Materials

IAAF labelled PEG-disuflide nanoparticles were prepared as described above and used as 
suspension in PBS at 1 mg/ml. HeLa cells (ATCC, CCL-2) were cultured in DMEM 
(Dulbecco’s modified Eagle medium with1 g/L glucose, GlutaMAX I, pyruvate, GIBCO) with 
10% FBS (fetal bovine serum, Sigma) and 1% ABAM (antibiotic antimycotic, GIBCO). 

Procedure
Cells were seeded either in 12-well plates (Nunc) at a density of 20000 cells per well for 
standard fluorescence microscopy or on 2-chamber glass plates (Labtech) suitable for confocal 
microscopy at 45000 cells per chamber and allowed to attach and grow for 48 h. 
Cells were presented with dispersions of fluorescent and non-fluorescent particles in a mix of 
100 µl PBS (10 mM, pH 7.4) and 900 µl medium, the particle concentrations varying between 
50 and 1000 µg/ml. After incubation over night at 37°C, the medium was pipetted off (and kept 
for fluorometric analysis) and the cells carefully washed with PBS. 
The medium containing the particles that were not taken up by the cells was transferred to a 
96-well plate and analyzed spectrofluorometrically by measuring fluorescence intensity at 518 
nm (excitation 494 nm), comparing fluorescent and non-fluorescent particle suspensions to a 
standardized curve of IAAF particles in medium and using fresh medium as a reference.

2.1.3. Comparison of uptake in different cell types

General idea
To see if non-targeted endocytosis of particles can also be performed by more discriminating 
cells and to compare the efficiency of uptake of different cell types, fluorescently labelled 
particles were presented to COS7, 293T and HeLa cells under the same conditions. Uptake into 
COS7 cells (African green monkey kidney fibroblasts, CRL-1651) and 293T cells (human 
embryonal kidney, CRL-11268) was evaluated because these are widely used for transfection 
studies.

Procedure
Cells were seeded in 48-well plates at a density of 20000 cells per well and allowed to attach 
and grow for 48 h. Cell culture conditions were the same for all three types of cells (see above)
Cells were presented with dispersions of fluorescent (IAAF labelled PEG-disulfide 
nanoparticles, as described above) and non-fluorescent particles in a mix of PBS (50 µl) and 
medium (450 µl), the concentrations varying between 50 and 1000 µg/ml. After incubation 
over night at 37°C, the medium was pipetted off and the cells carefully washed with PBS. 
The amount of particle uptake was evaluated using standard fluorescence microscopy.

2.2. Results

2.2.1. Particle functionalization with fluorescent markers

Particle functionalization with iodoacetamidofluorescein (IAAF, λex 494 nm λem 518 nm) 
works well and yields green-fluorescent particles that can be visualized using a FITC filter on 
a fluorescence microscope or a 496 nm argon laser in confocal microscopy.
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2.2.2. Concentration dependant uptake in HeLa cells

Figure 2 shows a representative image of HeLa cells having incorporated fluorescent particles 
(240 µg/ml) and stained with DAPI to visualize the nucleus. As the resolution of the 
fluorescence microscope is limited, only a qualitative evaluation of the uptake is possible.

Fig. 2: Fluoresceine-labelled particles (green, 240ug/ml) taken 
up by HeLa cells (blue: nucleus stained with DAPI)

Confocal imaging of cells with incorporated fluorescent particles showed that the particles 
were localized inside the cells (z-stacks, pictures not shown) and that they were mostly 
distributed evenly throughout the cytoplasma.

The tested range of particle concentrations presented to the cells (50 to 1000 µg/ml) shows no 
significant difference in uptake, except for the 50 µg/ml sample, in which the amount of 
incorporated fluorescent particles seems lower (see Fig. 3).

In the tested range of particle concentrations presented to the cells (50 to 1000 µg/ml) no 
significant difference in uptake could be detected except for the 50 µg/ml sample, in which the 
amount of incorporated fluorescent particles seems lower. Possibly there is a maximum 
amount of particles (≤ 240 µg/ml) that the cells can incorporate, the excess simply being 
washed away during processing of the samples. 
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Fig. 3: Fluoesceine-labelled particles (green, concentrations top left to bottom right: 50, 240, 430, 620, 810, 
1000 µg/ml) taken up by HeLa cells (uptake over night; rounded cells shape: cells were in suspension)

2.2.3. Comparison of uptake in different cell types

From the fluorescence microscopy images (see Fig. 4) it can be clearly seen that COS7 cells 
take up less particles (at all tested concentrations) than HeLa or 293T. The difference between 
HeLa and 293T particle uptake can only be seen at high particle concentrations, indicating that 
HeLa cells take up more particles than 293T cells.

Fig. 4: Representative fluorescence microscopy images of fluorescent particles taken up (over 
night) by different cell types: top row 50 µg particles per ml medium; bottom row 1000 
µg/ml
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2.3. Discussion

Confocal imaging of HeLa cells which had been presented with fluorescently labelled 
(fluorescein) particles showed that the particles were taken up readily, were localized inside the 
cells and that they were mostly distributed evenly throughout the cytoplasma.

HeLa cells presented with a range of concentrations (50 to 1000 µg/ml) of fluorescently 
labelled particles, showed no significant difference in uptake except for the 50 µg/ml sample, 
in which the amount of incorporated fluorescent particles seemed lower. Possibly there is a 
maximum amount of particles (50 < particle conc. ≤ 240 µg/ml) that the cells can incorporate, 
the excess simply being washed away during processing of the samples. 

When comparing different cell lines (HeLa, COS7 and 293T), it could be shown that 
fluorescently labelled particles are taken up by all of the tested cell types, although in a lesser 
extent by COS7 and 293T. This might be explained by the fact that HeLa cells are cancer cells 
and have been described to readily endocytose drugs and particles, whereas COS7 and 293T - 
being fibroblasts and kidney cells respectively - might be more discriminating and possibly 
non-receptor-mediated endocytosis slower.

2.4. Summary and conclusions

The nanoparticles produced here are taken up easily and in a non-receptor-mediated way by 
HeLa cells. Other cell lines - mainly used for transfection studies (COS7, 293T) - take up 
particles too, though in lower quantity. Although HeLa cells are generally not much used in 
transfection studies, they seem the best choice in this case as they incorporate the particles so 
well. 
Particles taken up by cells can be visualized either qualitatively by fluorescence microscopy or 
more in detail by confocal microscopy by fluorescent labelling of the particles during emulsion 
polymerization. 

3. Particle cytotoxicity

3.1. Experimental

3.1.1. Cell viability

Background information

Cell viability after a treatment with new substances e.g. particles, can be assessed using a pair 
of fluorescent dyes, selectively staining the live and dead cells in the treated sample.
FDA (fluorescein diacetate) is used to visualize living cells, taking advantage of the fact that 
after uptake, this membrane-permeant, nonfluorescent and non-cytotoxic stain is cleaved by 
cytosolic esterases to yield fluorescent, membrane-impermeant carboxyfluorescein. To 
visualize dead cells EtBr (ethidium bromide) is used, as it can only enter cells with damaged 
membranes but then undergoes a 40-fold enhancement of fluorescence upon binding to nucleic 
acids.  FDA fluorescence can be visualized using λex 490 nm; λem 514 nm and EtBr 
fluorescence is detected using  λex 530 nm; λem 600 nm. 

Procedure

HeLa cells were seeded in 48-well plates at a density of 20000 cells per well and allowed to 
attach and grow for 48 h. 
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Cells were presented with dispersions of particles in a mix of 50 µl PBS (10 mM, pH 7.4) and
450 µl medium, the concentrations varying between 50 and 1000 µg/ml. Wells were used in
triplicate for each of the 6 concentrations as well as for the positive control (no particles) and
the negative control (no particles, cells treated with 70% ethanol for 15 min). 
After incubation over night at 37°C, the medium was pipetted off and the cells carefully
washed with PBS. Right before the assay a solution of 2.5 mg FDA (Fluka) in 1 ml DMSO
(Applichem) was prepared; EtBr (AppliChem) was used in solution at a concentration of 1%
(=10 mg/ml). A mixture of FDA and EtBr in PBS was prepared, the final concentrations being
1:2000 for the FDA solution and 1:1000 for the EtBr. 200 µl staining solution were added per
well and the plate incubated for 30-60 s at 37°C. Then the staining solution was removed and
the cells washed twice with PBS before visual evaluation with the fluorescence microscope.

3.1.2. Cell activity

Background information

A more differentiated way to look at how cells perform when presented with some ‘foreign’
chemicals as for example particles would be, is to look at different cell activity markers (e.g.
metabolic activity, proliferation).
WST-1 is a reagent that can be used in a colometric assay for the quantification of cell
proliferation, based on the cleavage of the tetrazolium salt WST-1 by mitochondrial
dehydrogenases in viable cells.

Fig. 5: Mechanism of WST cleavage as taken from original
product information (Cell proliferation reagent WST-1,
Roche Applied Science)

Procedure

A 48 well plate with HeLa cells and particles at different concentrations was prepared in the
way described above. For each tested particle concentration, 3 samples were prepared. Before
the live/dead assay the same plate was used for the WST (Cell proliferation reagent WST-1,
Roche Applied Science) assay: After incubation over night the medium in the well plate was
changed, using 180 µl fresh prewarmed medium for each well. 20 µl WST solution were added
to each well and the plate incubated at 37 °C. After 30 min incubation (best incubation time
has been determined in separate tests) the plate was shaken for 1 min, the medium transferred
to a fresh well plate, the cells washed with PBS (10 mM, pH 7.4) and used further the live/dead
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assays as described above. The collected media samples were diluted with fresh medium and 
absorbance measured at 440 nm using a PerkinElmer UV spectrophotometer and fresh medium 
as a reference. The values were measured in triplicates and mean values as well as standard 
deviation determined.

3.2. Results

3.2.1. Cell viability

Visual evaluation using a fluorescence microscope showed that none of the tested particle 
concentrations are toxic, even at incubation times as long as 24 h. Figure 4 shows pictures 
representative for all the samples. All the samples showed green FDA fluorescence throughout 
the cytosol comparable to the posive control (untreated cells, top left in Fig. 6) and no nuclear 
red EtBr fluorescence comparable to the negative control (no particles, cells treated with 100 
% ethanol, top right in Fig. 6).

Fig. 6: Live/dead stain representative images, all pictures taken at 10x magnification: 
top left positive control (untreated live cells); top right negative control (no 
particles, ethanol-treated dead cells); middle row particles at 50 µg/ml; bottom 
row particles at 1000 µg/ml (left: phase contrast, middle: FDA fluorescence in 
living cells, right: EtBr fluorescence for dead cells)
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3.2.2. Cell activity

Formazan absorbance in all the medium samples taken from particle- and WST-1-treated cells 
was comparable (allowing for a standard deviation of 10 - 13 % of average absorbance value) 
to absorbance measured for cells without particles (see Fig. 7). 

Fig. 7: WST assay - absorbance data, averaged over 9 measurements for each data point

3.3. Discussion

3.3.1. Cell viability

The complete lack of detectable cytotoxic effects after incubation of HeLa cells with varying 
concentrations of particles (50 to 1000 µg/ml.) and incubation times up to 24 h, gives an 
indication that the PEG-disulfide particles are non-toxic. 

3.3.2. Cell activity

Although the measured values of formazan absorbance varied 10 to 13% from sample to 
sample, incubation of HeLa cells with varying concentrations of PEG-disulfide particles (50 to 
1000 µg/ml.) and incubation times up to 24 h, did not impair mitochondrial activity of the cells 
and it can thus be stated that the tested particles are not cytotoxic.

