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Chapter 1
General Introduction
1.1 Background
The concept of gene therapy is the introduction of therapeutic genes into abnormal cells
to treat human diseases. For successful gene therapy an essential prerequisite is the
development of safe and efficient gene delivery vectors [1]. Viral vectors derived from
natural viruses are still widely investigated and even employed in clinical gene therapy due
to their inherent capability to infect cells with high efficacy. However, viral vectors are
associated with potential safety risks and immune response after repeated administration
[2]. Non-viral vectors such as cationic polymers do not have these problems and take the
additional advantages of easy manufacturing and versatile chemical modification [3].
Therefore, cationic polymers are emerging as attractive alternatives in gene delivery.
During last decade, many cationic polymers have been studied as non-viral vectors for
gene delivery [4]. Typical polymers are polyethylenimine, poly(L-lysine), polyamidoamine
dendrimers and poly(2-dimethylaminoethyl methacrylate). However, current systems are
hampered by low transfection efficiency and/or high cytotoxicity. The low efficiency of the
polymers may be caused by various gene delivery barriers related with stability of the
polyplexes in plasma, cellular uptake, endosomal escape, intracellular vector unpacking of
polyplexes, and translocation of DNA into the nucleus. The cytotoxicity may be at least
partially ascribed to the non-degradable nature of these polymers.
Poly(amido amine)s are peptidomimetic polymers that can be readily synthesized by the
Michael-type addition reaction of amine compounds to bisacrylamides. Linear poly(amido
amine)s possess protonable tertiary amines in their main chain and can be provided with a
variety of functional groups in their side chain (Figure 1.1). Generally, poly(amido amine)s
have good water solubility, low toxicity, and good (long-term) biodegradability. These
properties make poly(amido amine)s have great potentials for biomedical application,
including drug and gene delivery as well as tissue engineering [5].
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Figure 1.1. Chemical structure of linear poly(amido amine)s.
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1.2 Aim of the study
The main aim of the study described in this thesis is the design of non-viral vectors for
safe and efficient gene delivery based on functionalized biodegradable cationic poly(amido
amine)s. The polymer systems are expected to be low toxic and capable to induce highly
efficient transfection. Furthermore, the structural effects of these cationic polymers on their
gene delivery properties, transfection capability and cytotoxicity are also systematically
investigated.

1.3 Outline of the thesis
In this thesis, bioreducible poly(amido amine)s are designed as non-viral vectors for gene
delivery. The structural influences of these polymers on their gene delivery properties,
transfection capability and cytotoxicity in vitro are discussed in detail. The results on in
vivo gene delivery to cancer cells with the bioreducible poly(amido amine)s are also
described. Parts of the work in this thesis have been published in international peerreviewed journals [6-9].
In Chapter 2 a literature overview is presented focusing on the strategies that have been
followed to design cationic polymers as non-viral vectors for gene delivery. This review
aims to contribute to the understanding of the current status on polymeric gene carriers and
the challenging work that can be done in the near future.
In Chapter 3 linear poly(amido amine) homo- and copolymers containing secondary and
tertiary amino groups and different amounts of disulfide linkages in the main chain are
designed and evaluated as non-viral vectors for gene delivery in vitro towards COS-7 cells.
In this study, we explore the potential of disulfide-containing poly(amido amine)s as nonviral gene vectors. Moreover, the effect of disulfide linkages on gene delivery properties,
transfection efficiency and cytotoxicity of these polymers are described.
In Chapter 4 bioreducible poly(amido amine)s containing repetitive disulfide linkages in
the main chain and various functional side groups (SS-PAAs) are synthesized and evaluated
as non-viral vectors for gene delivery in vitro. The influences of the side groups on the
transfection capability and cytotoxicity of these SS-PAAs were investigated. The
transfection efficiency with variation of the incubation time in the presence of serum is also
determined for these polymers.
In Chapter 5 we describe the synthesis of random and block copolymers of poly(amido
amine) having bioreducible disulfide bonds in the main chain and amino groups with
distinctly different basicity in the side chain. This study deals with the design of cationic
polymers possessing the optimal combination of buffer capacity and DNA condensation
capability, two important properties for gene delivery. The effect of structural differences
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of the copolymer, i.e. a random versus a block pattern, on the gene delivery properties and
transfection efficiency is also studied.
In Chapter 6 linear bioreducible poly(amido amine)s containing oligoamines in side
chain (SS-PAOAs) are prepared and designed for non-viral gene delivery. This study aims
to ascertain the chemical structural effects of oligoamine side chains (i.e. effects of amine
type and amino spacer length) in the SS-PAOAs on their buffer capacity, transfection
efficiency and cytotoxicity profile.
In Chapter 7 bioreducible poly(amido amine) (SS-PAA) copolymers conjugated with
folate-poly(ethylene glycol) (FA-PEG) are designed as multifunctional non-viral vectors for
targeted gene delivery to OVCAR-3 cells in vitro. The colloid-stability of polyplexes from
these polymers in time is studied under physiological conditions. The influence of the
amount of FA-PEG chains attached to the SS-PAA copolymers on transfection capability in
vitro is also investigated.
In Chapter 8 bioreducible poly(amido amine)s with hydroxybutyl or hydroxypentyl side
groups are evaluated for in vitro gene delivery to OVCAR-3 tumor cells and in vivo after
intraperitoneal administration in mice bearing an ovarian cancer xenograft.
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Chapter 2
Strategies to Design Polymeric Gene Carriers
2.1 Introduction
Gene therapy holds considerable promise for treating human diseases such as cancer and
AIDS [1]. The main process of gene therapy involves the transfer of encoded gene into a
patient’s somatic cell to produce specific therapeutic proteins. A mainstream strategy for
gene therapy is the use of a delivery vehicle, also called gene delivery vector. An ideal
vector is expected to be safe and efficient. Definitely, the delivery system is biocompatible
and does not elicit immunogenicity and cytotoxicity; it is capable to efficiently transfer
genes into targeted nucleus for a high level of gene expression.
Gene delivery vectors are currently classified into viral or non-viral type. Viral vectors
are engineered natural viruses, such as retrovirus, adenovirus and vaccine virus, with
eliminated pathogenicity. Due to their high transfection capability to infected cells, viral
vectors are most popular for gene transfer in vivo. Unfortunately, viral vectors have
problems in random insertion into host genome, immune response and limitation of genecarrying capacity [2]. Safety concerns on viral vectors lead to a new focus on non-viral
vectors. Non-viral vectors take advantages over viral vectors in potential low
immunogenicity after repeated administration, easy manufacture, large-scale production
and unlimited gene-packaging capacity [3]. Non-viral vectors are natural or synthetic
cationic materials. Among various non-viral vectors, cationic lipids and cationic polymers
(Figure 2.1) are widely investigated [4, 5]. Cationic lipids condense DNA into lipoplexes
that show cellular transfection with moderate levels of gene expression. However, cationic
lipids are usually highly toxic after repeated administration and induce inflammation [6].
Cationic polymers like polyethylenimine are promising for use in non-viral delivery since
they can be versatilely tailor-made and conjugated with essential functionalities [5, 7].
Cationic polymers condense DNA into nanosized complexes (polyplexes) that are capable
to transfect different types of cells. However, these systems are not yet advanced to clinical
usage due to their relatively low transfection efficiency and/or high cytotoxicity [8-10].
Therefore, over past decade effort has been direct to the development of safe and efficient
polymeric gene carriers.
There have been some excellent literature reviews on polymeric gene delivery systems [4,
5, 8-10]. However, versatile strategies to design cationic polymer-based gene carriers are
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not fully summarized. In this chapter, we will discuss conceptual strategies to design
cationic polymers for safe and efficient gene delivery. This review aims to contribute to the
understanding of the current status on polymeric gene carriers and the challenging work
that can be done in this area for the near future. Fundamental knowledge about polymermediated gene delivery and extra- and intracellular barriers to the delivery pathway are
described in section 2.2. In section 2.3, current strategies to design cationic polymers that
are capable to address these barriers are reviewed. Section 2.4 deals with gene vectors for
safe gene delivery. The strategies to design cationic polymers with low cytotoxicity are
outlined.
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Figure 2.1. Examples of non-viral vectors: cationic lipid and cationic polymer.

2.2 Cationic polymer-based gene delivery
In the process of gene delivery, polymeric vectors carrying therapeutic genes encounter a
series of barriers when they deliver the genes into targeted cells of interest. For the design
of efficient polymeric transfection vehicles, it is essential to understand the polymer-based
gene delivery pathway. Although this process is not fully elucidated, the mechanism
involving the basic steps is presented in section 2.2.1. Furthermore, the extracellular and
intracellular barriers that have to be overcome are discussed in more detail in section 2.2.2
and 2.2.3, respectively.

2.2.1 Cationic polymer-mediated gene delivery pathway
A pathway of systemic gene delivery, mediated by cationic polymers is illustrated in
scheme 2.1. Cationic polymers form nano-sized complexes (polyplexes) with DNA by a
self-assembling process due to electrostatic interaction of the positively charged polymer
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groups with the negatively charged DNA. Polyplexes with positive surface charge are
formed at an excess N/P ratio (defined as the ratio of the number of protonable amino
nitrogen atoms in the polymer to the number of phosphate groups in the DNA). In order to
deliver DNA to distant abnormal organs/tissues, intravenous administration is often
performed. When polyplexes encounter to the cells, they may interact with the negativelycharged cellular membrane and are uptaken into the cells via endocytosis. In the
intracellular environment, the polyplexes are normally located in endosomes that become
acidified and finally fuse with lysosomes. In this case, DNA is prone to degradation by
lysosomal enzymes. In order to deliver their DNA cargo successfully to the nucleus,
polyplexes must escape from the endosome by some transmembrane mechanism or
endosomolytic process like osmolysis by the “proton sponge effect” [11]. After endosomal
escape, polyplexes are located in the cytoplasm. So far the fate of polyplexes in the
cytoplasm is not fully understood. However, polyplexes have to unpack DNA to deliver it
to a suitable site in the cytoplasm near the nucleus or in the nucleus. After translocation of
DNA into the nucleus, transfection activity is achieved by the gene expression system to
produce protein.

a

+
DNA

cationic polymer

polyplexes
b

endosome

f

e

d

c

g

nucleus
lysosome

Scheme 2.1. Schematic illustration of cationic polymer-mediated gene delivery. a) Formation of
cationic polymer/DNA complexes (polyplexes); b) intravenous administration of polyplexes; c)
cellular uptake of polyplexes by endocytosis; d) endosomal pathway of polyplexes; e) endosomal
escape of polyplexes; f) polyplexes unpacking and nuclear translocation of DNA; g) degradation of
polyplexes in lysosome.

7

Chapter 2

2.2.2 Extracellular barriers
After intravenous administration of polymer/DNA complexes (polyplexes), these
nanoparticles have to pass several barriers in the extracellular environment [12]. First,
nucleases present in the intercellular or in the intravascular milieu can rapidly eliminate
naked polynucleotides by enzymatic degradation. Generally, cationic polymers present at
excess N/P ratios prevent DNA from such degradation by the spontaneous condensation of
DNA with these polymers under the formation of nanosized particles. Second, the physical
stability of polyplexes in physiological milieu forms a great barrier. The high ionic strength
due to the presence of salts in the extracellular fluid weakens the electrostatic interaction
between cationic polymers and DNA, resulting in dissociation of the polyplexes. Third,
non-specific interactions between polyplexes and proteins or cellular surfaces are an
important barrier. Polyplexes generally have a positively-charged surface when they show
optimal delivery efficacy due to absorption to the negatively charged cell membrane and
subsequent endocytosis. However, the positive polyplexes can also absorb negativelycharged blood proteins, such as albumin, leading to the formation of large-sized particles or
aggregates. Moreover, polyplexes can interact with negatively-charged blood cell
membranes and induce aggregates of erythrocytes. Fourth, during circulation in the
bloodstream polyplexes can be accumulated in tissues such lung and liver or cleaned by
phagocytosis.

2.2.3 Intracellular barriers
Polymeric vectors have to overcome not only extracellular barriers, but also quite a
number of intracellular barriers [13]. The cellular membrane that excludes the cellular
interior from the extracellular environment is the first barrier that has to be overcome.
Second, after cellular internalization uptake of polyplexes can occur by different
mechanisms, each having their specific requirements. The endosome-lysosomal pathway
can form a great barrier to efficient gene delivery. Polyplexes located in the endosomes can
undergo degradation during the acidification process from early to late endosomes and
finally the fusion with lysosomes. Genes are easily degraded by enzymes present in the
acidic endosomes (pH 5-7) and lysosomes (pH 4.5) [14]. Therefore, escape of the
polyplexes escape from the endosomes into the cytosol is required in order to eventually
delivery their cargo to the nucleus. Once in the cytosol, the cytosolic trafficking of
polyplexes to the nucleus is the third hurdle to overcome as the cytoplasm contains many
proteins, RNA and organelles that may seriously hamper the diffusion movement of
polyplexes. Recently, it was shown that the movement of polyplexes to the nucleus along
the cytoskeletal network could be mediated by binding of polyplexes with anionic
microtubules or molecular motor proteins [15, 16]. Fourth, the nuclear membrane is an
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important obstacle for the entry of polyplexes. Polyplexes are considered to enter the
nucleus as the nuclear envelope opens during the mitosis of dividing cells [17]. However,
transport of polyplexes into nucleus in the non-dividing cells occurs via an active transport
mechanism, mediated by nuclear pore complexes [18, 19]. Fifth, vector unpacking is a
barrier to gene delivery. The stage of the process in which vector unpacking is optimal is
unknown and can vary for different polyplexes, but it is obvious that genes should be
sufficiently released from polyplexes for transgene expression. It has been shown that
release of DNA from polyplexes is a limiting step for high levels of gene expression [20].

2.3 Strategies to design efficient polymeric vectors
In this section, strategies to design efficient polymeric vectors that are capable to address
aforementioned extra- and intracellular barriers are reviewed.

2.3.1 Colloid-stable polymeric vectors
As mentioned in 2.2.1, in the extracellular environment blood components such as salts
and proteins make polyplexes unstable. There are two conceptual methods to create colloidstable polyplexes.
2.3.1.1 Charge shielding of polyplexes
One important concept on the design of colloid-stable polyplexes involves surface
shielding of positively-charged polyplexes. This can be achieved by the conjugation of
cationic polymers with biocompatible hydrophilic polymers, such as poly(ethylene glycol)
(PEG) [21, 22], poly(2-N-hydroxypropylmethacylamide) [23] and dextran [24]. PEG is one
of the widely used biomaterials. The PEGylated cationic polymers condense DNA into the
polyplexes that consist of an interior polymer/DNA core and an exterior PEG shell. The
neutral PEG chains on the surface of the polyplexes diminish undesirable interactions
between the polyplexes and blood components like serum and prevent the polyplexes from
dissociation in the physiological environment by steric hindrance. Thus, PEGylated
polyplexes in neutral surface charge show favorable biophysical properties, resulting in
elongated circulation and lower toxicities in vivo [21]. PEGylated polymers can be designed
in different types of architectures, i.e. comb-shape, linear A-B or ABA block copolymers
(Fig. 2a-c) [25, 26]. Further studies showed that the degree of PEGylation and molecular
weight of PEG may influence DNA condensation ability of the PEGylated polymer. Kissel
et al. showed that modified branched pEIs (25 kDa) with high-molecular weight PEG (20
kDa) yield smaller size of polyplexes as compared to those with low-molecular weight PEG
(550 Da) in the physiological environment. Moreover, DNA condensation ability of
PEGlyated pEIs was impeded with increasing degree of PEGylation. A similar result was
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also reported by Putnam et al., who revealed that particle size of the polyplexes of
PEGylated polyhistidine increase with increasing degree of PEGylation [27]. Therefore,
degree of PEGylation to cationic polymer should be optimized. Notably, Kissel et al. also
suggested that the in vivo stability of PEGylated polyplexes is DNA dose-dependent. With
a low dose of DNA a rapid dissociation of DNA from PEGylated pEI/DNA polyplexes was
found. Whereas, with higher doses of DNA the PEGylated pEI and DNA remain associated
[28]. Generally, PEGylated polyplexes induce lower levels of gene expression because their
neutral surface impairs efficient cellular association and internalization [28, 29]. One
approach to overcome this limitation is the attachment of targeting ligand groups to the end
of the PEG chains of polyplexes. In this way, the cellular uptake of polyplexes is mediated
via receptor-mediated endocytosis to yield increased transfection efficiency (see section
2.3.2). As an alternative to neutral hydrophilic polymers like PEG, a negatively-charged
protein can be conjugated to cationic polymers, yielding polyplexes with shielded surface
charge (Figure 2.2d). Wagner et al reported on the transferrin-conjugated linear or branched
pEIs. The resultant polymer-based polyplexes have neutral surface charge at low N/P ratios,
but relatively large particle size (> 200 nm) in saline solution (75 mM) and induce targeting
transfection in Neuro2a tumors in mice in vivo after intravenous administration [30, 31].
The shielding of polyplexes can also be achieved by the post-modification method. In a
typical approach (Figure 2.2e), cationic polymer and DNA initially form polyplexes which
are then covalently conjugated with an activated PEG [32, 33]. The post-PEGylation of
polyplexes has to be performed in an appropriate reaction that is compatible with the
cationic polymer and DNA. A practical way in this respect is the conjugation of primary
amines in the cationic polymer with PEG possessing NHS-activated terminal carboxyl
groups [32]. The major drawback of post-PEGylation of polyplexes is that the additional
sequential synthesis step is time-consuming and the substitution degree of surface
PEGylation is not well defined [33]. In the other method (Figure 2.2f), the positivelycharged surface of polyplexes can be shielded and oppositely recharged by non-covalent
coating with polyanions. Trubetskoy et al. showed that polyanions with a shorter
carboxyl/backbone distance (e.g. poly-L-aspartic acid) tend to disassemble binary
pLL/DNA polyplexes by displacing DNA while polyanions with a longer distance (e.g.
succinylated PLL (SpLL)) may deposit on the surface of the polyplexes to form a tertiary
complex. Thus, positively-charged pLL/DNA polyplexes were shielded and recharged by
coating with SpLL to form stable and negatively-charged pLL/DNA/SpLL tertiary
complexes [34]. This approach was also applied to prepare pEI/DNA/poly(acrylic acid)
complexes, which induce high levels of lung gene expressions in mice in vivo above the
levels achieved with the binary polyplexes of linear PEI (25 kDa) [35].
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2.3.1.2 Crosslinking of polyplexes
The second concept to stabilize polyplexes is to crosslink polymer chains after
polyplexes formation (Figure 2.3). After complexation of the cationic polymer and DNA,
chemical crosslinking of the cationic polymers in the polyplexes affords an interior
crosslinked network, which can prevent the polyplexes from dissociation at physiological
salt concentration.
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Figure 2.3. Different approaches to obtain crosslinked polyplexes showing colloid-stability.