3.4. Summary and conclusions

The particles produced here have been found to be non-toxic to cells, even in concentrations as 
high as 500 µg particles per 20000 cells (1000 µg/ml in the above described assays). Moreover 
they do not seem to impair cell mitochondrial activity, indicating that particles incorporated in 
to cells have no negative effect on cell activity (metabolic, proliferative, etc.)
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4. GFP particles

Used plasmid
The green fluorescent protein (GFP) is a protein from the jellyfish Aequorea victoria that 
fluoresces green when exposed to blue light. EGFP is an enhanced green fluorescent protein 
and the EGFP gene is commonly used as a reporter gene for uptake and expression in a cell 
population.  
The vector pEGFP-N1 (Clontech, 4.7 kb) used here encodes a red-shifted mutant of the wild 
type GFP (Ex: 488 nm, Em: 507 nm). Multiplication of this vector was performed by heat 
shock transformation into E.coli strain Top10 (Invitrogen), grown in LB media supplemented 
with 1 mM kanamycin (Applichem). The plasmid DNA was purified using a Quiagen 
Maxiprep kit. 

Fig. 8: pEGFP-N1 vector information, as provided by Clontech

4.1. Experimental

4.1.1. GFP-particle preparation and characterization

General particle preparation procedure
Particles were essentially prepared as described in section 1.3., except that 100 µl less buffer 
were used for the polymer precursor solution. This volume difference was used to prepare a 
plasmid solution (1 µg/µl) which was added to the activated precursor solution right before 
emulsification. 
Endcapping or fluorescent labelling and purification were carried out as described before.
92                                                            



Biological Performance of PEG-disulfide Nanoparticles
Particle characterization

The initial plasmid solution and the DNA-particles were characterized with DLS (size) as 
described before.

As the particles with DNA carry a charged load (negatively charged phosphate groups), it 
should be possible to determine the zeta potential of the DNA-carrying particles. Zeta potential 
of a dispersing liquid (PBS), a plasmid solution at 1 mg/ml, and blank - and DNA-loaded 
particles (both at 2 mg/ml) swollen to equilibrium in PBS, were measured using a Malvern 
Zetasizer Nano and disposable capillary cuvettes. 

4.1.2. Effects of particle preparation on structure of incorporated DNA

Background

Plasmid DNA can have several conformations - supercoiled, relaxed circular, linear and 
nicked. Supercoiled DNA has a circular form with a build-in twist resulting in a highly 
compact form. The supercoiled conformation has the highest level of bioactivity. In the relaxed 
circular form the DNA is still intact, in the linear form the DNA has free ends (both strands 
cut) and in the nicked form only one DNA strand has been cut. 

4.1.2.1. DNA-containing particles

General idea

Agarose gel electrophoresis is a qualitative method to analyze DNA. The different DNA 
conformations show different electrophoretic mobilities - rate of migration through the gel is 
proportional to the size (that is, the number of base pairs) and conformation - the fastest being 
the supercoiled form and the slowest the nicked DNA.

Materials
pEGFP-nanoparticles were prepared as described above and used in suspension in PBS at 1 
mg/10 µl. As control a pEGFP plasmid solution in TE buffer (pH 8, 10 mM Tris.Cl, 1 mM 
EDTA) at 1 µg/µl was used. Gels were prepared from a solution of agarose (low EEO, 
AppliChem) in TEA buffer (242 g Tris base, 57.1 ml glacial acetic acid, 37.2 g Na2EDTA in 
dest. water to 1 l). The loading buffer was used as in stock and consited of 12 w/v % Ficoll 400, 
0.1 M EDTA, 0.6 % SDS and 0.15 w/v % bromphenol blue. The control 1 kB DNA ladder was 
purchased from Invitrogen.

General procedure

Agarose gels were prepared using 0.8 wt% agarose and 2 µl ethidium bromide (1% solution, 
AppliChem) in dest. water and electrophoresis was conducted at 90 V and 90 mA for ca. 1.5 h. 
The ethidium bromide fluorescence of the DNA in the gels was visualized using a UV 
transilluminator and the gels were photographed for further evaluation. 

As a standard 20 µg particles were used per analized sample (= lane), diluting with PBS (10 
mM, pH 7.4) when necessary. 2 µl loading buffer were added to each sample and for the DNA 
ladder a volume of 5 µl was used. Naked plasmid DNA samples were run at concentrations of 
at least 0.4 µg per lane.
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4.1.2.2. Effects of emulsion polymerization steps on DNA

General idea

Several steps of the nanoparticle formation are potentially damaging for the DNA (sonication, 
use of a radical-forming catalyst). A straightforward test for any such effect is to subject a 
DNA solution to each of the potentially harmfull conditions of the polymerization and analyse 
structural integrity of the DNA on an agarose gel.

Procedure

25 µl of a 1 µg/µl plasmid solution (in TE buffer at 1 µg/µl) were mixed with 75 µl glycine 
buffer (50 mM, pH9) and 8 mg PEG (4-arm, 10 kDa, Shearwater Polymers). Of this solution 
20 µl were kept at room temperature for 1 h and 20 µl were sonicated for 5 s before keeping at 
room temperature for 1 h. To the remaining PEG-plasmid solution, 1.2 µl APS solution (3 M) 
and 1.2 µl TMED solution (0.014 M) were added. Of this solution 20 µl were kept at room 
temperature for 1 h and 20 µl were sonicated for 5 s before keeping at room temperature for 1 
h. To the last 20 µl PEG-plasmid-catalysts solution, 1 µl IAA solution (0.06 M) were added 
and the mix kept at room temperature for 1 h.
Solutions of 2.5 µg plasmid and 20 µg particles (pEGFP-nanoparticles as described above) in 
PBS (10 mM, pH 7.4) were run as controls on the agarose gel (prepared as described above). 

4.1.2.3. Effect of lyophilisation on DNA

In addition to the above described polymerization conditions, the lyophilisation process used 
during particle preparation might interfere with DNA conformation. To determine possible 
effects, a solution of plasmid DNA in TE buffer was lyophilised, resuspended and the resulting 
solution run on an agarose gel as described in section 3.2.1.

4.1.3. Particle degradation

General idea

Through degradation of the particle under conditions mimicking the reducing environment 
inside the cell the incorporated DNA should be completely released. Integrity of DNA 
conformation after release can be evaluated using gel electrophoresis.

Procedure
Suspensions of DNA-particles (pEGFP-nanoparticles as described above) in PBS (10 mM, pH 
7.4) were degraded using either a 10fold molar excess of cysteine (L-Cysteine, Sigma) or a 1:1 
molar ration of TCEP ((Tris(2-carboxyethyl)phosphine), Sigma) with respect to the calculated 
amount of disulfides. The degradation process was left to proceed for at least 20 min at room 
temperature. The degraded particles solutions were used as such for agarose gel 
electrophoresis (as described above). 
A control solution of plasmid (pEGFP plasmid solution in TE buffer at 1 µg/µl) was treated 
with the reducing solutions, calculating the theoretical amount of incorporated plasmid in the 
particles used for degradation and using a similar plasmid to reducing agent ratio. TCEP was 
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tested at a 1:1 and 10:1 (TCEP to disulfides) ratio, cysteine at 10x and 20x molar excess over 
disulfides. 

4.1.4. Incorporation efficiency

General idea

There are two main methods to quantify DNA in solution, measurement of absorbance at 260 
versus absorbance at 280 nm and fluorescent labelling of DNA, e.g. with intercalating dyes 
such as thiazole orange or PicoGreen and comparison to a calibration curve. 

4.1.4.1. Absorbance measurements

Background information 

Highly pure DNA (or RNA) absorbs light at a wavelength of 260 nm and A260 measurements 
can be used to quantitate DNA in solutions as C(µg/ml) = A260/0.02. Additionally the ratio of 
A260 to A280 can be used as an indicator of nucleic acid purity. 

Procedure
0.2 mg particles (pEGFP-nanoparticle suspension in PBS at 1 mg/10 µl) were used per 100 µl 
sample. Particle degradation with TCEP was performed as decribed above. Samples were 
measured in a quartz cuvette using a Perkin Elmer MBA 2000 UV-VIS spectrophotometer. A 
suspension of blank particles (suspension in PBS at 1 mg/10 µl) was used as a reference for the 
DNA-particle samples, a degraded blank particle solution for the degraded DNA-particle 
sample.

4.1.4.2. Thiazole orange and PicoGreen

Background information

Nucleic acid binding cyanine dyes have been found be very sensitive quantification agents for 
DNA solutions. Dyes of this category, e.g. PicoGreen or thiazole orange, have a high binding 
affinity and specificity for nucleic acids and undergo large fluorescence enhancement upon 
binding to double-stranded DNA. Both dyes can be assayed using a standard fluorescein 
protocol (PicoGreen: λex 480 nm; λem 530 nm; thiazole orange: λex 509 nm; λem 530 nm) on a 
spectrofluorometer. 

Procedure

20 µg particles (pEGFP-nanoparticle suspension in PBS at 1 mg/10 µl) were used per sample. 
Particles degradation with TCEP or a cysteine solution was performed as described above. 
Sample volume was 200 µl (96-well plate) and samples were diluted up to this volume with 
PBS (10 mM, pH 7.4). A calibration curve with plasmid DNA (pEGFP plasmid solution in TE 
buffer at 1 µg/µl) had to be recorded with every assay. All data was recorded using a TECAN 
GENios Pro fluorescence plate reader.
Thiazole orange (TO, Fluka BioChemika): TO is to be used at 0.1 µM in PBS in the final 
sample volume. Values for the calibration curve were measured from 1 to 200 ng plasmid in 
200 µl sample volume. TO was added to the samples right before measurement.
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PicoGreen (PG, dsDNA reagent, Molecular Probes): The PG working concentration was 
achieved by diluting the original PC solution  200x in TE and using 100 µl of this solution 
combined with 100 µl sample solution.  Values for the calibration curve were measured from 
0.05 to 200 ng plasmid in 200 µl sample volume. The PC working solution was added to the 
samples right before measurement. 

4.2. Results 

4.2.1. GFP-particle preparation and characterization

The size of the pEGFP plasmid was measured at 100 µg/ml in TE buffer and found to have a 
hydrodynamic radius of 102 nm (dev. 5 nm). Due to a large polydispersity in the measurement 
data (coexistence of different DNA conformations in the solution), the data had to be fitted 
manually to yield an interpretable result. Thus the size found is only representative for the 
supercoiled form of the plasmid, the other forms tending to be much bigger. The measured 
radius is in agreeance with values determined for similar plasmids found in literature1 .

Due to the necessary purification steps during plasmid-particle production, no mass yield 
higher than 60 % could be achieved for any of the preparations.

Characterisation of suspensions of plasmid-particles (endcapped with iodoacetamide) at 1 mg/
ml, showed a particle size of about 240 nm. The calculated polydispersity was always 
relatively high and a bi-modal size distribution could be seen (see Fig. 9). The smaller peak 
probably results from non-incapsulated plasmids. 

Fig. 9: Representative graph of size 
measurement with DLS of a sample of 
DNA-particles

For zetapotential measurements PBS was used a measurement reference. Solutions of 1 mg per 
ml EGFP-1 plasmid in PBS showed an average zeta-potential of - 36.4 mV (SD 1.22). Blank 
particles at a concentration of 2 mg per ml PBS were measured to have a zetapotential of 0 
(compared to PBS). DNA-containing particles did not produce any interpretable or repeatable 
results although several different batches were measured. 
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Fig. 10: Zetapotential mesurement (3 runs) of EGFP-1 plasmid at 1 mg/ml in PBS (pH 7.4). 

4.2.2. Effects of particle preparation on structure of incorporated DNA

4.2.2.1. DNA inside particles

Naked plasmid DNA run on agarose gels as a control (Fig. 11, lane 2) shows a strong band at 
about 3000 bp and a second, weaker band at about 7000 bp. The stronger band is produced by 
the supercoiled conformation of the plasmid, the second one possibly by the relaxed coiled 
structure.

Gel electrophoresis of particles containing DNA is possible (Fig. 11, lane 3), although the 
mechanism by which the detected bands are produced is not clear. The pores of a 1 % agarose 
gel have been found to be 200 - 300 nm big (effective radius of pore)2 and thus a 0.8 % gel 
should have slightly bigger pores, potentially allowing the nanoparticles to migrate through the 
gel (being dragged along by incorporated DNA). 

Blank particles (no DNA) were analyzed to make sure there was no interaction between EtBr 
and the particles (e.g. the PEG, see Fig. 11, right side, right lane - no bands detected).