One method (Figure 2.3a) is the use of cross-linking reagents, like dithiobis(succinimidyl
propionate) (DTSP), which can actively react with primary amino groups in cationic
polymers [36, 37]. Another way (Figure 2.3b) is to design cationic polymers containing
thiol groups. Polyplexes of cationic polymers with thiol groups can be crosslinked by
spontaneous oxidation in air to disulfide bonds [38].
Unlike PEGylated polyplexes that display an essentially neutral surface, crosslinked
polyplexes retain their positively-charged surface. Kissel et al. reported that the polyplexes
of DTSP-crosslinked pEI (25 kDa) induce efficient transfection efficiencies in vitro.
Moreover, the crosslinked polyplexes showed improved blood circulation time after
intravenous administration in vivo compared to uncrosslinked pEI. However, lower levels
of gene expression in the lung were observed for the crosslinked polyplexes than for the
uncrosslinked pEI probably due to low amounts of glutathione present in the lung tissue, as
glutathione is expected to contribute to the release of DNA from the disulfide-crosslinked
polyplexes [39].
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2.3.2 Polymeric vectors for cell-specific gene delivery
For gene therapy, therapeutic genes must be selectively delivered to the desired tissue or
cells. Remarkable differences in receptor expression between targeted sites (e.g. tumor
tissue) and normal tissue make it possible to employ ligand-cell interaction for cell-specific
targeting. The gene vectors that are conjugated with ligands special for receptor binding can
undergo receptor-mediated endocytosis, a process that also facilitates cellular uptake of
polyplexes that have neutral surface charge.
A variety of targeting ligands, also called homing devices, have been investigated.
Endogenous ligands such as folate and transferrin are widely used as they are easily
available and their receptor distribution in the body is well studied. However, the effect of
endogenous ligands can be interfered by low levels of receptors expressed at non-target
sites and/or the presence of free ligand molecules in the circulating system [40]. In contrast,
exogenous ligands such as synthetic peptides and antibodies do not have this problem,
although for these ligands there is the possibility of inducing immune response [40].
Various methods are used to introduce targeting moieties to polyplexes (Figure 2.4). One
main approach is the direct conjugation of a targeting moiety to cationic polymers by
covalent linkage (Figure 2.4a). However, it is suggested that in polyplexes small targeting
moieties such as folate could not be effectively exposed in an orientation that permits
optimal ligand-receptor interaction [41]. Therefore, the amount of available targeting
ligands could be far less than the stoichiometrical amount of ligands in the polyplexes. The
availability of targeting ligands on the surface of the polyplexes can be enhanced by
incorporating hydrophilic PEG as a spacer between ligand and cationic polymer (Figure
2.4b) [41]. This has the additional advantage that PEGylated polyplexes have improved
colloidal stability (section 2.3.1.1). It has been found that the size and the substitution
degree of conjugated PEG in cationic polymers should be carefully optimized [41, 42].
Poly(L-lysine)s (pLL, Mw 331 kDa) conjugated with PEG-folate chains show optimal
transfection efficiency when the molecular weight of PEG is 3.4 kDa and the substitution
degree is 72 PEG-folates per pLL chain. In a series of cycloRGD-PEG(3.4 kDa) conjugated
branched pEI, Kim and coworkers reported that the polyplexes from pEI conjugated with
only one cycloRGD-PEG chain give the best binding affinity to αvβ3/αvβ5 integrins in
endothelial cells compared to other, thereby inducing a five-fold higher transfection
efficiency than unsubstituted pEI [42].
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Another important approach is covalent conjugation of polyplexes with targeting PEGligands using the post-PEGylation method (Figure 2.4c). This method can maximize the
availability of targeting ligands on the surface of polyplexes [33]. Post-PEGylated
polyplexes of pDMAEMA induce higher transfection efficiency against ovarian carcinoma
cells compared to PEGylated polyplexes without the ligand [32].
In the fourth method (Figure 2.4d), non-covalent binding such as the biospecific
interaction between biotin and avidin [43, 44] and host-guest interaction like cyclodextrinadamantane are utilized to assemble cationic polymers and ligand [45].
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2.3.3 Polymeric vectors for efficient intracellular trafficking
2.3.3.1 Polymeric vectors for efficient cellular uptake
In order to deliver their nucleic acid cargo into the cell, polyplexes first have to pass the
negatively-charged extracellular membrane. Generally, non-specific electrostatic
interaction between positively-charged polyplexes and the negatively-charged cell
membrane triggers the internalization process of the polyplexes via endocytosis. Moreover,
endocytosis can also occur via receptor-mediated internalization, resulting in targeted gene
delivery for specific cells (section 2.3.2). It is essential to unravel the endocytosis
mechanism of the polyplexes as this process may seriously influence the subsequent
intracellular trafficking of the polyplexes and eventually the transfection efficiency. For
efficient gene delivery, it was indicated that the endocytosis process is correlated with the
physicochemical properties of polyplexes, such as particle size and surface charge [46].
Dependent of the size of the polyplexes different endocytic routes are stimulated, including
caveolae-mediated uptake (size below 100 nm in diameter), clathrin-mediated uptake (100200 nm) and macropinocytosis (above 200 nm). Also, structural characteristics of the
polymer have an effect on the endocytic route of the polyplexes. Park et al. indicated that
polyplexes of dendritic PAMAM polymers preferentially undergo a caveolae-dependent
cellular pathway. However, polyplexes of arginine-grafted dendritic PAMAM polymers
mostly likely follow multiple pathways to induce enhanced transfection efficiency
compared to original PAMAM [47]. So far the effect of the polymeric structure on
endocytic routes is not clearly understood and needs to be unraveled in further studies.
2.3.3.2 Polymeric vectors for efficient endosome escape
“Buffer effect” of polymeric vectors
In order to avoid the degradative lysosomal pathway, polyplexes have to be designed to
induce efficient endosomal escape. One approach is to design cationic polymers which
possess functional amino groups, for example, secondary and tertiary amino groups, that
become protonated upon acidification of the endosome after uptake of the polyplexes. The
mechanism of endosomal escape induced by this type of polymers is generally explained by
the buffer effect in the range of endosomal pH change (pH 7.4 to 5.1). The increasing
protonation of the polymer upon decrease of the pH in the endosomes induces an influx of
counter ions (Cl-) and water (osmotic pressure) resulting in membrane rupture of the
endosomes (“proton sponge” effect) [11]. Typical cationic polymers that are considered to
take advantage of the proton sponge effect include polyethylenimine [11], polyamidoamine
dendrimers [48] and imidazole-containing polymers [49-51]. The buffer capacity of
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cationic polymers can be correlated with the pKa value of the protonable nitrogens in the
polymer. Cationic polymers containing amino groups in the pKa range of 6-7 generally
show good buffer capacity. This might explain why pLL that has almost fully protonated
nitrogens in the physiological pH range (pKa~9) shows very low transfection efficiency;
whereas conjugation of pLL with imidazole groups (pKa~6.5) leads to significantly higher
transfection efficiencies [50, 51]. However, it should be noted that high buffer capacities of
cationic polymers are not always related with high levels of gene expression. For example,
Hennink et al. found that a poly(diamine methacrylate) derivative with side chains
possessing two amino groups with two pKa values of 5.5 and 9.3, respectively, shows a
higher buffering capacity than poly(2-dimethylamino ethyl methacrylate) (pDMAEMA),
but this difference does not lead to higher transfection efficiency [52]. Park and coworkers
reported that partial acetylation of pEIs results in decreased buffer capacity, but induce
enhanced transfection compared to unmodified pEI [53]. A similar phenomenon was also
observed by Reineke et al, who reported that a serious of poly(glycoamido amine)s with
increasing amine stoichiometry show decreased buffer capacities, but give increased
transfection efficiencies [54]. It appeared that cellular uptake of poly(glycoamido amine)based polyplexes increases with increasing amine stoichiometry of the polymers, thereby
contributing to enhanced gene expression. Therefore, it must be realized that such apparent
contradictions are not unreasonable, as changes in polymeric structure not only affect
endosomal escape, but can have also profound effects on many other biological properties,
including cellular uptake of polyplexes, gene trafficking pathway and vector unpacking.
Endosomolytic polymeric vectors
The addition of external endosomolytic agents to the polymeric vectors can enhance
endosomal escape. Many viruses are found to utilize specific fusogenic peptides to disrupt
the endosomal membrane, enabling their escape from endosomes. Various synthetic
fusogenic peptides as endosomolytic agents have been developed, including melitin [55,
56], INF-7 [57] and KALA [58]. Fusogenic peptides are sensitive to the environmental pH
and can undergo conformational changes from a random coil at neutral pH to an α-helix
conformation at low pH. The peptides with α-helix conformation can destabilize the
endosomal membrane and promote the endosomal escape of the polyplexes. For example,
polyplexes of pLL in the presence of fusogenic INF-7 peptide (derived from influenza virus)
induce significantly higher transfection efficiency than those without using the peptide [59].
Fusogenic peptides can also be covalently conjugated to cationic polymers for enhancing
endosomal escape of polyplexes, yielding enhanced gene expression. Hennink et al.
reported that polymethacrylates covalently linked with INF-7 induces higher transfection
efficiency compared those without the peptide [57]. Efficient transfection efficiency was
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also observed for KALA-conjugated pLL [58] and melitin-conjugated oligoethylenimine
[56].
A drawback of the use of foreign fusogenic peptides is that these could lead to undesired
immune response. As an alternative to fusogenic peptides, amphoteric polymers were
developed as endosomolytic agents. A typical example is the use of poly(α-alkyl acrylic
acid)s [60]. These polymers can undergo pH-dependent conformation changes, leading to
membrane lysis. The lysis activity of poly(α-alkyl acrylic acid)s is influenced by the
polymeric structure. For example, poly(2-propylacrylic acid) (PPAA) shows 100%
hemolysis in the pH 5.8-6.2 range, whereas poly(2-ethylacrylic acid) shows 100%
hemolysis only below pH 5.4. The endosomolytic activity is demonstrated with polyplexes
of PPAA-containing chitosan that give 10-fold higher transfection efficiency against HeLa
cells than those without PPAA [61]. Recently, Ferruti et al. developed a series of
amphoteric poly(amido amine)s possessing a carboxylic acid group in the bisacrylamide
units. In this series, a comparable transfection efficiency to that of 25 kDa branched pEI
was observed for the polymers having the piperazine moiety as the repeating amine unit
[62]. A conformational change upon protonation of the carboxylate and amino groups in the
polymers was explained to mediate endosomal escape of the polyplexes [63].
2.3.3.3 Nuclear targeting of polymeric vectors
After escaping from endosomes, polyplexes are released into the cytoplasm and have to
traffic to the nucleus. Genes in the cytoplasm are likely to be degraded by nucleases [64].
NLS is an amino acid sequence that is capable to specify nuclear location [65]. Proteins
with a nuclear localization signal on their surface are recognized by import proteins in the
nucleus membrane and thus are targeted to the nucleus. This concept has stimulated the
application of NLS to facilitate nuclear import of DNA or polyplexes. Since NLS peptides
are generally polycations, they can be also used as vectors that can condense plasmid DNA
into complexes for gene delivery. Ritter et al. designed SV40 NLS (PKKKRKV)-based
peptides and observed higher transgene expression and earlier nuclear uptake of plasmid
DNA with this peptide vector than with NLS-lacking peptide sequences [66]. Moreover,
linear NLS peptides were conjugated to DNA or cationic polymers for facilitated nuclear
uptake of the DNA. However, this approach remains controversial as different results were
obtained. For example, Zanta et al. reported that the conjugation of SV40 derived NLS to
the 3’ end of linear DNA results in 10- to 1000-fold higher transfection compared to DNA
without NLS [67], whereas Hennink et al. found no enhanced transfection efficiency was
observed when an NLS peptide was covalently linked to 5’ end of linear DNA [68]. It
appears that these conflicting results from different groups might be due to differences in
the experimental set-up [69].
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Also receptor-mediated nucleus targeting was investigated to achieve enhanced gene
delivery. For example, in the cytoplasm glucocorticoid receptor proteins are present that are
translocated into the nucleus upon binding with their ligand [70]. Also dexamethasone
binds to this receptor and it was suggested that the nuclear pore complexes are enlarged by
the glucocorticoid receptor in the presence of dexamethasone [71, 72]. Thus, the
glucocorticoid receptor can be addressed for facilitated nucleus translocation in gene
delivery. It was proofed that dexamethasone-conjugated spermine shows higher
transfection efficiency compared to spermine itself [73]. Recently, this approach was also
applied using cationic polymers by Choi et al., who reported that polyplexes of
dexamethasone-modified poly(amido amine) dendrimer show more nuclear localization in
293 cells, inducing enhanced transfection efficiency than those of the unmodified
dendrimer [74, 75].
2.3.3.4 Polymeric vectors for gene unpackaging
It has been demonstrated that vector unpacking can be a possible barrier to gene delivery
[20]. Thus, intracellular vector unpacking to release DNA is necessary for effective
transfection. It is not clearly understood whether the polyplexes unload DNA in the
cytoplasm or in the nucleus. However, a few approaches have been reported with polymeric
vectors that have been designed to effectively release DNA inside the cells, thereby
inducing enhanced transfection efficiency.
Mitigation of the positive charge density of polymeric vectors
Decreasing the charge density of cationic polymers may result in weaker interaction
between the polymers and DNA. Then, DNA is more easily dissociated from polyplexes
due to competitive interaction of intracellular anionic components such as mRNA and
proteins [76]. In order to reduce their positive charge density, pEI and pLL have been
substituted with acetyl or gluconoyl groups, respectively. Park et al. found that DNA is
more easily dissociated from polyplexes of acetylated pEI than from those of unmodified
pEI [77] and this may explain the 50-fold higher transfection efficiency of acetylated pEI
relative to unmodified pEI. Midoux et al. also showed that gluconoylated pLLs with
reduced charge density lead to increased transfection efficiency [78].
pH-sensitive polymeric vectors
Gene unpacking can also be realized by rapid degradation of the polymeric vector in the
intracellular environment. This can be achieved by using polymers that have pH sensitive
groups that hydrolyze upon the decrease of the pH in the endosomes. Hennink and
coworkers reported that a pH-sensitive carbonate linker in the cationic side chain of
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polymers can be used as a tool to control DNA release (Figure 2.5a) [79, 80]. Upon
hydrolysis of the carbonate group the cationic group is lost from the polymer, leading to
disintegration of the polyplexes. In another approach, hydrolysable linkers such as ester
groups are incorporated in the main chain of the polymers [81, 82] (Figure 2.5b). Further
studies showed that the hydrolysis rate of the polymers in different pH environment is of
direct influence on their applicability in gene delivery. Polyphosphazenes show slower
degradation rate at physiological pH 7.4 than at endosomal pH 5.1, which renders these
polymers suitable for intracellular release of DNA cargo [83]. However, many hydrolysable
cationic polymers generally show a faster degradation rate at pH 7.4 than at pH 5.1 due to
the occurrence of intracellular base-catalysis of the amino groups present in these polymers
[80-82, 84]. In this case, hydrolysis of pH-sensitive systems also occurs in the extracellular
physiological environment, leading to extracellular DNA release. Thus, careful
optimization of chemical and the structural properties of the polymeric vectors, including
molecular weight and cross-linking degree, should be performed to yield controlled gene
release for optimal transfection [84, 85].
Redox-sensitive polymeric vectors
From the previous section it appears that in the design of hydrolytically degradable
carriers a contradiction can occur between the requirement for chemical stability in the
extracellular environment and fast degradation inside the cell. In order to avoid this
dichotomy, the use of disulfide bonds as bioreducible linkers in the polymers have received
much attention. The disulfide bond can be cleaved by reducing enzymes like glutathione
reductase and sulfhydryl components such as glutathione. Since the concentration of these
reducing species is much higher in the cytoplasm than in plasma (intracellular glutathione
concentration 0.5-10 mM vs. 2-20 µM in the extracellular environment) [86], the disulfide
bond as a redox-sensitive linker is relatively stable in the extracellular environment, but can
be rapidly degraded inside the cells due to the presence of high amounts of thiols. Similar to
the approach with pH-sensitive linkers, the disulfide linkers can be arranged either in the
side chain [87, 88] or in the main chain [89, 90] of polymers (Figure 2.5). Cationic
polymers containing disulfide linkages can induce efficient DNA release in a reductive
environment via the cleavage of the linkages. Park et al. showed that disulfide-containing
pEIs fully degrade inside cells within 4 hours [89]. Recently, we developed novel
bioreducible poly(amido amine)s that displayed much highly higher levels of gene
expression than their analogues lacking disulfide [90]. In the study of various linear
disulfide-containing poly(amido amine) copolymers, it appeared that a limited amount of
disulfide linkages in the repeating bisacrylamide units (≥ 60%) of the polymers is necessary
to afford sufficient DNA release in reductive environment [91].
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a)

b)

= hydrolysable or bioreducible linker
Figure 2.5. Different approaches to design degradable cationic polymers for vector unpacking.

Signal-sensitive polymeric vectors
A novel strategy to triggered gene delivery involves non-viral gene vectors that can
respond to unusual (hyperactive) intracellular signals (e.g. kinase or protease) occurring in
some diseases [92]. Katayama et al. showed that acrylamide polymer grafted with designed
peptide sequences can regulate gene delivery in response to caspase-3. The polymeric
vector showed no gene expression in normal NIH 3T3 cells, but in cells stimulated by
staurosporine cleavage of the anionic site in the peptide by caspase-3 triggers DNA release
from the vector, resulting in significant gene expression [93].

2.4 Strategies to design low toxic polymeric vectors
Although cationic polymers like pEI exhibit rather effective transfection, their
therapeutic application is seriously hampered by a high cytotoxicity. Further studies on
cytotoxicity of cationic polymers such as pEI and pLL showed that various structural
properties of these polymers have effect on their cytotoxicity, including molecular weight
[94], charge density [95], amine type [96, 97], topological structure, and conformational
flexibility [95]. For example, low molecular-weight polymers of pEIs and pLLs show lower
cytotoxicity than their high molecular-weight counterparts [94]. Moreover, linear-type pEIs
are less toxic than those with a branched structure. Modified pLL analogs with tertiary
amine groups exhibit a lower toxicity than the parent pLL with primary amino groups [97].
The mechanisms of cytotoxicity caused by cationic polymers are not fully understood. It
was suggested that pLL-mediated cytotoxicity is caused by interaction of the positive
polymer with anionic groups on the cellular surface, and is probably not due to
internalization of the polymer [98]. For pEI-mediated transfection a two-stage cytotoxicity
has been proposed [99, 100]. In first stage, free pEI may destabilize the cellular membrane,
inducing necrosis-related cytotoxicity. The purification of polyplexes of pEI to eliminate
free pEI indeed leads to lower cytotoxicity [101]. In the second stage, free pEI dissociated
from the polyplexes inside the cells may interact with the negatively charged mitochondrial
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membrane, leading to cellular apoptosis. Thus, the cytotoxicity in this stage could be
diminished when cationic polymers are intracellularly degraded into small pieces.
On the basis of this knowledge strategies have been developed for the design of low or
non-toxic cationic polymers for safe gene delivery. Three conceptual approaches are
reviewed here.

2.4.1 Chemically modified cationic polymers
A basic strategy to decrease the cytotoxicity of cationic polymers is to decrease the
charge density of the polymers. Chemical modification of part of the amino groups of
cationic polymers like pEI and pLL with natural or synthetic building blocks, e.g. galactose
[102] or cyclodextrin [103], may result in low toxicity of the resultant derivatives. However,
this method also induces a large change in the chemical structure of modified polymers,
thus likely leading to significant changes in quite a number of variables that are important
for efficient gene delivery. For example, Davis et al. reported that the reduction of charge
density of 25 kDa branched pEI through conjugation with cyclodextrins also decreased the
buffer capacity and the condensation ability of the polymers, thus resulting in a significant
decrease in transfection efficiency in vitro [103]. Therefore, appropriate molecular design is
needed to decrease cytotoxicity and retain transfection capability. An interesting, though
rather exotic, method is presented by Yui et al., who reported that polypseudorotaxanes,
threading 25 kDa linear pEI through γ-cyclodextrin, not only exhibit decreased cytotoxicity
but also maintain the relatively high transfection efficiency of linear pEI [104].

2.4.2 Hybrid cationic polymers
Natural or synthetic polymers like chitosan and PEG are known to have good
biocompatibility and low cytotoxicity. The incorporation of low-toxic polymers into
cationic polymers thus may afford hybrid polymers that maintain gene delivery properties,
but show a low cytotoxicity. Hybrid cationic polymers including cationic segments and
biocompatible segments can be designed in different polymeric architectures (comb-type
and block type) (Figure 2.6a-b). Various chemical building blocks have been used to
generate hybrid polymer systems. The cationic segments are derived from protonable
amino compounds such as low-molecular weight pEI [105], oligoamines [106], cationic
peptides [107] and amino moieties [108, 109]; the biocompatible segments are derived
from natural macromolecules or low-toxic synthetic polymers such as carbohydrates [108,
110, 111], polycaprolactone [105] and PEG [112, 113]. Liu et al. reported that pEI-graftchitosans have a lower cytotoxicity than the pEI 25kDa against HeLa cells (IC50 97.3 vs.
13.5 µg/mL). More recently, hybrid cationic polymers containing polycaprolactone and low
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molecular weight pEI were synthesized by Cho et al., who revealed that these polymers
show much lower cytotoxicity (cell viability 80-100%) than branched pEI 25 kDa (20-40%).
Biocompatible polymer
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Figure 2.6. Different approaches to design hybrid cationic polymers showing low cytotoxicity.