All analyzed DNA-particle samples show three characteristic signals: A double band between 
5 and 6 kbp and a halo of fluorescence in and around the loading slot. 
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Fig. 11: Representative pictures of  agarose gels: Left:  first 
lane: 1 kb DNA ladder (dot marks the 3054 bp band), 
middle lane: plasmid, right lane: DNA-particles.     Right: 
First lane - 1 kb DNA ladder; second lane: Blank 
particles (no DNA)

4.2.2.2. Effects of emulsion polymerization steps on DNA

Potentially harmful steps in nanoparticle formation were decoupled from each other and tested 
individually for their effect on plasmid DNA. Possible interactions between PEG and DNA, 
the catalysts (APS, TMED) and DNA, the endcapping reagent (IAA) and DNA and the 
influence of sonication in each of these setups were tested. Compared to untreated plasmid 
DNA, all the tested samples show the same bands (Fig. 12 left, lanes 1 to 6), indicating that the 
conformation of DNA does not change under the tested conditions. 

Lyophilisation - another critical particle preparation step - was also simulated by simply 
lyophilizing an aliquot of plasmid DNA in water and resuspending it afterwards. Analysis of 
this sample showed the same bands as the initial untreated sample (Fig. 12 right; nb: the 
sample looks smeared because the concentration of DNA was higher), indicating that 
lyophilisation does not affect DNA structure . 

Fig. 12: Agarose gel testing polymerisation conditions. Left: Lane 1: Naked 
plasmid; 2: PEG and plasmid; 3: As 2 and sonicated; 4: As 2 plus APS and 
TEMED; 5: As 3 and sonicated; 6: As 4 plus IAA; 7: DNA-Particles; 8: 
Marker. Right: Lane 1: Marker; 2: Reference plasmid; 3: Lyophilized and 
resuspended plasmid
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4.2.3. Particle degradation

TCEP and cysteine have been chosen as model reducing agents to degrade particles and release 
the DNA payload. Both have been tested for their effect on DNA, both at the concentrations to 
be used in later procedures and at concentrations 10 times higher. No difference can be seen 
when comparing those samples on an agarose gel to a control of naked plasmid DNA (Fig. 13, 
lanes 1 - 3).

DNA-containing particles have been reduced using the tested conditions and the resulting 
solutions analyzed on an agarose gel (Fig. 13, lanes 4 and 5), showing the same bands as DNA 
inside particles as well as the characteristic halo in the loading slot (see Fig. 11).

Fig. 13:  Agarose gel testing reducing 
conditions: Lane M: 1 kb DNA ladder; 
1: untreated  naked plasmid; 2: Plasmid 
+ TCEP; 3: Plasmid + 10x TCEP; 4: 
Particles degraded with TCEP; 5: 
Particles degraded with cysteine

4.2.4. Incorporation efficiency

4.2.4.1. Absorbance measurements

Absorbance measurements did not yield interpretable data as the absorbance of the blank 
particle samples (degraded and undegraded) was higher than the absorbance of DNA-
containing samples. From this results it seems that PEG also shows some absorbance effect at 
the used wavelengths.

4.2.4.2. Thiazole orange and PicoGreen

Mass yields from DNA-particle preparations (around 60 %) led to assume that incorporation of 
plasmid does not influence mass yield (around 60 % in blank particles too). From this it can be 
assumed that the produced amount of particles could maximally contain the initial amount of 
used plasmid and thus the theoretical maximal loading of the particles can be calculated to be 
100 ng plasmid per 20 µg particles. 
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Both the PicoGreen and thiazole orange assay yielded a value of 38.9 % (of the theoretical 
maximal loading; ± 7.7 %) incorporated plasmid. This corresponds to 38.9 ng plasmid DNA 
per 20 µg particles. 

4.3. Discussion

4.3.1. GFP-particle preparation and characterization

DNA-particle preparation: Due to the necessary purification steps during plasmid-particle 
production, no mass yield higher than 60 % could be achieved for any of the preparations.

Size of DNA-particles with DLS: The size of the pEGFP plasmid was found to have a 
hydrodynamic radius of 102 nm (SD 5 nm), which is in agreement with values determined for 
similar plasmids found in literature1 .

Characterisation of suspensions of plasmid-particles showed a particle size of about 240 nm. 
The relatively high polydispersity and the bi-modal size distribution probably results from the 
measured suspension being a mix of DNA-particles and free plasmid (possibly attached to the 
particles through purification and detaching in suspension). 

Zetapotential of DNA-particles: Although both the plasmid solution and a suspension of blank 
particles could be measured, repeated measurements of different samples of suspended DNA-
particles did not yield any interpretable or reproducible results. The values measured for the 
EGFP-1 plasmid solution (av. -36.4 mV, SD. 1.22) were negative as presumed due to the 
chemical structure of the DNA and indicated a stable solution of plasmids. The blank particles 
did not show any detectable potential (in comparison to PBS, in PBS and at pH 7.4). This 
confirms the idea of an uncharged and well-hydrated PEG network and a hydration layer 
surrounding the particles. On these particles the formation of surface charge and surrounding 
ion-rich layers is not possible and thus no zetapotential can be measured. The measurements of 
all DNA-particle samples showed multiple peaks and broadly varying results. This effect 
might be attributed to an incomplete incorporation of DNA into the particles, creating a mix of 
free plasmid, particles completely enclosing plasmid as well as various stages of particles with 
bits of plasmid ‘sticking out’. Such a mix would not behave in a uniform manner during the 
zeta-potential measurement and thus yield uninterpretable data.

4.3.2. Effects of particle preparation on structure of incorporated DNA

4.3.2.1. DNA inside particles

The fluorescent halo in the gel loading slot clearly indicates that a part of the DNA has not 
migrated through the gel; either the particles are to big to be dragged along with the DNA 
being moved by the electric field, or the charge of the DNA is shielded by the hydrated PEG 
around it. The double bands can thus be interpreted as follows: i) Particles can move through 
the gel - particles with parts of DNA sticking out from the PEG network form the two bands. 
ii) Particles can’t be dragged along - the two bands are produced by DNA which stuck loosely 
to the PEG particle and has been detached during electrophoresis. 

From these results it is not possible to conclude whether the incorporated DNA is still intact or 
has changed conformation. 
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4.3.2.2. Effects of emulsion polymerization steps on DNA

Potentially harmful steps in nanoparticle formation were decoupled from each other and tested 
individually for their effect on plasmid DNA. Possible interactions between PEG and DNA, 
the catalysts (APS, TMED) and DNA, the endcapping reagent (IAA) and DNA and the 
influence of sonication  and lyophilization were tested. As none of the potentially harmful 
steps in particle production and purification seems to affect plasmid conformation, but DNA 
incorporated inside the particles looks different on an agarose gel (Fig. 12 left, lane 7), some 
other mechanism must be at play. It has to be assumed that the DNA conformation changes due 
to compaction during formation of the particle. 

4.3.3. Particle degradation

TCEP and cysteine have been chosen as model reducing agents to degrade particles and release 
the DNA payload. Both have been tested for their effect on DNA, both at the concentrations to 
be used in later procedures and at concentrations 10 times higher. As no difference can be seen 
when comparing those samples on an agarose gel to a control of naked plasmid DNA it can be 
postulated that treatment of particles with either TCEP or cysteine does not impair DNA 
functionality.

DNA-containing particles have been reduced using the tested conditions and the resulting 
solutions analyzed on an agarose gel, showing the same bands as DNA inside particles as well 
as the characteristic halo in the loading slot. The comparable bands indicate that the DNA does 
not regain its initial supercoiled form after having been released from the PEG network. The 
fact that the samples of degraded particles also show a halo of fluorescence in and around the 
loading slot might be due to the effect of the small sample volume: As the PEG-network is 
known to swell during degradation, it might be postulated that intertwined and/or loosely 
connected PEG chains take up the largest part of the sample volume, thus refraining some of 
the DNA from moving into the gel. 

4.3.4. Incorporation efficiency

4.3.4.1. Absorbance measurements

Absorbance measurements did not yield interpretable data as the absorbance of the blank 
particle samples (degraded and undegraded) was higher than the absorbance of DNA-
containing samples. From this results it seems that PEG also shows some absorbance effect at 
the used wavelengths.

4.3.4.2. Thiazole orange and PicoGreen

It has been found that only one third (38.9 %) of the initially used plasmid DNA is 
incorporated into the PEG-disulfide particles. This low incorporation efficiency could explain 
some of the more ambiguous gel electrophoresis and absorbance measurement results. This 
fact should also be kept in mind for the transfection experiments. 

4.4. Summary and conclusions

The DNA-PEG-disulfide particles produced here have been found to have a rather low plasmid 
incorporation efficiency (38.9%). The size distribution of the DNA is broader than any of the 
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other produced particle batches (e.g. fluorescently labelled), which indicates a non-uniform 
incorporation, probably leading to a mix of plasmid-free particles, particles with plasmid 
attached loosely, particles with parts of the plasmid sticking out and particles with completely 
incorporated plasmid. Although the size distribution of the particles is rather broad, the 
average size of 240 nm still lies within the range of  acceptable sizes for drug delivery 
applications.

Although it could be shown that none of the various particle formation and purification steps 
have a detrimental effect on the DNA, actual particle formation around the plasmid seems to 
influence its conformation. If the plamid is still active in this confomation can only be 
determined by transfection assays. 

5. Transfection with GFP particles

5.1. Experimental

Note

Because of the better uptake of nanoparticles, HeLa instead of the ususal COS7 cells have been 
chosen for these transfection studies.

The DEAE-dextran transfection method was used as a standard, the concentrations having 
been determined before. DEAE-dextran complexes DNA and produces a chemical 
environment in which the DNA attaches to the cell membrane and can then be endocytosed 
unspecifically. Addition of chloroquine in the transfection procedure prevents endocytosed 
DNA from being degraded inside the endosomes because it raises the lysosomal pH and 
thereby inactivates the hydrolytic enzymes. Treatment with DMSO additionally enhances 
uptake of DNA as it permeabilizes the cell membrane.

Procedure

HeLa cells were seeded into a 48-well plate at a density of 30’000 cells per well and left to 
attach and grow for 24 h (cell culture conditions as described above). Transfected cells were 
imaged every 24 h for 5 d using a FITC filter on a fluorescence microscope or a 496 nm argon 
laser for the GFP signal in confocal microscopy.

Positive control: For the transfection mix 200 ng plasmid in solution (pEGFP plasmid solution 
in TE buffer at 1 µg/µl) were mixed with 1 µl DEAE-dextran solution (diethylaminoethyl-
dextran, ~500kDa, Sigma, 10 mg/ml in PBS) and PBS (10 mM, pH 7.4) added up to 100 µl 
total. Medium was removed carefully from the cells, the cells washed with PBS, the 
transfection mix added and the cells then incubated for 30 min at 37 °C. 400 µl of a 1 µl 
chloroquine (chloroquine diphosphate, Fluka Biochemika, 100 mM in PBS) in 500 µl medium 
(DMEM) were added and the cells incubated at 37 °C. After 2.5 h the liquid was removed and 
1 ml of a 150 µl DMSO (Applichem) in 1.5 ml medium solution added. The DMSO mix was 
removed after 2.5 min and medium added onto the cells.

Negative control: Cells for the negative control were not treated at all, except for necessary 
medium changes.
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Particles: Plasmid-loaded particles (pEGFP-nanoparticle suspension in PBS at 1 mg/10 µl) 
were used at calculated theoretical amounts of 200 ng DNA per well and diluted with PBS to a 
total volume of 200 µl. Prior to adding the particle suspension, cells were washed with PBS. 
Particle suspensions were added and cells incubated for 30 min at 37 °C, after which medium 
was added to reach a volume of 500 µl in the wells. After 24 h the particle suspension was 
removed, the cells washed twice with PBS and fresh medium added.

Particles and chloroquine: Plasmid-particle suspensions were prepared and cells treated as 
described above. After the 30 min incubation step, 400 µl of a 1 µl chloroquine in 500 µl 
medium solution were added and the cells incubated at 37 °C. After 2.5 h the liquid was 
removed, the cells washed twice with PBS and fresh medium added.