2.4.3 Degradable cationic polymers
An important strategy to reduce cytotoxicity of cationic polymers is to design polymers
that are intracellularly degraded via chemical hydrolysis or bioreduction. Degradable
polymeric systems generally display decreased cytotoxicity compared to their nondegradable counterparts, mostly probably by avoiding accumulation of positively-charged
high molecular weight polymers in cells. Moreover, rapidly degradable polymers are also
expected to facilitate the unpacking of polyplexes after endocytosis (section 2.3.3.4).
However, we herein specially review reports about the design of degradable cationic
polymers that show low cytotoxicities.
Many hydrolysable cationic polymers are reported as low-toxic vectors for non-viral
gene delivery. Typical examples are poly(4-hydroxy-L-proline ester) (PHP) [81], poly[α(4-aminobutyl)-L-glycolic acid] (PAGA) [114], linear or branched poly(amino ester)s (PAE)
[82, 115-117], and hydrolysable pEI containing acid-labile imine or ester linkages [118120]. Generally, these hydrolysable polymers show much lower cytotoxicity than pLL or
pEI as a control. PHP is the first hydrolysable cationic polymer for use as a gene vector,
displaying lower cytotoxicity than pEI 25 kDa (cell viability 85% vs. 20%). PAGA is a pLL
analog with hydrolysable ester linkages in the polymeric main chain and the primary
amines in the side chain. This polymer did not show any detectable cytotoxicity even at
high concentrations (300 µg/mL), whereas pLL (4 kDa) displays high cytotoxicities (cell
viability< 25%) at concentrations more than 100 µg/mL. Our group recently revealed that
branched PAEs, prepared by Michael addition of diacrylates and trifunctional amines, are
significantly less toxic than pEI 25 kDa (IC50 ≥240 vs. 30 µg /mL). Kim et al. synthesized
hydrolysable pEI by crosslinking low molecular weight (LMW) pEI with glutardialdehyde.
The cytotoxicity of this acid liable pEI was also lower than pEI 25 kDa.
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Recently, much attention is directed to the design of bioreducible cationic polymers for
non-viral gene delivery. One way to synthesize bioreducible cationic polymers is by
oxidation of dithiol-based cationic monomers or oligomers (Figure 2.7a) [89, 121-123]. By
this approach, linear bioreducible polymers based on pEI [89], pLL [121] and pDMAEMA
[123] were generated and they showed a lower cytotoxicity compared to their nondegradable analogs. Alternatively, linear or branched bioreducible cationic polymers are
prepared by conjugation reaction of disulfide-containing compounds, such as
cystaminebisacrylamide (CBA), dithiobis(succinimidyl propionate) (DSP), and
dithiobispropionimidate (DTBP) with amino compounds [90, 124, 125]. We recently
developed bioreducible poly(amido amine)s that displayed much lower cytotoxicity than
their analogues lacking disulfide (Figure 2.7b) [90]. Branched bioreducible pEIs via
crosslinking LMW pEI with DSP or DTBP are reported by Lee et al., who also showed that
these polymers exhibited lower cytotoxicities compared to pEI 25 kDa (Figure 2.7c-d) [124,
125].
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Figure 2.7. Different approaches to design bioreducible cationic polymers showing low cytotoxicity.

2.5 Concluding remarks
Cationic polymers are promising candidates as non-viral vectors for gene delivery. At
present, various extra- and intracellular barriers have been identified and limit their
efficiency in gene transfection and quite a number of strategies have been developed to
overcome these barriers. It has been attempted to develop polymeric vectors that possess
good DNA condensation ability, colloid-stability, cell-specific targeting and endosomal
escape. The design of degradable cationic polymers is popular to achieve low cytotoxicity.
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Degradation of cationic polymers inside the cell may also facilitate gene release, leading to
enhanced transfection efficiency. Optimal combination of various strategies is necessary to
arrive at multifunctional polymeric vectors that display in a spatio-temporal way the
required properties to overcome the barriers for highly efficient gene delivery.

2.6 Future challenges
Although many strategies are presented to design polymeric vectors for efficient and safe
gene delivery, there remain some challenging topics in creating functional vectors for final
systemic gene therapy.
First, the development of polymeric vectors that are as efficient as viral vectors is a
challenge. Investigation of the relationship between polymeric structure and gene delivery
properties is thus meaningful. A better understanding of the structure-activity relationship
in the various steps of gene transfection is of great help for a rational design of cationic
polymers with improved gene transfer. It has appeared that subtle changes in polymeric
structure, including molecular weight, charge density and charge type can have a significant
effect on physicochemical and biophysical properties related with gene transfection, such as
condensation ability, buffer capacity, gene unpacking and cytotoxicity. Furthermore, within
a specific class of polymeric vectors systematic optimization on the structural
characteristics of polymer systems is always necessary to find the best combination of gene
delivery properties for optimal gene transfection. For example, Langer et al. reported that
for imidazole-conjugated pLLs increase of the buffer capacity and a concomitant decrease
of the charge density leads to increased transfection efficiency and decreased cytotoxicity
[51]. We recently revealed that bioreducible poly(amido amine) copolymers which combine
good condensation ability with high buffer capacity give much higher transfection
efficiencies than their homopolymer analogs [126].
Second, inherent intracellular gene delivery mediated by cationic polymers is not fully
understood. Thus, mechanistic studies have to be performed to reveal further insight in the
intracellular gene delivery. This is essential to develop efficient strategies to address present
barriers or to find unknown barriers, thereby facilitating the design of efficient gene
delivery vectors. For example, early studies showed that polyplexes of pEI undergo
clathrin-mediated endocytosis and subsequent endosomal escape due to the high buffer
capacity of pEI (proton sponge effect), resulting in transport to the nucleus and subsequent
transfection [11]. This hypothesis is supported by the finding that in the presence of pEI
polyplexes increased amounts of chloride ions are present in the endosomes [127] and high
pH value (pH 6.1) exists inside cells [128]. However, in recent work it is suggested that
polyplexes of pEI are taken up by both clathrin- and caveolae-mediated endocytosis in the
COS-7 cells [129] and that only caveolar uptake may contribute to gene expression [130].
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This new understanding may perhaps imply new strategies and reconsideration in the
design of new polymeric vectors for gene delivery.
Third, polymeric vectors that can facilitate nuclear import need to be developed. So far
the nuclear membrane is a great barrier in polymer-mediated gene delivery. Although
nuclear targeting polymeric vectors with NLS peptides show improved nuclear import, only
moderately enhanced gene expressions were observed. Moreover, also in the case that the
NLS peptides were coupled to DNA instead of attachment to the polymers, no sufficiently
improved transfection efficiency was observed [69]. The design of new polymeric vectors
to address the nuclear barrier may utilize other nuclear transport mechanism that could be
inspired by the nuclear entry pathway of viruses.
Finally, efficient and targeting gene delivery in vivo is a main challenge in gene therapy.
Optimization of variable functionalities to achieve polymeric systems may be necessary for
a specific gene therapy. Evaluation on transfection efficiency and toxicity in vivo after
systemic administration of polyplexes is important to indicate the possibilities for later
clinical application.
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Chapter 3
Linear Poly(amido amine)s with Secondary and
Tertiary Amino Groups and Variable Amounts of
Disulfide Linkages: Synthesis and in vitro Gene
Transfer Properties∗
A group of novel poly(amido amine) homo- and copolymers (PAAs) containing
secondary and tertiary amine groups in their main chain and different structures in the
bisacrylamide segments were synthesized and evaluated as non-viral gene delivery vectors.
Among these, also the disulfide-containing cystaminebisacrylamide was employed as a
(co)monomer, yielding PAAs with variable amounts of bioreducible disulfide linkages in
the main chain. Michael addition the trifunctional 1-(2-aminoethyl) piperazine to
equimolar amounts of the appropriate bis(acrylamide) yielded linear polymers as was
elucidated by their 13C NMR spectra. The polymers possess buffering capacities between
pH 5.1 and pH 7.4 higher than branched polyethylenimine and are able to efficiently
condense DNA into nanosized (<150 nm) and positively charged complexes. Transfection
experiments with COS-7 cells showed that polyplexes from PAAs with disulfide linkages
give significant higher transfections than those from PAAs lacking the disulfide linkage,
and XTT assays showed that these polymers are essentially nontoxic. Variation of the
disulfide content revealed that polyplexes of PAA copolymers with appropriate disulfide
content have largely improved biophysical properties, yielding enhanced levels of gene
expression along with low toxicity. The results demonstrate that bioreducible poly(amido
amine)s are a very promising class of polymers for safe and efficient gene delivery.

3.1 Introduction
Over the past two decades, many efforts have been directed towards the development of
safe and effective gene delivery vectors [1-3]. In this respect non-viral vectors have
received increasing attention as common safety risks associated with viral vectors can be
avoided [4, 5]. However, a major drawback of many polymer-based non-viral vectors that
have been evaluated, like polyethylenimine (pEI), poly(amido amine) dendrimers and
∗

This chapter has been published: Chao Lin, Zhiyuan Zhong, Martin C. Lok, Xulin Jiang,
Wim E. Hennink, Jan Feijen, and Johan F. J. Engbersen, J. Controlled Release, 2006, 116,
130-137.
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poly(2-(dimethylamino)ethyl methacrylate), is their much lower transfection efficiency and
significant cytotoxicity [6, 7, 8]. In order to improve the biocompatibility focus has been
directed to polymeric vectors that are degradable via hydrolysis, such as poly(4-hydroxy-Lproline ester) [9, 10], poly[α-(4-aminobutyl)-L-glycolic acid] [11], linear or network-like
poly(amino ester)s [12-16] and cationic polyphosphazenes [17]. As compared to their nondegradable counterparts, polyplexes based on these polymer systems indeed show lower
cytotoxicity and comparable transfection efficiencies. However, for hydrolytically
degradable polymers an ideal hydrolytic rate profile is difficult to design due to the
contradictory requirement that the polyplexes have to remain stable in the extracellular
environment but have to dissociate rapidly inside the cell. Additionally, polymers that are
relatively sensitive to hydrolysis, like poly(amino ester)s, may impose restrictions on
further modification and vector handling [16].
Poly(amido amine)s (PAAs) have increased hydrolytic stability compared to poly(amino
ester)s as the amide group is less sensitive to hydrolysis than the ester group. PAAs
represent a versatile class of polymers and their linear form with alternating amide and
tertiary amine functions can be easily prepared by reaction of difunctional primary amines
or bis(secondary amine)s to bisacrylamide derivatives. The tertiary amine groups in the
main chain can be protonated, giving the polymer an overall basic and polycationic
character and generally a good solubility in water. Ferruti et al. have synthesized and
studied the properties of a number of these polymers and have pointed out its high potential
for biomedical applications due to their low toxicity and biodegradability [18, 19]. For gene
delivery, in particular PAA polymers derived from bisacrylamides with a carboxylic acid
side group have been evaluated and these amphiprotic polymers showed transfection
efficiencies that are comparable to 25 kDa branched pEI, but with a significant lower
cytotoxicity [20]. For these polymers, a conformational change on protonation of the
tertiary amino groups was explained to mediate the endosomal escape of the polyplexes
[21].
Major barriers for non-viral gene delivery are believed to be inefficiencies in endosomal
escape of the polyplexes to avoid the lysosomal degradation pathway [22], and unpacking
of DNA from the polyplexes to enable transcription [23]. Endosomal escape is considered
to be promoted by polymeric vectors possessing high buffer capacity, like pEI, inducing
osmolysis on the decrease of the pH in the endosomes (“proton sponge” effect) [22]. Here
we report on the synthesis and gene delivery properties of a novel group of poly(amido
amine)s that contain both secondary and tertiary amines in their backbone. It was expected
that the presence of two types of amino groups with different pKa would lead to polymers
with increased buffer capacity. Linear polymers could be obtained by the Michael addition
reaction of 1-(2-aminoethyl)piperazine (AEP) to various bisacrylamides under the
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appropriate reaction conditions. In the series of bisacrylamide monomers, also the disulfidecontaining cystaminebisacrylamide was employed as a (co)monomer, yielding PAAs with
variable amounts of disulfide linkages in the main chain. This structural variation addresses
the second obstacle in nonviral gene delivery. The presence of the disulfide linkages
increases the biodegradability of the polymers by reductive cleavage in the intracellular
environment, resulting in facilitated polymer-DNA unpacking, leading to enhanced gene
expression [24, 25], as well as a lower cytotoxicity profile of the polymers. The favorable
effect of disulfide linkages in gene delivery vectors is exemplified in studies of Read and
Seymour et al. [26] showing that the reducible cationic polypeptide (Cys-Lys10-Cys)n give
higher levels of gene expression than non-reducible poly(L-lysine), and Lee et al. [27, 28]
who reported that disulfide-crosslinking of low molecular weight pEI results in largely
improved transfection properties, attaining levels comparable to pEI, while maintaining low
degrees of cytotoxicity. In this chapter the influence of structural variation in the
bisacrylamide segments and the presence of variable amounts of disulfide linkages in the
main chain on the gene transfection properties of novel linear PAAs are described.