Degraded particles: Plasmid-loaded particles were degraded in a cysteine solution (L-Cysteine, 
Sigma) as described before. The amount of particles was calculated to contain theoretically 
200 ng DNA. For the transfection the degraded particle solution was mixed with 1 µl DEAE-
dextran solution and PBS added up to 100 µl total. Medium was removed carefully from the 
cells, the cells washed with PBS, the transfection mix added and the cells then incubated for 30 
min at 37 °C. 400 µl of a 1 µl chloroquine in 500 µl medium solution were added and the cells 
incubated at 37 °C. After 2.5 h the liquid was removed and 1 ml of a 150 µl DMSO in 1.5 ml 
medium solution added. The DMSO mix was removed after 2.5 min and medium added onto 
the cells.

5.2. Results

The results obtained for the positive control of HeLa cells transfected with the DEAE-dextran 
method and the negative control (untreated cells) met the expectations. The positive control 
showed a massive and lasting green fluorescence (see Fig. 14), whereas the negative control 
confirmed that no background fluorescence could interfere with detection of fluorescence from 
transfected cells. 
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Fig. 14: Representative confocal images of HeLa cells transfected with the EGFP-1 plasmid using the 
DEAE-dextran method: From left to right: Day 1, day 3 and day 5 after transfection

HeLa cells presented with EGFP-1 containing PEG-disulfide particles showed a low but steady 
development of green fluorescnce (see Fig. 15). A lag time of three days after addition of 
particles before appearance of fluorescence was noted. From comparison with wells containing 
cells treated with the DEAE-dextran method a 2.5 % transfection efficiency could be 
calculated. 

HeLa cells presented with DNA-loaded particles and a chloroquine solution did not show any 
transfection.

HeLa cells presented with a solution of cysteine-degraded particles and treated with the 
DEAE-dextran method (no additional plasmid) showed the same amount of green fluorescence 
as cells transfected with pure plasmid using the DEAE-dextran method (see Fig. 16).
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Fig. 15: Representative confocal images of HeLa cells transfected with EGFP-1-PEG-disulfide 
particles. From left to right: Day 1, day 3, day 5

Fig. 16: Images (fluorescence microscope, magnification 20x) of HeLa cells transfected with 
EGFP-1 at day 1: a. and b. DEAE-dextran method; c. and d. degraded particles (left 
side overlay of transmission image with fluorescence channel; right side fluorescence 
channel)
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5.3. Discussion

HeLa cells were transfected with EGFP-loaded PEG-disulfide particles using different 
methods. The DEAE-dextran method was used as a positive control and worked well. 

Direct transfection with particles resulted in a low (2.5 % transfection efficiency) but steady 
development of green fluorescence. A lag time of three days after addition of particles before 
appearance of fluorescence was noted. The slow appearance of green fluorescent protein 
suggests that either the release of plasmid DNA from the PEG-disulfide particles is slow or 
that the DNA can only enter the nucleus during mitosis (HeLa cells dividing every 2 to 3 days).

Using chloroquine in addition to plasmid particles did not augment transfection. As 
chloroquine prevents endocytosed DNA from being degraded inside the endosomes by raising 
the lysosomal pH and thereby inactivating the hydrolytic enzymes, this is an additional 
indication that the particles might not be taken up in a conventional endocytic way where they 
would come into contact with lysosomes.

Treatment of HeLa cells with a solution of degraded plasmid particles and helped by the 
DEAE-dextran method resulted in a transfection similar to the positive control. This result 
confirms that altough DNA incorporated into particles might have changed conformation 
irreversibly, this plasmid conformation is still active. 

5.4. Summary and conclusion

The here prepared EGFP-1 containing PEG-disulfide particles are able transfect HeLa cells. 
The resulting transfection is low (2.5% compared to the DEAE-dextran method) but 
reproducible. Moreover a lag time of 3 days has been found for transfection with these 
particles. 

Results from transfection assays with plasmid gained from degraded particles shows that 
although incorporation into particles irreversibly changes the conformation of the plasmid (as 
shown under paragraph 3), this plasmid can still actively transfect cells.

6. Pathway of particles in the cell
“The journey is the destination.” (Dan Eldon)
Looking beyond the result of being able or not to transfect a cell, it is also interesting to look at 
the fate of the particle after having been endocytosed. Among the components of this journey 
that can be fluorescently labelled are the particle itself, its payload (e.g. DNA), the endosomes 
and lysosomes and the nucleus. Selective tagging and fluorescence colocalization studies 
should give some indication of how the particle gets out of the endo-lysosomal system, when it 
starts to degrade, when and where it releases its payload, and where the payload goes after 
having been freed.

6.1. Experimental

6.1.1. Preparation of cells

For most intracellular tracking experiments it is necessary to fix the cells in a state after a 
previously determined time after uptake of particles. This is done by the below cell fixation 
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protocol. Fixed cells can be kept in PBS, but embedding in Moviol is the best way to obtain a 
good and durable sample for repeated microscopy.

Procedure

The cells that have been  incubated under the conditions to be tested are first rinsed three times 
with medium (DMEM), then with three times with PBS (10 mM, pH 7.4). Then they are 
incubated for 30 min at 4°C with a 1% formalin in PBS solution. After incubation time the 
formalin solution is carefully pipetted off and replaced with the glycine solution (0.1 M in 
PBS). The glycine solution remains on the cells for 5 min, then they are washed 3 times for 5 
min under gentle shaking with PBS. 

To embed the fixed and stained samples, the PBS covering them has to be pipetted off as much 
as possible. From an aliquot of Mowiol (Mowiol 4-88, Sigma) warmed up to room 
temperature, 3 drops are deposited on the glass slide coverd with cells. A cover glass is 
carefully placed on the sample in a way that the Mowiol distributes evenly under the cover 
glass slide. The Mowiol is left to harden over night.  

6.1.2. Tagging of particles and plasmid

The easiest way to fluorescently label the particles is by using a thiol-reactive marker, e.g. 
IAAF, and make use of the free thiols on the particle after polymerization, as described above.
As the DNA should be irreversibly labelled before incorporating it into the particle, the best 
way seems to be the use of an intercalating cyanine dye. The dyes of the TOTO family have a 
high molar absorptivity, show large fluorescence enhancements upon binding to nucleic acids 
and have a high affinity for nucleic acids. Prabha et al.3 have used TOTO-labeled DNA 
incorporated into coumarin-labeled PLGA nanoparticles to show intercellular release of DNA. 

Fig. 17: NMR solution structure of the TOTO-1 
dye bound to DNA, showing that TOTO-1 
(in green) binds to DNA through bis-
intercalation (MolProbes handbook)

General Procedure

DNA labeling: In a typical labelling procedure 100 µl plasmid solution (1 µg/µl in TE buffer) 
were incubated with 30 µl TOTO (TOTO-3, λabs 642 nm; λem 660 nm, MW 1355, MolProbes) 
solution for 1 h at room temperature and protected from light. The used TOTO concentration 
was calculated to be 5 DNA base pairs to 1 dye molecule. 
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Incorporation into particles: Particles containing TOTO-3 labelled DNA were prepared in the 
same way as described before (GFP-particles).

6.1.3. Use of antibody-based early and late endosome markers

Immunohistochemistry makes use of specific antigen-antibody reactions for visualization of 
proteins or tissue structures and thus has an  advantage over traditional staining techniques. 

Indirect immunofluorescent staining involves an unlabeled primary antibody (first layer) 
which reacts with tissue antigens, and a fluorescently labeled secondary antibody (second 
layer), being  against the IgG of the animal species in which the primary antibody has been 
raised and thus  reacting with the primary antibody. This method is very sensitive due to signal 
amplification through several secondary antibody reactions with different antigenic sites on the 
primary antibody. 

Early endosome marker:

The early endosome marker used is a primary antibody produced in rabbit against a synthetic 
peptide mimicking a carboxyl-terminal end of EEA1. EEA1 is an early endosomal Rab5 
effector protein that has been implicated in the docking of incoming endocytic vesicles before 
fusion with early endosomes3. It has been shown to be specifically associated with the 
cytoplasmic face of the early endosome membrane. EEA1 has not been found on other 
membrane compartments and is thus one of the most specific early endosomal markers known 
to date.

Late endosome marker:

The late endosome marker used here is a primary antibody produced in mice against purified 
bovine 300 kDa CI-MPR. CI-MRP is a cation-independant mannose 6-phosphate receptor 
which cycles and transports both newly synthesized lysosomal enzymes between the trans 
golgi network and late endosomes/early lysosomes as well as extracellular lysosomal enzymes 
between the plasma membrane and early endosomes via clathrin coated pits. The steady state 
distribution of MPRs is predominately within late endosomes, fewer in the trans-golgi network 
and 5-10% at the cell surface. 

Materials:

Two combinations of primary/secondary antibodies were used - the protocol being the same 
for both sets. For early endosome staining, the EEA1 antibody (rabbit polyclonal) from abcam 
(ab2900) was used in combination with the AlexaFluor 635 antibody (goat anti-rabbit) 
secondary antibody (λabs 633 nm; λem 647 nm) from Invitrogen. For late endosome 
visualization the abcam (ab2733) mannose 6-phosphate receptor antibody (mouse monoclonal) 
was used with AlexaFluor 633 secondary antibody (goat anti-mouse) purchased from 
Invitrogen (λabs 632 nm; λem 647 nm) 

Procedure:
HeLa cells incubated under the conditions to be tested (time dependant uptake of particles, 
release of cargo) were fixed (see protocol below). The fixed cells were incubated for 30 min at 
room temperature with 1% BSA in PBS (BSA/PBS) to block sites for unspecific antibody 
binding. 1/250 dilutions of primary antibody in BSA/PBS were prepared and the cells 
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incubated with the primary antibody over night at 4°C. After three repeats of 5-min washing 
with PBS, the cells were incubated for 1 h at room temperature and protected from light with 
the appropriated secondary antibody at a dilution of 1/250 in BSA/PBS. Final washing of the 
cells consisted of three 5-min washes with cold PBS on a shaker. Further staining (e.g. 
nucleus) and embedding of the fixed cells was done according to the protocol described below.

6.1.4. Use of LysoTracker

The dynamic aspect of the journey of the particle through the endosomal pathway can be 
studied using a LysoSensor probe - a fluorescent pH indicator that partitions into acidic 
organelles. This selective accumulation into acidic organelles is a result of protonation, which 
in turn also relieves the fluorescence quenching of the dye by its weak base side chain, 
resulting in an increase in fluorescence intensity. 
LysoSensor Blue DND-167 from Molecular Probes has been chosen for its spectral (Abs: 373 
nm; Em: 425 nm) and chemical (pKa 5.1) characteristics.

Fig. 18: Chemical structure of 
LysoSensor Blue DND-167 

Determination of working concentration
HeLa cells were seeded in a 24-well plate at a density of 40000 cells per well and allowed to 
attach and grow for 48 h.
LysoSensor was diluted from the 1 mM stock solution with normal growth medium to reach 
concentration of 1, 2 and 5 µM per well (500 µl solution per well). 
The medium in the wellplate was exchanged with prewarmed probe-containing medium and 
the plates incubated respectively for 30 min, 1, 1.5 and 2 h before evaluation with a 
fluorescence microscope. 

Loading procedure
HeLa cells are seeded in the needed density in an appropriate culture dish and allowed to attach 
and grow for 48 h. 
LysoSensor solutions are prepared in normal cell growth medium to reach a concentration of 2 
µM per well, using a minimal total volume of solution per well. 
After the cells have reached confluence or the desired density, the medium in the dish is 
replaced with pre-warmed, probe-containing medium and the cells incubated for 1 h before 
visualization with fluorescence or confocal microscope. 

N

N

O

O

                                                                                                               109



Chapter 4
6.1.5. Staining of the nucleus

General idea

Depending on whether the cells are to be imaged whilst still alive or in a fixed sample, Hoechst 
33342 or DAPI can be used for cell nuclues staining.