3.2 Materials and methods
Materials. All monomers, N, N’-methylenebisacrylamide (MBA, Aldrich), 1,4bis(acryloyl)piperazine (BAP, Aldrich), N, N’-hexamethylenebisacrylamide (HMBA,
Polysciences, USA), N, N’-cystaminebisacrylamide (CBA, Polysciences, USA), 1-(2aminoethyl) piperazine (AEP, Aldrich), dithiothreitol (DTT, Aldrich) and branched
polyethylenimine (B-pEI, Mw 25 kDa, Aldrich) were purchased in the highest purity and
used without further purification. Dialysis membrane (MWCO 1000) was ordered from
Spectrum Laboratories Inc. The plasmid pCMV-LacZ, containing a bacterial LacZ gene
preceded by a nuclear localization signal under control of a CMV promoter, was purchased
from Plasmid Factory (Bielefeld, Germany). Poly(2-(dimethylamino)ethyl methacrylate)
(pDMAEMA, Mw=1.94×105 Da) was synthesized as described previously [29].
Synthesis of poly(amido amine)s (PAAs). Homopolymers: PAA homopolymers were
synthesized by Michael addition of trifunctional amine AEP to equimolar amounts of the
appropriate bisacrylamide. In the synthesis of p(HMBA-AEP) and p(CBA-AEP),
HMBA(0.55 g, 2.46 mmol) or CBA (0.64 g, 2.46 mmol) and AEP (0.32 g, 2.46 mmol)
were added into a brown reaction flask with methanol as a solvent (2.5 mL).
Polymerization was carried out in the dark at 40°C under nitrogen atmosphere. The reaction
mixture became homogeneous in less than 1 hour and the reaction was allowed to proceed
for 6 days yielding a viscous solution. Subsequently, 10 mol% excess AEP (0.03 g, 0.2
mmol) was added to consume any unreacted acrylamide groups and stirring was continued
for 2 days at 40°C. The resulting solution was diluted with water to about 30 ml, acidified
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with 6 M HCl to pH~4, and then dialyzed through a dialysis membrane (MWCO
1000g/mol) for 3 days. After freeze-drying, the p(HMBA-AEP) and p(CBA-AEP)
homopolymer was collected as the HCl-salt. In a similar way, the synthesis of p(MBAAEP) and p(BAP-AEP) was performed, but the polymerization proceeded much faster in
water as the solvent, and the reactions were terminated in 6 hours and 3 hours, respectively.
The composition of the different polymers was established by 1H NMR (D2O, 300 MHz).
Copolymers: PAA copolymers with varying amounts of disulfide groups were
synthesized by reaction of AEP with a mixture of HMBA and CBA at various ratios (i.e.
80/20, 60/40 and 40/60). In a typical experiment, the p(HMBA80/CBA20-AEP) copolymer
was synthesized by adding CBA (0.16 g, 0.60 mmol), HMBA (0.54 g, 2.41 mmol) and AEP
(0.39 g, 3.01 mmol) into a brown reaction flask with methanol as a solvent (3.0 mL) and
stirring the reaction mixture at 40°C in the dark under nitrogen atmosphere. The reaction
was allowed to proceed for 6 days, yielding a viscous solution. Subsequently, 10 mol%
excess of AEP (0.04 g, 0.03 mmol) was added to consume any unreacted acrylamide groups
and stirring was continued for 2 days at 40°C. The resulting solution was diluted with water
to about 30 ml, acidified with 6 M HCl to pH~4, and dialyzed through dialysis membrane
(MWCO 1000g/mol) for 3 days. After freeze-drying the copolymer was obtained as HClsalt. In a similar way, the copolymers p(HMBA40/CBA60-AEP) and p(HMBA40/CBA60AEP) were prepared after reaction of 6 days. The composition of these polymers was
established by 1H NMR (D2O, 300 MHz).
Model reactions of AEP with acrylamide. In order to elucidate the acrylation pattern of
AEP, model reactions with AEP and acrylamide present in different ratios were performed:
a) AEP : acrylamide = 1: 2 (mol/mol): AEP (150 mg, 1.16 mmol) was dissolved in D2O
(0.75mL), and then acrylamide (165 mg, 2.32 mmol) was added in six portions in two
hours; b) AEP : acrylamide = 1 : 5 (mol/mol): AEP (150 mg, 1.16 mmol) was dissolved in
D2O (0.75mL), and subsequently acrylamide (510 mg, 5.8 mmol) was added; c) AEP :
acrylamide = 1 : 2.5 (mol/mol): AEP (150 mg, 1.16 mmol) was dissolved in D2O (0.75mL),
and subsequently acrylamide (205 mg, 2.9 mmol) was added. After stirring of the reaction
mixtures overnight at room temperature, the samples were recorded with 13C NMR (D2O
including 0.75 wt % 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt).
Polymer characterizations. 1H and 13C NMR spectra were recorded on Varian Inova
spectrometer operating at 300 MHz and 75 MHz, respectively. For 13C NMR spectra,
polymer samples were prepared by dissolving polymer (in salt-free form, about 150 mg) in
0.7 mL of D2O (except p(CBA-AEP)) or D2O/MeOD-d4 (1/6, v/v) (for p(CBA-AEP)).
The molecular weight and polydispersity (Mw/Mn) of the synthesized poly(amido amine)s
were determined by GPC relative to PEO standards (Polymer Labs) using a Waters 2695
LC system (Milford, MA, USA) and two thermostated (30°C) PL aquagel-OH 30 columns
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(8μm, 300×7.5mm, Polymer Labs, with a low-molar-mass separation range (200~40,000)).
Data were collected using a differential refractometer (Model 2414). 0.3M NaAc aqueous
solution (pH 4.4) was used as eluent at a flow rate of 0.5 mL/min [30].
The buffering capacity of the PAA polymers was determined by acid-base titration. An
amount equal to 5 mmol of amine groups of the PAA polymer was dissolved in 10 mL of
150 mM NaCl aqueous solution. The pH of the polymer solution was set at 2.0 and the
solution was titrated with 0.1M NaOH solution using an automatic titrator (Metrohm 702
SM Titrino). For comparison, branched pEI (Mw=25 kDa) dissolved in 150 mM aqueous
solution adjusted to pH 2.0, was also titrated using the same method. The buffering capacity
defined as the percentage of amine groups becoming protonated from pH 5.1 to 7.4, was
calculated from equation [31]:
Buffer capacity (%) = 100 (ΔVNaOH × 0.1M) / N mol
wherein ΔVNaOH, is the volume of NaOH solution (0.1 M) required to bring the pH value
of the polymer solution from 5.1 to 7.4, and N mole (5 mmol), is the total moles of
protonable amine groups in PAA polymer.
Particle size and zeta-potential measurements. The surface charge and the size of
polyplexes were measured at 25 ºC with a Zetasizer 2000 instrument and a Zetasizer 4000,
respectively (Malvern Instruments Ltd., Malvern, UK). PAA/plasmid DNA polyplexes at a
polymer/DNA mass ratio of 12/1 were prepared by adding a HEPES buffer solution (20
mM, pH 7.4, 5 wt% glucose) of poly(amido amine)s (800 μL, 225 μg/mL) to a HEPES
buffer solution (20 mM, pH 7.4, 5 wt% glucose) of plasmid DNA (200 μL, 75 μg/mL),
followed by vortexing for 5 s and incubating at room temperature for 30 min.
Agarose gel retardation. Polyplexes were made by adding 10 μL of polymer solution
(various concentrations in 20 mM pH 7.4 HEPES buffered saline (HBS)) to 10 μL plasmid
solution (80 μg/mL in pH 7.4 HBS buffer), followed by vortexing for 5s and the dispersions
were incubated for 30 min at room temperature. Next, 10 μL of HBS buffer solution (as
control) or HBS buffer containing DTT was added to give a final concentration of 2.5mM
DDT in the solution, and the dispersions were incubated for 30 min. After addition of 5 μL
of 6x loading buffer containing bromophenol (Ferments), 10 μL of this mixture was applied
onto a 0.7% agarose gel containing 0.5 μg/mL ethidium bromide. After development of the
gel, DNA was visualized with a UV lamp using a GelDoc system (Imago).
In vitro transfection and cell viability assays. Transfection experiments were
performed with COS-7 cells (SV-40 transformed African Green monkey kidney cells) by
using the plasmid pCMV-LacZ as reporter gene as reported previously [29, 32]. Two
parallel transfection series, one for the determination of reporter gene expression (βgalactosidase) and the other for the evaluation of cell viability by XTT assay, were carried
out in separate 96-well plates (ca.1.0×104 cells per well). Different polymer/plasmid DNA
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weight ratios, ranging from 3 /1 to 12 /1 (w/w), were used to prepare the polyplexes. In
brief, polyplexes were prepared by adding 200 μL of a HEPES buffer solution (20 mM, 130
mM NaCl, pH 7.4) of poly(amido amine) with varying concentrations (from 37.5 to 150
μg/mL) to 50 μL of a HEPES buffer solution (20 mM, 130mM NaCl, pH 7.4) of plasmid
DNA (50 μg/mL), followed by gentle shaking and incubating at room temperature for 30
min. All transfection and toxicity assays were carried out in triplicate. In a standard
transfection experiment, the cells were incubated with the desired amount of polyplexes
(100 μL dispersion with 1 μg plasmid DNA per well) for 1 h at 37 °C in a humidified 5%
CO2-containing atmosphere. Next, the polyplexes were removed. 100-μL of fresh culture
medium was added and the cells were cultured for 2 days. The transfection efficiency was
determined by measuring the activity of β-galactosidase using the ONPG assay [29]. A
pDMAEMA/DNA formulation prepared at a polymer/DNA ratio of 3/1 (w/w) was used as
a reference [29]. The number of viable cells was measured using an XTT assay [33]. The
XTT value for untreated cells (i.e. cells not exposed to the transfection medium) was taken
as 100% cell viability.

3.3 Results and discussion
3.3.1 Synthesis and characterization of poly(amido amine) homo- and
copolymers
Four poly(amido amine)s (PAAs) with different structures in the bisacrylamide segment
were synthesized from Michael addition reaction between trifunctional amine 1-(2aminoethyl)piperazine (AEP) and the appropriate bisacrylamide (i.e. MBA, BAP, HMBA
and CBA) (Scheme 3.1). Moreover, for the evaluation of the effect of the amount of
disulfide linkages three copolymers with various ratios of HMBA and CBA were also
synthesized (Scheme 3.2).
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The polymerization reactions were carried out with equimolar monomeric ratios of AEP
and bisacrylamide. During the polymerization a gradual increase in viscosity was observed.
In all cases gelation did not occur. In order to consume any unreacted acrylamide groups
after polymerization 10 mol% excess AEP was added into the reaction mixture. The
polymers were isolated by exhaustive dialysis, followed by freeze-drying. The resulting
PAA homo- and copolymers have a good solubility in water. The 1H NMR spectra showed
that the compositions of these polymers are in full accordance with the expected structures
(Table 3.1). No signals between 5 and 7 ppm, corresponding to the acryl group, were
observed, indicating that the PAAs are all end-capped with amino groups. Gel permeation
chromatography (GPC) measurements showed that the weight-average molecular weight
(Mw) of the PAAs ranged from 9.6 to 16.5 kg/mol with broad polydispersities (PDI=
2.7~4.7) (Table 3.1).
Table 3.1. Poly(amido amine) homopolymers and copolymers.

Poly(amido amine)

Composition a

Mwb
(kDa)

Mw/Mnb

Buffer capacity c
(%)

p(MBA-AEP)

---

11.8

1.23

70

p(BAP-AEP)

---

15.6

4.2

74

p(HMBA-AEP)

---

15.0

4.7

68

p(CBA-AEP)

---

9.6

2.7

68

p(HMBA80/CBA20-AEP)

80/20

16.5

4.4

70

p(HMBA60/CBA40-AEP)

58/42

14.5

4.2

68

p(HMBA40/CBA60-AEP)

37/63

10.5

3.9

72

--

13.1

1.8

24

d

Branched pEI

a
determined by integrated peak area from 1H NMR. b average-weight molecular weight (Mw)
determined by GPC measurement. c buffer capacity of poly(amido amine)s between pH 5.1 and 7.4 in
150 mM NaCl. d the absolute weight-average molecular weight of branched pEI is 25 kDa.
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In principle, the reaction between a trifunctional amine and a difunctional bisacrylamide
may give a linear or a branched polymer, depending on the relative reactivity of the amine
moieties. In order to elucidate the structures of the PAAs obtained in our polymerization
reactions, three model reactions between AEP and acrylamide at different molar ratios were
performed. The ratio AEP:acrylamide 1:2 was chosen as a model the conditions employed
in the polymerization reaction of AEP with bisacrylamides, the ratio 1:5 was selected to
promote trisubstitution of AEP as a model for branched structure formation in the
polymerization, and the intermediate ratio 1:2.5 was used as a control. The 13C NMR
spectra and peak assignments of the reaction mixtures at these AEP/acrylamide ratios are
shown in Figure 3.1. Comparison of the spectra in Figures 3.1a (AEP:acrylamide 1:2) and
1b (AEP:acrylamide 1:5) reveals that the signals at δ 47.3 and 47.4 (b, c), and δ 59.0 (d)
must be ascribed to the linear addition structure, whereas the signals at δ 51.7 and 51.8 (b,
c), and δ 56.9 (d) must originate from the branched structure. The peak assignment was
further confirmed by the 13C NMR spectra of the reaction mixture of AEP and acrylamide
at a mole ration of 1:2.5, which showed resonances for bother linear and branched
structures (Figure 3.1c). The absence of a branched structure of AEP after its reaction with
two equivalents of acrylamide indicates that the acyclic secondary amine formed after
addition of a primary amine to AEP has a much lower reactivity than the original cyclic
secondary amine and primary amine in AEP.
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Figure 3.1. 13C NMR spectra (D2O, 300MHz) of AEP after reaction with different amounts of
acrylamide at an AEP/acrylamide mole ratio of 1/2 (a), 1/5 (b) and 1/2.5 (c).
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In the 13C NMR spectra of the PAAs prepared from the four different bisacrylamides
signals (Figure 3.2) are evident at δ 59.0 and 47.3, but no peaks appear at about δ 56.9 and
51.7, indicating that these polymers essentially possess a linear structure (Scheme 3.1).
These results are in accordance with recent results of Wang and co-workers, who reported
that p(MBA-AEP) was formed in a linear rather than in a branched structure since the
amino groups in the reaction showed a reactivity order: secondary amine (original)>
primary amine>> secondary amine (formed) [34].
O
g
h

d

(a)

f
N

g

e
f

c

N
e

d

O

b
N
H

a

b,c

e f

(b)
(c)
MeOD

(d)
60

55

50

45 ppm

Figure 3.2. 13C NMR of poly(amido amine)s: (a) p(MBA-AEP), (b) p(BAP-AEP), (c) p(HMBAAEP) (in D2O) and (d) p(CBA-AEP) (in MeOD/D2O).