Hoechst 33342 (Molecular Probes) is a cell permeable, blue fluorescent (λabs 350 nm; λem 461 
nm) dye frequently used in live-cell nuclear staining. It is a supravital minor groove-binding 
DNA stain with AT selectivity and although it binds to all nuclear acids, AT-rich dsDNA 
strands enhance fluorescence almost 2-fold greater than GC-rich strands. 

The blue fluorescenct DAPI (4’,6-diamidino-2-phenlyindole dihydrochloride, Molecular 
Probes) preferentially binds to dsDNA (in previously permeabilized cells), producing a 20-fold 
fluorescence enhancement.

Fig. 19: Chemical structure of Hoechst 33342 (left) and DAPI (right)

Procedure

For DAPI staining, fixed and permeabilized cells are incubated for 12 min at room temperature 
and protected from light with a solution containing 1 µl DAPI stock solution (1 mg/ml) in 1 ml 
PBS. After incubation cells are washed three times for 5 min with cold PBS under slight 
shaking.

For cell nucleus staining of live cells with Hoechst 33342, washed cells are incubated for 20 
min at room temperature and protected from light with a solution of 2 µl Hoechst stock 
solution (10 mg/ml) in 5 ml DMEM medium. After incubation cells are washed three times for 
5 min with cold PBS under slight shaking.

6.1.6. Combination

The following combinations have been investigated:

Uptake and potential colocalization of fluorescein-labelled nanoparticles with early endosomes 
using an antibody-based marker. Time-points were chosen to be 0, 30 min., 1 h, 1.5 h, 2 h, 2.5 
h and 3 h after incubation with particles. The cell nucleus was stained using DAPI. Stained 
cells were fixed and embedded in Mowiol for confocal imaging. 
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Uptake and potential colocalization of fluorescein-labelled nanoparticles with late endosomes 
using an antibody-based marker. Time-points were chosen to be 0, 30 min., 1 h, 1.5 h, 2 h, 2.5 
h and 3 h after incubation with particles. The cell nucleus was stained using DAPI. Stained 
cells were fixed and embedded in Mowiol for confocal imaging.

Uptake and potential colocalization of fluorescein-labelled nanoparticles with acidic organelles 
using LysoSensor in live cells. Time-points were chosen to be 0, 1h, 3h, 5h and 12h after 
incubation with particles.

Uptake, potential colocalization with acidic organelles and release of payload of fluorescein-
labelled nanoparticles containing TOTO-labelled DNA, using LysoSensor. 

Uptake and release of payload of fluorescein-labelled nanoparticles containing TOTO-labelled 
DNA. Time-points were chosen to be 0, 30 min., 1h, 1.5h, 2h, 2.5h and 3h after incubation 
with particles. The cell nucleus was stained using DAPI. Stained cells were fixed and 
embedded in Mowiol for confocal imaging.

6.1.7. Image processing

Images taken on a confocal microscope (Leica SP5) were usually recorded as stacks of slices 
(290 nm) through the cell layer using a 63x (oil) objective. The stacks were then reconstructed 
3-dimensionally using the Imaris software. Slices through the 3-D reconstruction were used to 
help localization of detected fluorescence in respect to cell features

6.2. Results

6.2.1. Use of LysoTracker

Determination of working concentration
Both the 1 µM LysoSensor concentration and the 30 min incubation time did not show any 
fluorescence. From this assay it can thus be concluded that the LysoSensor has to be at least 2 
µM in the solution added onto the cells and that the shortest incubation time should be 1 h.

Fig. 20: HeLa cells presented with different concentrations of LysoSensor Blue and incubated for 1 h (top panel: 
transmission, bottom panel: blue fluorescence)
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6.2.2. Combination

a. Uptake and potential colocalization of fluorescein-labelled nanoparticles with acidic 
organelles using LysoSensor in live cells. Time-points were chosen to be 0, 1 h, 3 h, 5 h and 12 
h after incubation with particles. And: Uptake, potential colocalization with acidic organelles 
and release of payload of fluorescein-labelled nanoparticles containing TOTO-labelled DNA, 
using LysoSensor. 

Although LysoSensor staining could be visualized in the preliminary trials to determinate the 
staining conditions, it was not possible to detect any signal in the combined fluorescence assay.

b. Uptake and release of payload of fluorescein-labelled nanoparticles containing TOTO-
labelled DNA. Time-points were chosen to be 0, 30 min, 1 h, 1.5 h, 2 h, 2.5 h and 3 h after 
incubation with particles. The cell nucleus was stained using DAPI. Stained cells were fixed 
and embedded in Mowiol for confocal imaging.

Fig. 21: Representative image of HeLa cells incubated for 3 h with TOTO-DNA 
(red) loaded fluorescein-labelled particles (green; nucleus staining: DAPI, blue). 

No red fluorescence from TOTO-labelled DNA could be detected in any of the prepared 
samples. Possibly the concentration of TOTO-labelled DNA in the particles is to low.

c. Uptake and potential colocalization of fluorescein-labelled nanoparticles with early 
endosomes using an antibody-based marker. Time-points were chosen to be 0, 30 min, 1 h, 1.5 
h, 2 h, 2.5 h and 3 h after incubation with particles. The cell nucleus was stained using DAPI. 
Stained cells were fixed and embedded in Mowiol for confocal imaging. 

Fluorescein-labelled particles have been found to be internalized into the cells in the first 30 
min after incubation (Fig. 22 and 23). However, at no point up to 3 h after initial  incubation of 
the cells with particles, could the particles be colocalized with early endosomes as stained 
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using an antibody-based marker (Fig. 24). Moreover green fluorescence from fluorescein-
labelled particles was found to accumulate in the perinuclar region.

Fig. 22: HeLa cells incubated with fluorescein labelled particles (green) for 5 
min; antibody-stained for early endosomes (red) and nucleus 
visualized with DAPI (blue)

Fig. 23: HeLa cells incubated with fluorescein labelled particles (green) for 30 
min; antibody-stained for early endosomes (red) and nucleus visualized 
with DAPI (blue)
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Fig. 24: HeLa cells incubated with fluorescein labelled particles (green) for 3 h; 
antibody-stained for early endosomes (red) and nucleus visualized with DAPI (blue)

d. Uptake and potential colocalization of fluorescein-labelled nanoparticles with late 
endosomes using an antibody-based marker. Time-points were chosen to be 0, 30 min, 1 h, 1.5 
h, 2 h, 2.5 h and 3 h after incubation with particles. The cell nucleus was stained using DAPI. 
Stained cells were fixed and embedded in Mowiol for confocal imaging.

Fig. 25: HeLa cells incubated with fluorescein labelled particles (green) for 3 h; 
antibody-stained for late endosomes (red) and nucleus visualized with DAPI (blue)
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6.3. Discussion

Although the exact mechanism of particle entry into the remains unclear, it could be shown 
that the particles are taken up in the first 30 min after incubation in a non-receptor mediated 
way and do not enter the classic endosomal pathway. This implies that particles do not come 
into contact with the acid and enzymolytic environment of the later endosomal system and that 
they do not need an additional mechanism to escape from such an endosome. 

No release of payload from the particles could be detected (most probably due to low 
incorporation efficiency of labelled DNA) but previous results (transfection) show that the 
cargo gets released from the PEG-disulfide particles.

The various tracking images of fluorescent particles in HeLa cells also show that the particles 
are trafficked quite rapidly to the perinuclear region where they accumulate and are degraded, 
very slowly releasing their payload. 

6.4. Summary and conclusions

The here designed nanoparticles have been found to enter cells in an non-receptor mediated 
way and to bypass the classic endosomal pathway. Possible ways of entry into the cell would 
be caveolin-mediated uptake or macropinocytosis (see Outlook, Chapter 5), elucidation of the 
exact mechanism would however require a lot more cell experiments. 

The particles have been found to be trafficked intracellularly to the perinuclear region where 
they are slowly degraded by the cytosolic reducing agents. This feature of accumulation and 
slow but steady release might be interesting for long-term in vivo applications. 
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7. Summary and discussion

Toxicity and immunogenicity concerns associated with viral vectors have led to an active 
interest in nonviral vectors for gene delivery. Although many nonviral systems are currently 
being investigated4-6, the efficiency of gene expression with nonviral vectors remains 
relatively lower10. Some of the more efficient systems like cationic polymers and lipid-DNA 
complexes are limited in their effective use in in vivo applications by toxicity concerns and 
instability in the presence of serum10,11. While different approaches are being investigated to 
overcome the problems associated with those systems12,13, biodegradable polymeric 
nanoparticles with entrapped plasmid DNA have shown the potential for achieving sustained 
gene expression7-9. 

The PEG-disulfide nanoparticles described in Chapters 2 and 3 have been successfully 
modified to carry covalently linked small molecules and/or entrap large moieties. 
Functionalization of the PEG-nanoparticles with a small, thiol-reactive molecule, such as a 
fluorescent label or a targeting moiety, is easily achieved for water-soluble agents during 
particle formation in a one-pot process. Control over size is still feasible, although entrapment 
of large molecules such as plasmid DNA increases the allover size of the nanoparticles - from 
around 140 nm to 240 nm diameter (as measured with DLS) in the here tested case. 
Incorporation efficiency of the test plasmid EGFP-N1 was rather low (38.9%) and size 
distributions of measured DNA-particle suspensions broader than of unloaded particles, 
indicating non-uniform entrapment in the particles, yielding a mix of plasmid-free particles, 
particles with plasmid attached loosely, particles with parts of the plasmid sticking out and 
particles with completely incorporated plasmid. Although it could be shown that none of the 
various particle formation and purification steps have a detrimental effect on the tested plasmid 
DNA, actual particle formation around the plasmid seems to influence its conformation, 
without however interfering with plasmid activity.

Potential cytotoxic effects of the nanoparticles and their degradation products have been ruled 
out through live/dead and mitochondrial activity assays, using particle concentrations as high 
as 500 µg particles per 20000 cells (1000 µg/ml in the described assays). Confocal imaging of 
HeLa, COS7 and 293T cells which have been presented with fluorescently labelled 
(fluorescein) nanoparticles showed that the particles were taken up readily and that there is an 
upper treshold for concentration of particles taken up (50 µg/ml < particle conc. ≤ 240 µg/ml). 
When comparing different cell lines (HeLa, COS7 and 293T), it could be shown that 
fluorescently labelled nanoparticles are taken up by all of the tested cell types, although in a 
lesser extent by COS7 and 293T. This might be explained by the fact that HeLa cells are cancer 
cells and have been described to readily endocytose drugs and particles, whereas COS7 and 
293T - being fibroblasts and kidney cells respectively - might be more discriminating and 
possibly non-receptor-mediated endocytosis is slower. Although the exact mechanism of 
particle entry remains unclear, it could be shown (in HeLa cells) that the particles are taken up 
in the first 30 min after incubation in a non-receptor mediated way (possibly via caveolin-
mediated uptake or macropinocytosis, see Outlook, Chapter 5) and do not enter the classic 
endosomal pathway. This implies that particles do not come into contact with the acid and 
proteolytic environment of the later endosomal system and that they do not need an additional 
mechanism to escape from such an endosome. Tracking of fluorescent particles in HeLa cells 
also showed that the particles are trafficked quite rapidly to the perinuclear region where they 
accumulate and are degraded by the cytosolic reducing agents, very slowly releasing their 
payload. 
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PEG-disulfide nanoparticles with a cargo of EGFP-N1 plasmid have been shown to transfect 
HeLa cells, resulting in a low (2.5 % vs. DEAE-dextran control assay) but steady development 
of green fluorescence. A lag time of three days after addition of particles before appearance of 
fluorescence was noted. The slow appearance of green fluorescent protein suggests that either 
the release of plasmid DNA from the PEG-disulfide particles is slow or that the DNA can only 
enter the nucleus during mitosis (HeLa cells dividing every 2 to 3 d). Indirectly, the 
transfection assays also confirmed: that the conformational change occuring during entrapment 
of plasmid DNA into particles does not impair plasmid activity; that the particles taken up do 
not come into contact with the content of lysosomes, i.e. that they bypass the classic 
endosomal pathway; and that the particles release their cargo slowly in the perinuclear region 
of the cell. 

In summary it can be stated that the here described method to synthesize PEG-disulfide-
crosslinked nanoparticles can be used to covalently attach small labeling or targeting moieties 
via free thiol groups and/or entrap large molecules like plasmid DNA in the PEG hydrogel 
network. Such functionalization of the PEG nanoparticles with biologically relevant molecules 
is achieved in a straightforward one-pot process and conditions of particle formation and 
purification have been shown to have no detrimental effect on the incorporated moieties. The 
disulfide-crosslinked nanoparticles and their degradation products have been shown to have no 
cytotoxic effects whatsoever. The here produced nanoparticels were taken up readily in an non-
receptor mediated way and are trafficked quite rapidly to the perinuclear region where they 
accumulate and are degraded by the cytosolic reducing agents, very slowly releasing their 
payload. Although the mechanism of entry into the cells remains unclear, non-receptor 
mediated endocytosis is attractive since the carrier does not enter the classic endosomal 
pathway and thus fragile payloads do not come into contact with the acidic an proteolytic 
environment therein. Incorporation effciency of model plasmid DNA into the PEG 
nanoparticles was low, however, transfection with thus loaded nanoparticles could be achieved 
in a steady and reproducible way. This feature of accumulation of nanoparticles in the 
perinuclear region and slow but steady release of load from the carrier might be interesting for 
long-term in vivo applications.
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 Chapter 5 Outlook
1. Summary
We have developed a novel nanoparticulate system for intracellular drug delivery which is
characterized by a reductively degradable hydrogel core material. Here its key features will
shortly be summarized and some critical issues raised.

The basis for the novel biodegradable nanoparticles is a branched poly(ethylene glycol) (PEG),
which has been functionalized with thiol groups using an improved, easy and high yield
synthesis protocol. A base-labile protective group (thioacetate) has been introduced to facilitate
storage and handling of the otherwise unspecifically reactive thiol moieties. The PEG-disulfide
nanoparticles are produced through oxidative crosslinking of deprotected macromonomers in a
newly developed one-pot inverse emulsion polymerization system, which is a mild and simple
technique and can certainly be scaled up. Purification of the particles completely removes the
surfactants and solvents used for the emulsion and lyophilization yields a product with a long
shelf life. Control over size is reproducible but only adjustable in the narrow range between
100 and 200 nm, due to the limitations in composition of the chosen inverse emulsion system. 

The nanoparticles can be loaded with hydrophilic substances, either by crosslinking them
through disulfides into the polymer network or by physical entrapment achieved during
network formation. Loading of large molecules through entrapment has been demonstrated
with plasmid DNA, confirming at the same time the mildness of the particle forming
conditions and purification methods, as well as the intracellular release through reduction of
the disulfide bonds. Covalent linkage of small molecules has been shown through the use of
fluorescent labels, thus making the nanoparticles detectable for intracellular tracking. 

PEG-disulfide nanoparticles exhibited no cytotoxic or cytostatic effects when exposed to
human carcinoma cells. When loaded with a GFP plasmid, the particles transfected these cells,
steadily and reproducibly. Although transfection efficiency was low, the PEG-disulfide
nanoparticles show potential for long-term in vivo applications. Fluorescently labelled
nanoparticles were observed to quickly enter cells in a non-receptor mediated way, to bypass
the classic endosomal pathway and to accumulate in the perinuclear region. While the
mechanism of this entry into the cell is not yet understood, it implies that these PEG-disulfide
nanoparticles do not come into contact with the acid and enzymolytic environment of the later
endosomal system and that they do not need an additional mechanism to escape from such an
endosome. Although this bypassing of the endosomal system comes with the price of having to
use passive targeting such as the EPR effect (the nanoparticles could easily be functionalized
with an active targeting moiety through reactive surface thiols), this should be seen as an
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opportunity to create a delivery vehicle that is as simple as possible. Moreover, ease of
fluorescent labelling of the PEG-disulfide nanoparticles might make them a useful candidate
for further investigations into this seemingly unspecific uptake mechanism.

2. Uptake into and pathway inside the cell - a short summary of recent
insights & implications for future applications of the PEG-disulfide
nanoparticles

The most common opinion on uptake of drug carriers into a cell can still be summarized in the
below shown endocytic pathway (Fig.1). 

Fig. 1: Schematic representation of the endosomal 
pathway (adapted from Haag et al.1)

However, recent research in this field has shown that this concept is over-simplified and has
increased the insight into endosomal diversity in terms of form and function dramatically. This
understanding has been promoted by the availability of powerful new techniques that allow
imaging of both cargo and machinery in the endocytic process in real time, as well as by the
ability to inhibit components of this machinery by RNA interference (for extensive overview
on methodologies see Perret et al., Evolving endosomes: How many varieties and why? in
Current Opinion in Cell Biology 2005, pp 423-4342). The emerging picture is that of a highly
complex, dynamic and adaptable endosomal system (see Fig. 2).
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Fig. 2: Various exo/endocytic routes and the endosomal network in a non-polarized cell (from Perret et al.2)

Endocytosis pathways as shown in the above picture2,3: (1) Macropinocytosis: Stimulation by
growth factors or other signals causes the actin-driven formation of membrane protrusions that
fuse with the plasma membrane to form large (up to 5 µm) endocytic vesicles known as
macropinosomes (MP) that non-selectively encapsulate large volumes of extracellular fluid
and are thought to be inherently leaky. Intracellular fate of macropinosomes differs depending
on cell type, either interacting with lysosomes or not and in general moving towards the centre
of the cell; (2) Phagocytosis: Specialized cells such as macrophages, neutrophils and
monocytes clear debris and pathogens by phagocytosis. Signalling cascades trigger the
rearrangement of the actin cytoskeleton and form membrane extensions that envelop the debris
and engulf it. Membrane required for the formation of the phagocytic cup can be supplied by
recycling endosomes (RE), late endosomes (LE) and/or the endoplasmatic reticulum (ER).
After internalization, the phagosome (Ph) fuses with lysosomes to form the phagolysosome
(Ph-Ly) and thus acquires hydrolytic enzymes required to degrade its cargo; (3) Clathrin-
mediated endocytosis: The major and best-characterized endocytic pathway, it occurs
constitutively in all mammalian cells and carries out the continuous uptake of essential
nutrients, antigens, growth factors and pathogens. Receptors internalized into early
endosomes/sorting endosomes (EE/SE) are segregated from their ligands due to the low pH
(5.9) generated by vacuolar proton ATPases. Ligands and fluid are sorted into LE for
subsequent degradation in lysosomes, while receptors (LDLR, TfR) are transferred to REs
which lie deeper in the cell near the microtubule organizing centre, and eventually recycled
back to the plasma membrane; (4) Caveolae-mediated endocytosis: Caveolae are small,
hydrophobic membrane microdomains that are rich in cholesterol and glycosphingolipids.
They are present in many cell types and especially abundant in endothelial cells. Opportunistic
ligands such as Simian virus 40 (SV40) and CTx have been used to study caveolar
internalization since they can trigger the formation of caveolae, thus enhancing their uptake,
and are internalized into specialized vesicles known as caveosomes. Caveolae are only slowly
internalized and caveolar uptake is a nonacidic and nondigestive route of internalization. Most
pathogens that are internalized by caveolae are directly transported to the Golgi and/or
endoplasmatic reticulum, thus avoiding lysosomal degradation; (5) Clathrin- and caveolin-
independent endocytosis: CTx and GPI-APs can be internalized via 40 - 50 nm raft-like
structures into the GPI-anchored protein-enriched early endosomal compartment (GEEC),
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from where they are sorted to the Golgi complex (CTx) or the REs (GPI-APs). Mechanisms
regulating these secondary endosomal sorting pathways are unclear. 

To elucidate which route of uptake is used by a certain carrier, a combination of colocalization
(e.g. with markers such as transferrin receptor for clathrin-mediated endocytosis2) and
inhibitor studies (e.g. chlorpromazine for clathrin-mediated endocytosis, wortmannin for
macropinocytosis and filipin for caveolae-mediated endocytosis2,3) would have to be applied.
However, it has been shown in such experiments that there is a certain degree of redundancy in
uptake routes, different kinds of endocytosis operating simultaneously, and that blocking one
pathway might result in increased uptake by other endocytic routes8. Thus some controversy
about cellular uptake will remain until all mechanisms of entry into the cell are clearly
understood. 

Nevertheless, the recent insights into the endosomal diversity offer the possibility of
developing new strategies for improvements in drug delivery, shifting the focus from creating
means to escape from the harmful environment of the acidic endosomes to specific targeting of
other endocytosis mechanisms. 

Cellular uptake and intracellular trafficking of the here produced PEG-disulfide nanoparticles
has been investigated in colocalization studies using fluorescently labelled nanoparticles and
cell compartments. These studies showed that the PEG-nanoparticles were taken up in a non-
receptor mediated way (since the particles were not functionalized with targeting moieties),
that they did not colocalize with early or late endosomes and that they were trafficked to the
perinuclear region where they accumulated and were slowly degraded. Lack of a targeting
moiety on the nanoparticles, their presumed stealth surface (making adsorption on the cell
membrane improbable) and non-colocalization with early/late endosomes preclude
endocytosis via the clathrin-mediated pathway. Nevertheless, it is not possible to conclude
from the available data whether the here described PEG-disulfide nanoparticles are
internalized via macropinocytosis, caveolae-mediated endocytosis or clathrin- and caveolin-
independent endocytosis. 

Macropinocytosis, being independent of clathrin, caveolae and dynamin, has received attention
as entry route for drug delivery systems as it has been demonstrated recently that the uptake of
drug delivery systems featuring the HIV1-derived protein transduction domain TAT occurs
through this pathway7. Although the exact mechanism of how this protein transduction domain
initiates macropinocytosis remains unclear, it has been postulated that the first step in
transduction is binding to the cell surface through ionic interactions between the positively
charged TAT peptide and negatively charged cell surface proteoglycans. Moreover this
receptor-independent pathway presents the advantages of increased uptake of macromolecules
(when present in high enough concentrations in the extracellular vicinity), the avoidance of
lysosomal degradation and the ease of escape from macropinosomes because of their relatively
leaky nature. This pathway could be utilized for targeted uptake of PEG-disulfide
nanoparticles through thiol-mediated conjugation of a TAT peptide, modified to include a
cysteine9,10, to the surface of the nanoparticles in the final phase of particle formation in the
inverse emulsion.  

Caveolae-mediated endocytosis has been found to be a preferred uptake pathway of large
(>200 and up to 500 nm) particles6 and has been associated with internalization of folate
receptors5, thus presenting an opportunity for drug delivery with nanoparticles in the
appropriate size range and either devoid of ligands or functionalized with folic acid. Folate-
mediated tartgeting is attractive for diseases in which the folate receptor is overexpressed, such
as in epithelial cancers of the ovary, mammary gland, colon, lung and prostate11. The here
described PEG-disulfide nanoparticles could easily be functionalized with a folate moiety
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through conjugation of a folate-SH12 to the residual surface thiols present after nanoparticle
formation in inverse emulsion. 