It is postulated that cationic polymers like pEI that have the capacity to bind protons
during the endosomal acidification process (decrease of pH from 7.4 to ca. 5.1) can
promote endosomal escape of polymer/DNA complexes by osmolytic effects (“proton
sponge effect”) [22]. Therefore, the buffer capacity of the polymers, defined as the
percentage of amine groups becoming protonated in the pH range from pH 7.4 to 5.1, may
be a relevant parameter in the overall transfection process. The buffer capacity of the PAAs
polymers, together with pEI as a reference, is illustrated in the acid-base titration curves
(Figure 3.3). The relatively flat slope in the pH range 5.1-7.4 indicates the high buffer
capacity (68%~72%) of the PAA polymers in this region, which is significantly higher than
that of 25kDa branched pEI (24%) (Table 3.1).
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Figure 3.3. Titration curves obtained by titrating aqueous solutions (pH 2, adjusted with 1 M HCl) of
poly(amido amine) (50 mM amino nitrogen atoms) in 10 mL of 150 mM aqueous NaCl with 0.1 M
NaOH. As a reference, the titration curve of branched pEI (25 kDa) is also presented.

3.3.2 DNA condensation and release
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A requirement for cationic polymers to function as gene delivery vectors is that they are
able to condense DNA into nanosized polyplexes. The particle size and zeta-potential of
polyplexes based on the four PAAs at a polymer/DNA mass ratio of 12/1 is shown in
Figure 3.4. All polymers efficiently condense DNA into positively charged polyplexes with
average diameters less than 200 nm. Remarkably, the smallest size (108.1±1.6nm) and
highest surface charge (24.1±1.1mV) was observed for the polyplexes of the disulfide
containing p(CBA-AEP). In our earlier work on hyperbranched poly(amino ester)s an
increase in hydrophobicity of the polymers generally results in a decrease in polyplex size
and higher surface charge [16]. The data of the polyplexes based on p(HMBA/CBA-AEP)
copolymers in Figure 3.5 show that an increasing content of disulfide bonds results in
smaller particle size and higher zeta potential compared to p(HMBA-AEP) homopolymer.

0
p(MBAAEP)

p(BAP- p(HMBA- p(CBAAEP)
AEP)
AEP)

Figure 3.4. Average particle size (solid bars) and zeta potential (♦) of polyplexes of PAAs at a
polymer/DNA mass ratio of 12/1 (20 mM HEPES, 5 wt% glucose).
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Figure 3.5. Average particle size (solid bars) and zeta potential (♦) of polyplexes of p(HMBA/CBAAEP) at a polymer/DNA mass ratio of 12/1 (20 mM HEPES, 5 wt% glucose).

It has been reported that insufficient unpacking of polyplexes inside cells can be a major
barrier in the transfection process [23]. The rapid cleavage of the disulfide linkages in the
intracellular reductive environment (containing 0.1~10 mM glutathione) is biologically
relevant to induce fast dissociation of polyplexes and efficient DNA release, yielding
increased levels of gene expression. The agarose gel assays given in Figure 3.6a show that
the migration of DNA is fully retarded at and above PAA polymer/DNA mass ratios of 6/1.
Incubation of the PAA polymer/DNA polyplexes for 30 minutes with the well-known
disulfide reductive agent dithiothreitol (DTT, 2.5 mM), mimicking the intracellular
reductive environment, results in efficient DNA release in the case of the disulfidecontaining p(CBA-AEP) (Figure 3.6b) but not for polyplexes of p(HMBA-AEP) under
same conditions (Figure 3.6a). Also DLS measurements demonstrated that, unlike
polyplexes of p(HMBA-AEP), polyplexes of poly(CBA-AEP) are rapidly destabilized in
the presence of DTT, showing an increase in particle size from about 100 nm to more than
1µm within 10 minutes. Moreover, the percentage of disulfide bonds in the PAAs has a
clear influence on the DNA release from polyplexes in the presence of DTT. As shown in
figure 3.6c, no release of DNA has occurred from the polyplexes of p(HMBA/CBA-AEP)
copolymers with only low CBA content (20% and 40%), whereas complete DNA release
was obtained for the polyplexes of copolymers with 60% CBA.
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Figure 3.6. Agarose gel electrophoresis of PAA/pDNA polyplexes prepared at varying polymer/DNA
mass ratios in the absence (w/o) and presence (w/) of DTT (final concentration of 2.5 mM). (a)
p(HMBA-AEP); (b) p(CBA-AEP) and (c) p(HMBA/CBA-AEP) at HMBA/CBA mole ratios of 80/20,
60/40, and 40/60 after incubation with 2.5 mM DTT for 30 min. (o.c.= open circular, s.c.=
supercoiled form of plasmid DNA.)

3.3.3 In vitro transfection efficiency and cytotoxicity
The transfection of polyplexes based on these PAAs was studied in vitro by using COS-7
cells and the plasmid pCMV-LacZ as reporter gene and their cell viabilities were evaluated
by XTT assays. Transfection efficiencies were optimized as a function of polymer/DNA
mass ratios, ranging from 3/1 to 12/1. Figure 3.7A shows the transfection efficiencies of the
polyplexes based on the four PAA homopolymers and the reference polymers pDMAEMA
at its optimal polymer/DNA mass ratio (3/1) [29], and PEI at mass ratio 0.75/1 (where the
optimal transfection without cytotoxicity is obtained) and at mass ratio 3/1 (where
maximum transfection is observed). Clearly, the highest transfection was observed for
polyplexes of the disulfide-containing p(CBA-AEP) at a mass ratio of 6/1 (N/P~12/1), with
a transfection efficiency that is ca. 1.6 times higher than that of the polyplexes of the
reference polymer pDMAEMA. Polyplexes of the structurally related p(HMBA-AEP), but
lacking the disulfide linkages, showed a ca 0.6 times lower transfection efficiency
compared to pDMAEMA. Polyplexes based on p(MBA-AEP) and p(BAP-AEP) show only
low transfection efficiencies, which might be due to their less favorable characteristics, i.e.
high cytotoxicity (Figure 3.7B) or low surface charge (Figure 3.4). Importantly, no
cytotoxicity was observed for the polyplexes of p(CBA-AEP), having the highest
transfection efficiency, and also polyplexes of BAP and HMBA at low polymer /DNA
mass ratios (≤ 6/1) show low cytotoxicity. A relatively high cytotoxicity, however, was
shown for polyplexes of p(HMBA-AEP) with cell viability of about 65% at a mass ratio of
12/1 (N/P~24).
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Figure 3.7. Transfection efficiencies (A) and corresponding cell viabilities (B) of polyplexes of
poly(amido amine)s in COS-7 cells at polymer/DNA mass ratios (3/1, 6/1 and 12/1). The transfection
efficiency of pDMAEMA polyplexes at their optimal polymer/DNA ratio of 3/1 (w/w) was taken as
reference (set at 1.0). Cell viability was determined by the XTT assay. Polyplexes of 25kDa branched
pEI (B-pEI) at optimized mass ratios of 0.75/1 and 3/1 (N/P= 6/1 and 24/1, respectively) were used as
a reference.

The influence of disulfide content in the PAA polymers on the transfection is illustrated
in Figure 3.8. This figure shows that the introduction of disulfide linkages in
p(HMBA/CBA-AEP) copolymers can improve the transfection ability and cell viability as
compared to the homopolymer p(HMBA-AEP), lacking the disulfide linkages. Significant
improvement of transfection efficiency and cell viability was observed for the polyplexes of
p(HMBA80/CBA20-AEP) with 20% disulfide content. At polymer/DNA mass ratios of 3/1
and 6/1 the transfection efficiencies of the polyplexes was about 2~6-fold higher than those
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of p(HMBA-AEP) based polyplexes, meanwhile maintaining full cell viability. Further
increment of the disulfide content in the copolymers to 40% and 60%, respectively, have
only marginal effects on the transfection efficiency, but clearly the highest efficiency is
obtained with polyplexes of the p(CBA-AEP) homopolymer. These data clearly indicate
that the presence of an appropriate amount of disulfide linkages in the PAA polymers have
a distinct favorable effect on transfection efficiency and cell viability.
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Figure 3.8. Transfection efficiencies (A) and corresponding cell viabilities (B) of polyplexes of
poly(amido amine)s in COS-7 cells as a function of disulfide content in the polymers at
polymer/DNA mass ratios (3/1, 6/1 and 12/1). The transfection efficiency of pDMAEMA polyplexes
at their optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at 1.0). Cell viability was
determined by the XTT assay.

3.4 Conclusions
We have demonstrated that linear poly(amido amine)s containing secondary and tertiary
amines can be readily synthesized by Michael addition polymerization of AEP and
equimolar bisacrylamide. These polymers effectively condense DNA into small nanosized
polyplexes (< 150 nm) with positive surface charge. All PAAs have a favorable high buffer
capacity that may favor the endosomolytic pathway of polyplexes of these polymers.
Polyplexes formed from PAA polymers with reducible disulfide linkages, like p(CBAAEP) and its CBA-derived copolymers, exhibit significantly higher transfection and lower
cytotoxicity compared to those of the reference polymers pEI and pDMAEMA, indicating
that the disulfide-containing PAAs are very promising polymers for safe and efficient gene
delivery.
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Chapter 4
Novel Bioreducible Poly(amido amine)s for Highly
Efficient Gene Delivery ∗
A series of novel bioreducible poly(amido amine)s containing multiple disulfide linkages
(SS-PAAs) were synthesized and evaluated as non-viral gene vectors. These linear SS-PAAs
could be easily obtained by Michael-type polyaddition of various primary amines to the
disulfide-containing cystaminebisacrylamide. The SS-PAA polymers are relatively stable in
medium mimicking physiological conditions (pH 7.4, PBS buffer, 37 ºC), but are rapidly
degraded in the presence of 2.5 mM DTT, mimicking the intracellular reductive
environment (pH 7.4, [R-SH] = 5 mM, 37 ºC). The polymers efficiently condense DNA into
nanoscaled (<200 nm) and positively charged (>+20 mV) polyplexes that are stable under
neutral conditions but are rapidly destabilized in a reductive environment, as was revealed
by both dynamic light scatting measurement and agarose gel assays. Moreover, most of the
poly(amido amine)s possess buffer capacities in the pH range pH 7.4-5.1 that are even
higher than polyethylenimine (pEI), a property that may favorably contribute to the
endosomal escape of the polyplexes. Polyplexes of four of the seven SS-PAAs studied were
able to transfect COS-7 cells in vitro with transfection efficiencies significantly higher than
those of branched pEI, being one of the most effective polymeric gene carriers reported to
date. Importantly, also in the presence of serum a high level of gene expression could be
observed when the incubation time was elongated from one hour to four hours. XTT assays
showed that SS-PAAs and their polyplexes possess essentially no or only very low
cytotoxicity at concentrations where the highest transfection activity is observed. The
results indicate that bioreducible poly(amido amine)s have excellent properties for the
development of highly potent and nontoxic polymeric gene carriers.

4.1 Introduction
A prerequisite for the success of human gene therapy is the availability of safe and
efficient gene delivery systems [1-3]. Although viral vectors can efficiently deliver
therapeutic nucleotides into cells, clinical application of these vectors is associated with
∗

Parts of the work in this chapter have been published: Chao Lin, Zhiyuan Zhong, Martin
C. Lok, Xulin Jiang, Wim E. Hennink, Jan Feijen, and Johan F. J. Engbersen, Bioconjugate
Chemistry, 2007, 18, 138-145.
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considerable safety and immunogenicity risks. In the past decade cationic polymers have
emerged as important synthetic alternatives as they have many potential advantages such as
absence of specific immune response, large DNA loading capacity, and the ease of large
scale production [4-6]. The currently investigated polymeric gene delivery systems,
however, have not yet advanced to clinical evaluation, mainly because of their inferior
transfection ability and high degrees of toxicity [7-9]. Improvements have been aimed at
developing polymeric vectors that are hydrolytically degradable [10-15], and a particular
example of that approach is the large library of linear poly(β-amino ester)s synthesized and
screened by Langer and co-workers [16-18]. Indeed, these hydrolyzable carrier systems
generally display decreased cytotoxicity by avoiding the accumulation of positively
charged high molecular weight polymers in cells. Degradation of the polymeric vector was
also proposed to increase the transfection efficiency by facilitating the unpacking of the
polymer/DNA complexes (polyplexes) after endocytosis. The latter process has been
identified as one of the major barriers for efficient transfection for many non-viral gene
delivery systems [6, 19]. However, in the design of hydrolytically degradable carriers a
compromise has to be found between hydrolytic stability in the extracellular environment
and fast degradation inside the cell and this conflicting requirement might explain that in
practice the transfection performance of many degradable systems has not improved as
compared to their non-degradable counterparts. Furthermore, polymers which are very
sensitive for hydrolysis may give difficulties in vector handling and further modification
[20].
Poly(amido amine)s (PAAs) are hydrolytically much more stable than poly(amino ester)s
and important improvement of the extracellular stability is obtained with these polymers.
Generally, linear PAAs have good water solubility and biodegradability which makes these
polymers interesting for biomedical applications, including drug and gene delivery, as was
recently pointed out by Ferruti and Duncan et al. [21, 22]. These authors reported that an
amphiprotic PAA with carboxylic acid side groups, give a transfection efficiency
comparable to that of 25 kDa branched polyethylenimine (pEI) [23], and a conformational
change of this polymer upon protonation in the endosomes was proposed to contribute to
the endosomal escape of the polyplexes [24]. The degradation of PAAs under physiological
conditions is, however, very slow and it can be expected that amide hydrolysis does not
contribute to the intracellular release of DNA from polyplexes of this polymer.
In this chapter, we describe the development of a novel family of linear poly(amido
amine)s containing repetitive disulfide linkages in their main chain (SS-PAAs) as highly
efficient intracellularly degradable gene delivery vectors. These SS-PAAs are stable in the
extracellular setting but are prone to fast degradation in a reductive environment analogous
to that in the cytoplasm (Scheme 4.1). Remarkably, the polyplexes based on these SS-PAAs
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were essentially non-toxic and a number of them showed transfection efficiencies in COS-7
cells much higher than those of 25 kDa branched pEI, one of the most effective gene
delivery polymers reported to date.
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Scheme 4.1. The concept of DNA condensation and subsequent intracellular release: (a) formation of
SS-PAAs/DNA polyplexes which are stable in the extracellular environment, (b) intracellular
reduction of the disulfide linkages in the polymer of the polyplex, and (c) dissociation of DNA from
the degraded polymer.

It has been well established that disulfide linkages can be rapidly cleaved in the
intracellular compartment due to the presence of relatively high concentrations of
glutathione and thioredoxin reductases. This phenomenon has been successfully exploited
for the intracellular release of carrier-conjugated therapeutics [25-27], and crosslinking of
various surfactant [28-33] and peptide [34, 35] based carrier systems. However, only a few
reports have appeared on disulfide-containing polymers applied for reduction-triggered
gene delivery. Read and Seymour et al. [36, 37] showed that reducible cationic
polypeptides (Cys-Lys10-Cys)n give 187-fold higher level of gene expression than nonreducible polylysine. Significant improvement of the transfection efficiency could also be
obtained by Middoux et al. [38] by substitution of the amino groups of polylysine with 3(2-aminoethyldithio)propionyl residues, and Lee et al. [39, 40] reported that disulfidecrosslinking of low molecular weight pEI results in largely improved transfection
properties, attaining levels comparable to 25 kDa branched pEI, while maintaining low
degrees of cytotoxicity.
Here, we describe the synthesis of a novel series of functionalized poly(amido amine)s
with disulfide linkages in their main chain and the evaluation of their chemical and
physicochemical properties in relation to their capacity as gene delivery vectors. The
influence of variation in the side groups of the polymers and the favorable effect of the
presence of the disulfide linkages on the transfection efficiency and cytotoxicity is
illustrated.
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4.2 Materials and methods
Materials. All monomers, 4-amino-1-butanol (ABOL, Aldrich), 5-amino-1-pentanol
(APOL, Aldrich), N, N-dimethyl-1,3-ethylenediamine (DMEA, Aldrich), 2-(2aminoethoxy) ethanol (AEEOL, Aldrich), 3-methoxypropylamine (MOPA, Aldrich), 3morpholinopropylamine (MPA, Aldrich), histamine (Fluka), dithiothreitol (DTT, Sigma),
N, N’-methylenebisacrylamide (MBA, Aldrich), 1,4-bis(acryloyl)piperazine (BAP,
Aldrich), N, N’-hexamethylenebisacrylamide (HMBA, polysciences, USA), N, N’cystaminebisacrylamide (CBA, polysciences, USA), branched polyethylenimine (B-pEI,
Mw 25 kDa, Aldrich) were purchased in the highest purity and used without further
purification. The plasmid pCMVLacZ, containing a bacterial LacZ gene preceded by a
nuclear localization signal under control of a CMV promoter, was purchased from Plasmid
Factory (Bielefeld, Germany). pDMAEMA (Mw 1.94×105 Da) was synthesized as
described previously [41].
Synthesis of bioreducible poly(amido amine)s (SS-PAAs). SS-PAAs were synthesized
by polyaddition of a primary amine to N, N’-cystaminebisacrylamide (CBA). In a typical
experiment, CBA (0.250 g, 1.1 mM) and histamine (HIS) (0.145 g, 1.1 mM) were added
into a brown reaction flask and dissolved in methanol/water mixture (1.1 mL, 4/1, v/v).
Polymerization was carried out in the dark at 45 °C under nitrogen atmosphere. The
reaction mixture became homogeneous in less than 2 hours. The reaction was allowed to
proceed for 10 days yielding a viscous solution. Subsequently, 10 mol% excess HIS
(0.0145 g, 0.11 mM) was added to consume any unreacted acrylamide groups and stirring
was continued for 2 days at 45 °C. The resulting solution was diluted with 30 ml water,
acidified with 6 M HCl aqueous solution to pH~3, and then purified by ultrafiltration
operation (1000 g/mol cut-off) with acidic deionised water (pH~4). The polymers in their
HCl-salt form were collected as solid powder after freeze-drying. The same experiment
procedure was applied to the synthesis of p(MBA-HIS), p(BAP-HIS) and p(HMBA-HIS)
polymers; but water as a solvent was used for p(MBA-HIS) and p(BAP-HIS) polymers.
pDMEA: 1H NMR (D2O) δ (ppm) = 2.60 (2 × NHCOCH2, 4H); 2.93-3.00 (2 ×
SSCH2CH2, 4H; CH2N(CH2)CH2, 6H); 3.03 (N(CH3)2, 6H); 3.41 (CH2N(CH3)2, 2H); 3.64
(2 × SSCH2CH2, 4H). pHIS: 1H NMR (D2O) δ (ppm) = 2.77 (2 × NHCOCH2, 4H); 2.95 (2
× SSCH2CH2, 4H); 3.17 (NCH2CH2, 2H); 3.38 (CH2N(CH2)CH2, 6H); 3.61 (2 ×
SSCH2CH2, 4H); 7.26 (C=CH–N, 1H); 8.38 (C–N=CH–N, 1H). pMPA: 1H NMR (D2O) δ
(ppm) = 2.31 (NCH2CH2CH2N, 2H); 2.90 (2 × NHCOCH2, 4H); 3.01 (2 × SSCH2CH2, 4H);
3.32 (NCH2CH2CH2N, 4H); 3.42 (NCH2CH2O, 4H); 3.50 (2 × CH2NCH2, 4H); 3.67 (2 ×
SSCH2CH2, 4H); 4.09 (2 × NCH2CH2O, 4H). pAPOL: 1H NMR (D2O) δ (ppm) = 1.45
(CH2CH2OH, 2H); 1.63 (CH2CH2CH2OH, 2H); 1.82 (CH2CH2CH2CH2OH, 2H); 2.84 (2 ×
NHCOCH2, 4H); 2.91 (2 × SSCH2CH2, 4H); 3.27 (NCH2CH2CH2CH2CH2OH, 2H); 3.51
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(CH2CH2NCH2CH2, 4H); 3.58 (SSCH2CH2, 4H); δ 3.64 (CH2OH, 2H). pABOL: 1H NMR
(D2O) δ (ppm) = 1.73 (CH2CH2OH, 2H); 1.94 (CH2CH2CH2OH, 2H); 2.91(2 × NHCOCH2,
4H); 3.00 (2 × SSCH2CH2, 4H); 3.36 (NCH2CH2CH2CH2OH, 2H); 3.59
(CH2CH2NCH2CH2, 4H); 3.66 (2 × SSCH2CH2, 4H); 3.75 (CH2OH, 2H). pMOPA: 1H
NMR (D2O) δ (ppm) = 2.13 (CH2CH2O, 2H); 2.89 (2 × NHCOCH2, 4H); 2.99 (2 ×
SSCH2CH2, 4H); 3.36 (NCH2CH2CH2CH2O, 2H); 3.46 (OCH3, 3H); 3.53
(CH2CH2NCH2CH2, 4H); 3.66 (2 × SSCH2CH2, 4H); 3.69 (CH2OCH3, 2H). pAEEOL: 1H
NMR (D2O) δ (ppm) = 2.67 (2 × NHCOCH2, 4H); 3.00 (2 × SSCH2CH2, 4H); 3.07-3.16
(CH2N(CH2)CH2, 6H); 3.64 (2 × SSCH2CH2, 4H); 3.75 (CH2OH, 2H); 3.83 (CH2OCH2,
4H). p(MBA-HIS): 1H NMR (D2O) δ (ppm) = 2.68 (2 × NHCOCH2, 4H); 3.09 (NCH2CH2,
2H); 3.30 (CH2N(CH2)CH2, 6H); 4.57 (HNCH2NH, 2H); 7.24 (C=CH–N, 1H); 8.31 (CN=CH-N, 1H). p(BAP-HIS): 1H NMR (D2O) δ (ppm) = 2.88 (2 × NHCOCH2, 4H); 3.01
(NCH2CH2, 2H); 3.32 (CH2N(CH2)CH2, 6H); 3.56 and 3.61 (NCH2CH2N, 8H); 7.08
(C=CH–N, 1H); 7.77 (C–N=CH–N, 1H). p(HMBA-HIS): 1H NMR (D2O) δ (ppm) = 1.36
(2 × CH2CH2CH2NHCO, 4H); 1.54 (2 × CH2CH2NHCO, 4H); 2.77 (2 × NHCOCH2, 4H);
3.20 (2 × CH2NHCO, 4H; NCH2CH2, 2H); 3.45 (CH2N(CH2)CH2, 6H); 7.36 (C=CH–N,
1H); 8.46 (C–N=CH–N, 1H).
Fluorescently labeled pABOL and p(BAP-ABOL). pABOL and p(BAP-ABOL)
copolymer having 10 mol% aminobutyl side groups were prepared by Michael addition of
CBA (or BAP) and the monomer mixtures (ABOL and Boc-BDA), followed by
deprotection of the Boc-protected amino groups. In a typical experiment, the pABOL
copolymer was synthesized by adding CBA (2.80 g, 10.75 mmol), ABOL (0.88 g, 9.67
mmol) and Boc-BDA (0.21 g, 1.08 mmol) into a brown reaction flask with methanol/water
mixture (5.0 mL, 4/1, v/v) as a solvent and stirring the reaction mixture at 45 °C in the dark
under nitrogen atmosphere. The reaction was allowed to proceed for 6 days, yielding a
viscous solution. Subsequently, 10 mol % excess of ABOL (0.1 g, 0.11 mmol) was added
to consume any unreacted acrylamide groups and stirring was continued for 2 days at 45
°C. The deprotection of Boc-protected amino groups in the copolymers was performed in a
mixture of methanol/TFA (10ml, 1/1, v/v) for overnight. After the signals of the Bocgroups have disappeared in the 1H NMR spectra, the solution was diluted with water,
adjusting to pH ~4 with 4 M NaOH. The resulting polymer solution was purified by
ultrafiltration (3000 g/mol cut-off) with acidic deionized water (pH ~4). The pABOL
copolymer in its HCl-salt form was collected as a solid after freeze-drying (0.70 g, 25%). In
the typical example of the synthesis of labeled pABOL, rhodamine isothiocyanate (750 μg,
1.4 μmol) in HEPES buffer (20 mM, pH 7.4) was mixed with the pABOL (50.0 mg, 14.3
μmol free NH2) in 2.5 mL of HEPES buffer (20 mM, pH 7.4) and the solution was stirred
overnight at room temperature. Then, the resultant solution was purified by ultrafiltration
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(1000 g/mol cut-off) with deionized water. The labeled pABOL polymer was isolated after
freeze-drying (yield: 68%). The same experiment procedure was applied to the synthesis of
labeled p(BAP-ABOL).
Polymer characterizations. The 1H spectra of the synthesized SS-PAAs (in D2O) were
recorded on Varian Inova spectrometer operating at 300 MHz. The molecular weight and
polydispersity of the SS-PAAs were determined by GPC relative to PEO standards
(Polymer Labs) as described by Jiang et.al. [42]. GPC measurements were performed using
a Waters 2695 LC system (Milford, MA, USA) and two thermostated (30°C) PL aquagelOH 30 columns (8 μm, 300×7.5 mm, Polymer Labs, with a low-molar-mass separation
range (200~40,000)). Data were collected using a differential refractometer (Model 2414).
0.3 M NaAc aqueous solution (pH 4.4) plus methanol (70/30, v/v), was used as eluent at a
flow rate of 0.5 mL/min.
The buffering capacity of the SS-PAAs was determined by acid–base titration. Therefore,
a known amount of poly(amido amine), which was isolated as its HCl salt with 0.25 mmol
of protonable amine groups, was dissolved in 5 mL of 150 mM NaCl aqueous solution. The
pH of the polymer solution was set at 2.0 and the solution was titrated with 0.1M NaOH
solution using an automatic titrator (Metrohm 702 SM Titrino). For comparison, branched
PEI (Mw = 25 kDa) dissolved in 150 mM aqueous solution adjusted to pH 2.0, was also
titrated using the same method. The buffering capacity is defined as the percentage of
(protonable) amine groups becoming protonated from pH 7.4 to 5.1, and can be calculated
from equation [43]:
Buffer capacity (%) = 100 (ΔVNaOH × 0.1M) / N mol
wherein ΔVNaOH, is the volume of NaOH solution (0.1 M) required to bring the pH value
of the polymer solution from 5.1 to 7.4, and N mole (0.25 mmol), is the total moles of
protonable amine groups in the known amount of poly(amido amine) polymer.
Polymer degradation studies. In the polymer degradation studies pABOL was selected
as a representative polymer. For the estimation of the rate of hydrolytic degradation 20 mg
of pABOL (0.05 mmol in monomeric units) was dissolved in 2 mL of PBS buffer pH 7.4,
and the obtained homogeneous solution was incubated at 37 ºC. Aliquots of the solution
(100 μL) were taken at regular time intervals (24 hours) and analyzed by GPC
measurements. For the reductive degradation study 2 mg of pABOL (0.005 mmol in
monomeric units) was dissolved in 0.5 mL PBS buffer pH 7.4 and then DTT (0.0025
mmol) in 0.5 mL of PBS buffer (final [R-SH] = 5 mM) was added. The obtained
homogeneous solution (1 mL) was incubated at 37 ºC and aliquots of the solution (50 μL)
were taken at regular time intervals (5 minutes) and analyzed by GPC.
Particle size and zeta-potential measurements. SS-PAA/plasmid DNA polyplexes at a
polymer/DNA mass ratio of 48/1 were prepared by adding a HEPES buffer solution (20
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mM, pH 7.4, 5 wt% glucose) of poly(amido amine)s (800 μL, 900 μg/mL) to a HEPES
buffer solution (20 mM, pH 7.4, 5 wt% glucose) of plasmid DNA (200 μL, 75 μg/mL),
followed by vortexing for 5 s and incubating at room temperature for 30 min. The surface
charge and the size of polyplexes were measured at 25 ºC with a Zetasizer 2000 instrument
and a Zetasizer 4000, respectively (Malvern Instruments Ltd., Malvern, UK).
Agarose gel retardation. Polyplexes were made by adding 10 μL of polymer solution
(various concentrations in 20 mM HEPES buffered saline (HBS)) to 10 μL plasmid solution
(80 μg/mL in HBS buffer pH 7.4), followed by vortexing for 5s and the dispersions were
incubated for 30 min at room temperature. Next, 10 μL of HBS buffer solution (as control)
or HBS buffer containing DTT was added to give final 2.5mM DDT in the resultant
solution, and the dispersions were incubated for 30 min. After addition of 5 μL of 6x
loading buffer containing bromophenol (Ferments), 10 μL of this mixture was applied onto
a 0.7% agarose gel containing 0.5 μg/mL ethidium bromide. After development of the gel,
DNA was visualized with a UV lamp using a GelDoc system (Imago).
In vitro transfection and cell viability assays. Transfection experiments were
performed with COS-7 cells (SV-40 transformed African Green monkey kidney cells) by
using the plasmid pCMV-LacZ as reporter gene as reported previously [41, 44]. Two
parallel transfection series, one for the determination of reporter gene expression (βgalactosidase) and the other for the evaluation of cell viability by XTT assay, were carried
out in separate 96-well plates (ca.1.0×104 cells per well). Different polymer/plasmid DNA
weight ratios ranging from 0.75 /1 to 96 /1 (w/w) were used to prepare polyplexes. In brief,
the polyplexes were prepared by adding a HEPES buffer solution (20 mM, 130 mM NaCl,
pH 7.4, 200 μL) of poly(amido amine)s with varying concentrations (from 9.4 to 1200
μg/mL) to a HEPES buffer solution (20 mM, 130 mM NaCl, pH 7.4, 50 μL) of plasmid
DNA (50 μg/mL), followed by gentle shaking and incubating at room temperature for 30
min. The incubations of the polyplexes with the cells were performed either in the presence
or absence of 5.0% serum. All transfection and toxicity assays were carried out in triplicate.
In a standard transfection experiment, the cells were incubated with desired amounts of
polyplexes (100 μL dispersion with 1 μg plasmid DNA per well) for 1 h at 37 °C in a
humidified 5% CO2-containing atmosphere. Next, the polyplexes were removed. 100-μL
fresh culture medium was added and the cells were cultured for 2 days. The transfection
efficiency was determined by measuring the enzyme activity of β-galactosidase using the
ONPG assay [41]. A pDMAEMA/DNA formulation prepared at a polymer/DNA ratio of
3/1 (w/w) was used as a reference. The number of viable cells was measured using an XTT
assay [45]. The XTT value for untreated cells (i.e. cells not exposed to transfection
systems) was taken as 100% cell viability. The influence of transfection time on the
transfection efficiency of pABOL/pDNA polyplexes at a mass ratio of 54/1 was examined
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by using the same transfection experiment operation mentioned above; in this case the
polyplexes were incubated with COS-7 cells in varying transfection time (1, 2 or 4 hours).
The XTT assay on the cytotoxicity of poly(amido amine) polymers (i.e. pABOL and
pAPOL) was carried out with same operation steps mentioned above; in this case only plain
polymer in varying concentration from 9.4 to 600 μg/mL was incubated with COS-7 cells.
Confocal laser scanning microscopy (CLSM). The intracellular distribution of labeled
pABOL and p(BAP-ABOL) polymer was visualized by confocal laser scanning
microscopy. Rhodamine-labeled polymer/DNA polyplexes were prepared at a
polymer/DNA mass ratios of 12/1. A 16-well glass plate was used instead of a 96-well plate
in a COS-7 transfection experiment. After one hour of incubation time and 24 hour posttransfection time, the cells were rinsed with PBS buffer, fixated with 2% p-formaldehyde
PBS solution for 20 min at room temperature, and rinsed again with PBS. Cells were
embedded in FluorSave Reagent and covered with a cover glass. Confocal fluorescent and
transmitted light microscope images of cells were taken simultaneously using a Leica TCSSP microscope and analyzed with Leica TCS-SP Power Scan software (Leica
Microsystems, Rijswijk, The Netherlands).