The original notion that clathrin-mediated endocytosis (CME) is 'the' pathway of entry into the
cells has been more and more superseded since technological breakthroughs i.e. RNAi and
powerful imaging techniques, have resulted in the uncovering of an unexpected level of
diversity and flexibility in internalization routes and endosome functions. More specifically,
the hitherto accepted concept that CME involves a common mechanism for a variety of
receptors has been replaced by a new scenario where different receptors utilize highly
individualized endocytic mechanisms. Although the design of a successful intracellular drug
delivery system requires a deep understanding of the mechanisms involved in the interaction of
the carriers with the cells, the role that the cargo plays in generating the various endosomal
routes is a key question that still remains largely unanswered, emerging carrier designs being
based mostly on previous experimental findings. For example recent evidence suggests that
internalization of protein transduction domains such as the HIV1-derived TAT sequence - and
consequently the cargo attached to them - occurs through caveolae-mediated uptake6,91 and
macropinocytosis7,92,93. Other reports suggested that caveolae-mediated endocytosis is a
preferred way of uptake of large particles6 (>200 and up to 500 nm) and have associated this
pathway with internalization of folate receptors5. Crommelin et al have found evidence8 for
the importance of the caveolae pathway in gene expression mediated by non-viral systems
such as pDMAEMA- and PEI-DNA complexes. Combining these empiric design rationales
with the advantage of a nonacidic and nondigestive internalization pathway, caveolae-
mediated endocytosis is emerging as a promising strategy for intracellular delivery, especially
if internalization can be increased trough the use of specific receptors for caveolae (folate,
ganglioside GM15). Macropinocytosis has been shown to be the main uptake route for
PEGylated Poly-L-lysine compacted DNA96 and, since this pathway has been found to be a
highly productive route for gene expression mediated by an octaarginine peptide94, the role of
macropinocytosis in gene delivery is under investigation in the group of H. Harashima,
Hokkaido University. Uptake through phagocytosis, because primarily restricted to specialized
cells, does not play a very big role in designing of drug delivery systems. However, phagocytic
uptake was proposed for very specific gene delivery applications, utilizing large cationic lipid-
DNA complexes and PEI polyplexes50,95. The mechanisms of clathrin- and caveolin-
independent endocytosis are still too unclear to design an efficient drug carrier using this
pathway into the cell. 

3. Recent developments in targeted intracellular delivery
Recent advances in molecular and cellular biology have led to the development of new classes
of therapeutic agents, which are required to be delivered at their cellular/subcellular targets.
Most of the newer agents developed have their site of action in the cytosol or cellular organelle
of the cells, e.g. proapoptotic anticancer drugs to the mitochondria, antibiotics and enzymes to
the lysosomes and various anticancer drugs and DNA therapeutics to the nucleus. While
proximity of the bioactive substance to the cell could be achieved by various developed
transport strategies, getting a drug across the plasma membrane into the cytosol is considered
one of the biggest rate limiting steps. Moreover, cellular targeting of drugs and therapeutic
materials to designated cellular locations relies upon their release from the carrier, either at the
extracellular or intracellular level, and subsequent passage across the biological membranes.
An ideal cellular targeted drug carrier should thus: (a) bypass the anatomical barriers, (b) be
recognized only by the target cells, (c) release the drug only at or inside the target cells (see Fig
3)
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Fig. 3: Biological barriers that must be crossed for a cellular targeted system to be therapeutically useful (from   
Rawat et al4)

The delivery of bioactive macromolecules to the intracellular site can be achieved by various
strategies, which are termed ‘cytosolic approaches’3. These include both direct entry to the cell
cytosol and entry by endosomal escape. Cell-penetrating peptides follow the first pathway and
various endosomal escape approaches such as vesicle membrane destabilization or buffering of
the compartment have been used to avoid degradation of sensitive cargo in the endo/
lysosomes. Carriers that have been used successfully in cytosolic delivery via endosomal
escape utilized fusogenic peptides, pH-sensitive polymers and lipids and cationic moieties
inducing a proton-sponge effect. From recent insights into endocytosis pathways, utilizing
endocytic mechanisms foregoing acidifying compartments and fusion with lysosomes, has
emerged as an additional design rationale for delivery of sensitive therapeutic agents.  

Various macromolecular drugs such as proteins and peptides, DNA and a number of drugs
which are unstable at endosomal/lysosomal pH, are required to bypass the classic endocytic
pathway of internalization for efficient activity in the cytosol or other organelles13. A novel
approach for transferring such molecules directly to the cytosol makes use of various peptides
called cell penetrating peptides (CPPs)14. The most actively studied peptides are derived from
HIV-TAT15,16, HSV-VP2217 and drosophila antennapedia (Antp)18. These peptides are
structurally similar in that they all contain a short amino acid sequence called the ‘protein
transduction domain’ (PTD) that is significant for contact with the cell membrane19,20. The use
of CPPs has been studied for the efficient intracellular delivery of various carrier systems like
nanoparticles10,21,22 and liposomes23,24. However, there are some limitations to using PTDs as
carriers since they require chemical linking to the drug and, some of them, such as those
derived from HIV-1 TAT, require denaturation of the protein to increase the accessibility of the
PTD domains. Recent research efforts try to overcome these shortcomings by designing short
synthetic amphipathic carriers that forego the need for crosslinking or denaturation19.

When a virus reaches the endosome by cell adsorption it releases its genome to the cytosol by
activation of capsid protein at the acidic pH of the endosome. This active protein fuses with the
endosomal membrane, resulting in membrane rupture or pore formation. A number of such
viral fusion peptides has been identified (mainly from the influenza virus25, and INF726) and
synthetic peptides have been designed that mimic virus-like entry into the cell. The majority of
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viral fusion peptides are random coil at pH 7.0 but undergo a conformational change into an
amphipathic α-helix at pH 5.0 which induces the fusion and lysis of endosomal membrane25,
27,28. Synthetic peptides have been designed which specifically destabilize endosomal
membrane without altering cell membrane integrity, which may cause cytotoxicity. The most
commonly used synthetic peptides are INF29, GALA30, JTS131, H5WYG32, and Melittin33.
Recently multifunctional peptides have also been synthesized, such as KALA34 and
ppTG2035, which bind DNA and also possess endosomolytic activity.

pH-Sensitive polymers and lipids have been investigated for enhancement of intracellular
delivery of therapeutics36-40, their advantage being the straightforward use as core material of
the carrier instead of additional conjugation of a fusogenic peptide onto the drug carrier. They
can mimic the pH-responsive behaviour of fusogenic peptides for endosomal membrane
destabilization activity, as has been shown for example for the pH-induced conformation
transition from extended chain to globular form of a copolymer of acrylic acid (AA) and N-
isopropyl acrylamide (NIPAAm)41 or the lamellar to hexagonal phase transition induced
through protonation of the amine group in dioleoylphosphatidylethanolamine (DOPE)42.
Several lipidic variations of pH-sensitive liposomes have been shown to improve the
cytoplasmic delivery of membrane-impermeable therapeutic agents and therapeutic efficacy
has been improved through attachment of ligands to the surface of pH-sensitive liposomes, e.g.
with folate-coupled pH-sensitive liposomes used to deliver neoplastic drugs43,44 and plasmid
DNA45.

The use of cationic lipids, such as DOTMA and cholesterol derivatives, and cationic polymers,
such as poly-L-lysine and PEI, for efficient intracellular delivery of DNA was suggested in
1987 46,47 and is currently a well-developed research field48. The slight net positive charge of
already formed lipoplexes and polyplexes is believed to facilitate their interaction with
negatively charged cells49. Despite endocytosis-mediated uptake of lipoplexes and polyplexes,
their content is released into the cytoplasm owing to the destabilization of the endosomal
membrane. Disruption of the endosome is achieved through a ‘proton-sponge’ mechanism,
making use of the amine groups that can be highly protonated during endosome acidification,
thus inducing massive water influx into the vesicle, causing osmotic swelling and eventual
vesicle lysis50. However, due to their otherwise unspecific interaction with cell membranes,
this kind of vehicles need functionalization with a targeting moiety, as has been investigated
for PLL-DNA complexes with transferrin51 or folate52 and cationic liposomes53-55. Another
drawback of cationic liposomes is their potential in vivo cytotoxicity56 and their tendency to
accumulate in the phagocytic cells of the RES upon intravenous injection57.

Polymeric nanoparticles occupy an increasingly prominent place in the armory of injectable,
colloidal drug delivery systems since the large versatility in polymer matrices allows for
tailoring of the nanoparticle properties to meet the specific intended need - slow or fast
polymer degradation and stimuli-responsive polymer erosion for temporal control over the
release of drugs. Biodegradable polymeric nanoparticles with entrapped plasmid DNA have
shown the potential for achieving sustained gene expression58-60. Most of the hitherto
investigated nanoparticulate systems consisted of hydrolytically degradable poly(D,L-lactide-
co-glycolide) (PLGA),  polylactide (PLA)58,59 poly(n-butylcyanoacrylate)61 or poly(epsilon-
caprolactone)62. Although hydrolytic degradation presents an easy and thus interesting
delivery method and has been investigated for conditions such as cancer where proteolytic
activity is upregulated63, it has certain pitfalls related to the rather unspecific degradation
mechanism. Upcoming new biodegradable materials make use of much more specific stimuli
such as oxidative or reductive environments, changes of pH64-66, temperature67 or external
application of ultrasound68 or light69. Oxidative triggered release70 is interesting in
pathological conditions, such as inflamed areas and tumors, where oxidative species are
released intra- and extracellularly. 
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Reductively triggered release presents another emerging interesting approach for
biodegradable materials, the high redox potential difference between the oxidizing
extracellular space and the reducing intracellular space imparting easy intracellar degradation
and relative serum stability. Although disulfides are being used in a variety of drug delivery
applications such as mucoadhesive bulk hydrogels and stabilized polyplexes (see table 5,
chapter 1), their use as crosslinking moieties in nanoparticles has so far been limited to the here
developed PEG nanoparticles, POEOMA nanogels developed by K. Matyjaszewski et al.71

and gelatin nanoparticles described by Kommareddy and Amiji72. The disulfide-crosslinked
gelatin nanoparticles have recently been used successfully for intracellular delivery of DNA
but have been found to need additional functionalization with PEG in order to impart blood
serum stability. The POEOMA (poly(oligo(ethylene oxide) monomoethyl ether methacrylate)
nanoparticles have been found to have good cellular uptake and potential enhanced blood
circulation time. However, formation of these PEG-analogue nanoparticles being achieved
through radical polymerization between OEOMA, PEG-functionalized bromoisobutyrate and
dithiopropionyl PEG-dimethacrylate, loading with drugs is limited to diffusional partitioning
from a drug solution into the hydrophilic nanogel core (as shown for doxorubicin) and
functionalization of the particle surface can only be achieved utilizing free OH moieties.
Compared to these two disulfide-based nanoparticulate systems, the here described PEG-
particles present apparent advantages, through their versatility in loading with therapeutic
moieties, the potential for and ease of surface functionalization, as well as the inherent
biocompatibility and stealth characteristic of a material without need of further modifications.
In general nanoparticles seem to be the most attractive disulfide-crosslinked colloidal drug
delivery device, having the advantages of ease of preparation and modification, control over
size, drug loading versatility as well as long-term stability (shelf-life, at the low reductive
potential in blood circulation and slower degradation intracellularly) over polyplexes
(disulfide-stabilized PLL-PEG-DNA complexes73, reducible PDMAEMA-DNA complexes75

reducible polycation-DNA polyplexes74) and liposomes (PEG-SS-PPS vesicles76).

4. Critical perspective
We set out in this research to develop a material platform to serve as a carrier system to deliver
drugs to cells - with a particular focus on cytoplasmic targeting - while at the same time
protecting them from external influences, such as clearance mechanisms or degradation. The
biotechnology revolution of the late 20th century yielded vast advances in Man's ability to
design and produce biomolecular drugs, which are mostly macromolecular and hydrophilic -
including proteins, glycosylated proteins, oligonucleotides, and DNA. Due to the
physicochemical characteristics of these molecules, they are unable to access the cytoplasmic
compartment of the cell, and thus the nucleus as well; as such, the domain of the cell where the
most sensitive regulatory machinery resides is geographically out of reach of such molecules,
or, to use the jargon of the field, cannot be considered as a target. 

As discussed in more detail in the introduction chapter (section 2) of this thesis, Nature has
developed approaches by which to overcome the above-mentioned barriers: For example viral
surface proteins are able to destabilize the cell membrane after endocytosis, thus very
effectively delivering (pathogenic) DNA to the cell. This biology has been very effectively
exploited in the field of viral gene therapy, using viruses such as adeno-associated virus,
adenovirus, vaccinia virus (in a number of vaccine formulations), and, most notably, the
lentivirus. From the perspective of research, these organisms serve as extremely powerful
tools; however, from the perspective of therapeutics, their complexity is a considerable
limitation. Such limitations led us to explore alternative, potentially simpler and safer,
approaches, by which to utilize materials chemistry to accomplish similar ends, i.e.
cytoplasmic delivery of hydrophilic macromolecules. 
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Our design was chemically simple: we sought to (i) design particles within a size range to
enable beneficial pathways of cellular uptake and favourable circulation time, (ii) utilizing a
crosslinking chemistry that is destabilized only after cellular entry and at the same time is
consistent with encapsulation of biomolecules and can be used for further biological
functionalization, (iii) which particles are physicochemically stable in the extracellular milieu,
and, as a point of practicality, (iv) are designed with favourable toxicology in mind, both prior
to and after degradation.

We now raise the following self-critical questions, to explore if the design has indeed
accomplished its ends, to evaluate if alternative approaches that are superior have in the
meantime emerged, and to consider the approach in a broader materials context:

(i) Have we selected a particle size range that is useful for cytoplasmic targeting?

As reviewed in detail in section 2 in this chapter, knowledge of the pathways of cellular uptake
of extracellular particles, complexes and solutes has progressed extensively during the course
of this research project2,3. We initially contemplated, and indeed expected, the need for
binding particles to the cell surface via biomolecular affinity, in order to enable a receptor-
mediated pathway of endocytosis, which, the literature would teach, could be expected for
particles up to 200 nm1. This expectation led us to select this small size range, here typically
140 nm for drug not including DNA and 240 nm for encapsulated DNA. Although our design
contemplated receptor-mediated endocytosis, we observed that cellular uptake occurred by a
non-receptor mediated process, most probably via caveolae6. For our purposes, this was a
particularly favourable outcome, since the caveolae empty directly in to the cytoplasm. Thus,
our selection of particle size to fit within caveolae was particularly fortuitous. Based on the
literature, such a pathway would be excluded for larger particles, e.g. in excess of 500 nm, as
detailed above6. 

We note that the size range that we have selected is very useful for the enhanced permeability
and retention effect (EPR effect, 300 nm fenestrations) of passive targeting79,80, which is of
course very favourable. However, we also note that, should we wish to actively target based on
biomolecular recognition, for example with an antibody directed against a tumour cell surface
antigen, that uptake would be presumably be dominated by classic endocytosis processes and
thus the topic of endosomal escape would, in our design, remain unaddressed. By contrast, the
more tumour-generic approach of bioactive targeting based on folate receptor over-expression
and biomolecular recognition of particle-bound folate, may still be highly relevant for the
caveolar pathway, as detailed above5.

Unanswered questions: (1) Issues of quantitative optimization remain to be explored, for
example whether 50 nm particles would more effectively enter the cytoplasm than 100 nm
particles. We have demonstrated the range of interesting, but have not identified necessarily a
precise optimum. Indeed, as mentioned below, such optimization might be difficult with our
method of nanoparticle production. (2) We describe above that the usefulness of our design in
endosomal destabilization is unknown. We described extensive swelling with bulk gels during
reduction-mediated degradation; it may indeed be that such swelling, occurring also in
endocytosed nanoparticles, would lead to effective endosomal disruption. Such a reality
remains unexplored; antibody-mediated targeting, with fluorescence tracking and
compartment identification, could be used to answer such questions. 

(ii) Is reduction-mediated carrier degradation a valuable mechanism for intracellular drug
delivery? Is the chemistry useful for encapsulation of biomolecular drugs? Can the material
platform be biologically functionalized?
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Our original conceptualization of an uptake pathway was by endocytosis, and this drove our
thinking toward a reductive mechanism of materials degradation. As described in the
introduction chapter, this was considerably different than the more common approach of
utilization of the pH drop that occurs during endosomal maturation, from 7.4 to eventually 5.5
or even less1. Others have utilized this pH reduction to trigger hydrolysis81-83; our concern was
that hydrolysis-mediated material degradation is relatively slow, and if disruption takes more
than ca. 2 h., lysosomal fusion would occur regardless, potentially leading to biodegradation of
the drug. 

Since it has been shown that disulfide bond cleavage is a key step in intracellular processing of
endocytosed material (see section 4.3. of chapter 1), using reduction-mediated degradation was
attractive to us as a materials degradation mechanism. The about 1000-fold lower reduction
potential outside cells84 ensures relatively good stability of disulfides in the bloodstream and
allows for the design of long-circulating disulfide-crosslinked drug carriers. 

Our data strongly supports a non-endocytic pathway for nanoparticle uptake, with direct
trafficking into the cytoplasm. We note that the cytoplasm is equally reductive as the late
endosome84, and as such the disulfide-crosslinked nanoparticles can efficiently degraded to
soluble polymer within the cytoplasm. Indeed, our data demonstrated effective cytoplasmic
delivery of polymer-bound fluorophore as well as fluorescently-labelled DNA, showing both
where the materials go and where the highest molecular weight, hydrophilic biomolecule
would also go. Thus, we conclude that reduction-mediated carrier degradation is indeed a
valuable mechanism for intracellular drug delivery. 

As to the question of consistency of the crosslinking mechanism with the chemistry of
biomolecular drugs, we see no complexity with peptide drugs, oligonucleotides and even
DNA, which have no reactivity to thiols. Indeed, such macromolecules can be incorporated
especially well within the flexible, hydrophilic matrix of crosslinked PEG, as compared, for
example, to more hydrophobic platforms such as polyesters (which are difficult to form into
such small nanoparticles as well). With regard to protein drugs, we are more concerned. Most
proteins of interest would be structurally stabilized by disulfide bonds, and these may be
subject to disulfide exchange reactions. To this point, van de Wetering et al.77, encapsulating
proteins in PEG gels formed by Michael-type addition of PEG acrylates with dithiothreitol
(DTT) observed such disulfide exchange, and thus (unwanted) derivatization of the protein
during encapsulation. This was avoided by first precipitating the protein and performing the
encapsulation under conditions to retain the precipitated state; with our crosslinking chemistry,
such strategies may also be effective. Such a hope would depend on the compatibility of such
conditions with the inverse emulsion process, and would also require that the protein
precipitate are smaller than, say, 50-75 nm, which is not straightforward. 

Our materials design envisioned at least the potential for biological functionalization and
thereby targeting. While we have demonstrated that this may not be necessary, it is
nevertheless interesting to have the potential. This was demonstrated, using a fluor as a model
compound. The inverse emulsion crosslinking process leaves residual thiols on the polymer
surface, due to restricted mobility as solidification is approached. We demonstrated that these
residual thiols, ca. 1% of the total, can be used for biomolecular functionalization. In any case,
these residual thiols must be quenched in order to prevent interparticle, disulfide-mediated
crosslinking and thus aggregation. 

Unanswered questions: As discussed above, we believe that DNA should be incorporated
within the disulfide-crosslinked materials without chemical damage. However, we did observe
some structural changes as indicated by altered gel migration patterns. The molecular details of
these changes have not been characterized. Moreover, we observed rather low transfection
efficiencies with particle-encapsulated DNA. The mechanisms underlying this observation
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could be related to the structural changes mentioned above, or rather to biological barriers,
such as poor entry into nucleus (in the absence of cell division, our plasmid design including
no such features as NLS). Moreover, the amount of DNA encapsulated was rather low, and this
process remains to be optimized. We also note that DNA encapsulation may depend on particle
size within the size distribution, and that particle uptake also depends on particle size within
the distribution; given that DNA-containing particles are larger within the distribution, and that
uptake may depend on particle size, this may also be an influence. Regardless, we note that the
value of low molecular weight oligonucleotides drugs, such as antisense oligonucleotides,
siRNA and aptamers, is high, and with such molecules the above mentioned-effects would be
unexpected. 

(iii) What are the advantages and disadvantages of a crosslinked vs. self-assembled material
platform? Is the nanoparticle production process selected, utilizing inverse emulsions,
favourable?

Our design contemplated the use of a crosslinked core in order to produce a nanoparticle that
could not dissociate in the extracellular milieu or within a vial; a chemical reaction is needed to
induce such dissociation. This stands in contrast with self-assembled systems, e.g. with
phospholipids or block copolymer amphiphiles. Phospholipid vesicles are notorious for limited
stability, and indeed processes such as post-formation crosslinking or stabilization with
polyelectrolytes complexes are necessary78. This requires an additional chemical process, and
moreover formation of such a shell structure reduces the inherent advantages of a cell
membrane-like self-assembly, yielding a final surface that is very different from the conceptual
starting point. We note that macroamphiphiles can be much more stable in biological fluids;
although Pluronic micelles are not highly stable, micelles formed from other, more
hydrophobic blocks than the poly(propylene glycol) in the Pluronic can be very stable. Thus,
we do not hold that all self-assembled structures will have stability issues, but we also note that
such stability limitations are excluded with our approach. 

The inverse emulsion process adopted and optimized in this work led to an accessible size
distribution from ca. 100 nm to ca. 200 nm. In principle, this could be broadened somewhat,
however not greatly. In particular, smaller sizes are difficult to access, due to post-gelation
swelling. With shorter PEG chain lengths, smaller particles are obtainable, however low
molecular weight PEGs are toxicologically more problematic than the molecular weights we
utilized in these studies. We would also note that the inverse emulsion process yields
somewhat narrow size distributions, especially for incorporated small molecules (DNA was a
notable exception), although not nearly as small as can be achieved with self-assembly
processes yielding micelles with block copolymer amphiphiles. In spite of these limitations,
we note that the inverse emulsion was very convenient for us, in that it at once allows particle
formation, particle loading and particle functionalization without intermediate purification. 

Unanswered questions: The main unanswered question from this work relates to incorporation
of very high molecular weight drugs, namely plasmid DNA. While, as a drug, this may be the
least interesting of the molecules considered, it is nevertheless an untapped potential, and
effective nonviral transfection would open up new therapeutic possibilities. We note that other
methods, such as complexation with cationic lipids or polycations, lead to considerable DNA
compaction, and that our methods does not accomplish this; it may be necessary to utilize such
a secondary compaction method, and then our encapsulation method, to obtain narrow, small
size distributions. 

(iv) Have we designed a material platform with inherent pharmacological or toxicological
flaws? 
                                                                                                               129



Chapter 5
Since the surface of the particles consists entirely of PEG, these nanoparticles should be
protected from opsonization and thus evade uptake and elimination via the reticuloendothelial
system85. Thus, from a pharmacological perspective, we expect, based on the large literature
with PEGylated proteins and PEGylated particles (see section 4.1 chapter 1), that particle
circulation times would be acceptable. From the toxicological perspective, PEG as a
degradation product is particularly favourable. Here, the reduction product is a branched, thiol-
terminated PEG, with molecular weight of, for example, 10 kDa or 20 kDa. These molecular
weights are very consistent with the molecular weights of PEGs used in PEGylated proteins,
for which toxicology has been extensively studied (there are several PEGylated protein
therapeutics on the market at present)86-88. As such, PEG-related toxicology is not anticipated,
although we note that the dose of PEG from a release system will be in excess of that of PEG
from a PEGylated protein. PEG molecular weights as low as 1000 D and as high as 40 kDa are
likely acceptable89,90. 

Unanswered questions: While we expect that the circulation time of the PEG-based
nanoparticles will be acceptable, we note that animal studies remain for the future. We also
note that while protein adsorption to the nanoparticle surface should be very, very low, the
possibility of disulfide exchange with extracellular proteins prior to cellular uptake cannot be
excluded and must be characterized in the future. All of the free thiols on the polymer have
been quenched irreversibly, and the redox equilibrium between free thiols and disulfides in the
polymer very strongly favours the disulfide, greatly limiting the potential for disulfide
exchange with protein disulfides. Finally, we note that, in our work and that of all others, it is
unclear how intracellular PEG becomes again extracellular to be cleared by renal filtration90.
This presumably occurs with the cell in question finally dies, but this remains to be
experimentally confirmed. 

Based on the above considerations, we now come back to the initial design. We proposed
crosslinking by thiol oxidation and intracellular degradation by disulfide reduction with 100  to
200 nm nanoparticles containing entrapped biomolecules. We remain of the opinion, based on
our data and expectations from the literature, that the design has merit. We were fortunate to
see a favourable pathway directed to the cytoplasm, without the need for endosomal disruption
and without biofunctionalization. Use with peptide and oligonucleotides drugs seems to be
straightforward, but with proteins and DNA further work may be required. 
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