4.3 Results and discussion
4.3.1 Synthesis and characterization of SS-PAAs
Seven different bioreducible poly(amidoamine) polymers with repetitive disulfide
linkages in their main chain (SS-PAAs) were synthesized via Michael addition of the
corresponding primary amine monomers to N, N’-cystaminebisacrylamide (Scheme 4.2).
Furthermore, for use as control polymers, three poly(amido amine)s lacking the disulfide
linkages, were prepared from polyaddition of histamine (HIS) to N, N’methylenebisacrylamide (MBA), 1,4-bis(acryloyl)piperazine (BAP) and N, N’hexamethylenebisacrylamide (HMBA), respectively (Scheme 4.2). The Michael type
addition of the difunctional amine to the conjugated acrylamide bond is compatible with a
diversity of functional groups and therefore this reaction allows the introduction of a large
variety of side groups in the polymer. In our study we have selected a number of side
groups that appeared to be favorable in a gene delivery screening of a large library of
poly(amino ester)s by Langer et al [17]. Since the addition polymerization is a stepwise
process, equal monomer ratios were used in the synthesis in order to obtain PAAs of
highest theoretical molecular weight. In the final stage of the reaction, excess of the amine
monomer was added in order to ensure that all potentially toxic acrylamide end groups are
consumed and the polymers have only amino end groups. All 10 PAAs were finally isolated
in their HCl-salt form. They are readily soluble in water, alcohols and dimethyl sulfoxide,
but not in chloroform or ether. The 1H NMR spectra of the polymers were in full
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accordance with the expected structures. Moreover, the absence of any proton signals
between 5 and 7 ppm shows that the polymer did not contain any residual acrylamide end
groups. Gel permeation chromatography (GPC) measurements showed that the weightaverage molecular weight (Mw) of these SS-PAAs were in the range from 3.0 to 8.0 kg/mol,
with polydispersity indexes (PDI) ranging from 1.26 to 1.66 (Table 4.1).
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Scheme 4.2. Synthesis of bioreducible poly(amido amine)s (SS-PAAs) and non-reducible control
polymers (p(MBA-HIS), p(BAP-HIS) and p(HMBA-HIS)). SS-PAAs were coded in terms of the used
primary amine monomer.
Table 4.1. Characteristics of poly(amido amine)s: weight-average molecular weight (Mw),
polydispersity index (PDI) and buffer capacity a in the range pH 5.1- 7.4

Polymers

Mw
(kDa)

PDI

Buffer capacity
(%)

pDMEA
pHIS
pMPA
pAPOL
pABOL
pMOPA
pAEEOL
p(MBA-HIS)
p(BAP-HIS)
p(HMBA-HIS)
Branched pEIb

8.70
7.48
7.60
3.57
5.24
3.15
3.54
26.2
17.4
7.7
9.54

1.41
1.66
1.53
1.26
1.29
1.35
1.63
2.51
2.31
1.57
1.47

13
58
59
74
72
74
75
62
72
66
24

a
Conditions: 5 mL of a solution of the polymer (50mM in amino nitrogen atoms) was titrated with
0.1M NaOH solution. b The absolute weight-average molecular weight of branched pEI is 25 kDa.
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It is assumed that the buffering effect of cationic polymers like pEI facilitates the
endosomal escape of polyplexes (proton sponge hypothesis) [46, 47]. The buffer capacity
of the SS-PAA polymers, defined as the percentage of amine groups that becomes
protonated on decrease of the pH from 7.4 to 5.1 (i.e. the pH change from the extracellular
environment to the lower pH of the endosomes), was measured by acid-base titration (Table
4.1 & Figure 4.1). All SS-PAAs, except pDMEA, showed excellent buffer capacity ranging
from 42% to 75% protonation, with is significantly higher than that of pEI (24%).
Interestingly, pDMEA possessing the dimethylamino group in the side chain has only poor
buffer capacity (13%), whereas polymers like pABOL, lacking a proton-acceptor side
group show good buffer capacities. The presence of the protonated dimethylamino group in
pDMEA (pKa~8.5) may largely suppress the protonation of the tertiary nitrogen in the
polymer backbone, resulting in a low buffer capacity. The high buffer capacities of these
SS-PAAs, as well as their large change in the degree of protonation, may play an important
role in the endosomal escape of SS-PAAs/DNA polyplexes and consequently may
favorably contribute to the high transfection efficiency of these polymers (vide infra).
12
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pH Value

8
6
a. pHIS
b. pABOL
c. pDMEA
d. Branched pEI 25KDa
e. 0.15 M NaCl

4
2
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4

mL of 0.1M NaOH

Figure 4.1. Titration curves obtained by titrating aqueous solutions (pH 2, adjusted with 1 M HCl) of
poly(amido amine)·HCl salt (50 mM amino nitrogen atoms) in 150 mM aqueous NaCl with 0.1 M
NaOH. For comparison, the titration curve of branched pEI 25 kDa is also presented.

The hydrolytic and reductive degradation profiles of the SS-PAAs, using pABOL as a
representative example, were investigated in buffer solution (pH 7.4, 150 mM) at 37 °C in
the absence and presence of the reduction agent dithiothreitol (DTT, 2.5 mM), mimicking
the physiological and intracellular environment, respectively. Monitoring of the decrease in
Mw of the polymer by GPC measurements revealed that the pABOL polymer only slowly
degrades under physiological conditions, with 5% decrease of Mw after 3 days and 60%
decrease after 20 days, which is, as expected, much slower than that of branched and linear
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poly(amino ester)s [16, 20]. However, in the presence of 2.5 mM DTT a very rapid
degradation of the pABOL polymer was observed, and degradation was completed within 5
minutes (Figure 4.2). These results suggest that SS-PAAs based polyplexes will not be
prone to hydrolytic destabilization under physiological conditions, but can rapidly
disintegrate by reductive cleavage of the disulfide linkages in an intracellular reductive
environment.
1000
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pABOL with 2.5 mM DTT
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Figure 4.2. Gel permeation chromatogram (GPC) of pABOL polymer and its GPC profile during 5
min. incubation with 2.5 mM dithiothreitol (DTT). Same GPC curves were observed during 15 min.
and 60 min. incubation with 2.5mM dithiothreitol.

4.3.2 DNA condensation and release
A requirement for cationic polymers to function as gene delivery vectors is that they are
able to condense DNA into nanosized polyplexes. Dynamic light scattering (DLS) and ζpotential measurements show that five SS-PAAs condense DNA at polymer/DNA mass
ratio 48/1 into polyplexes with small particle size (< 200 nm) and positive surface charge (>
+20 mV) (Figure 4.3). The smallest size and a relatively high surface charge was observed
for the polyplexes of pDMEA containing protonated dimethylamino moieties, whereas
polyplexes of pMPA and pAEEOL, containing an ether moiety, display a relatively large
particle size and a low surface charge. The condensation ability of the SS-PAAs gives the
following tendency: pDMEA, pHIS> pAPOL, pABOL, pMOPA> pMPA, pAEEOL.
Obviously, the charge density of the polymers plays an important role in their complexation
capacity. Polymers pDMEA and pHIS with (partially) protonated side groups, possessing
the highest charge density, give polyplexes of small particle size and high surface charge.
However, comparison of pABOL and pAPOL with pAEEOL also shows that subtle
changes in side chain structure, like the introduction of an ether oxygen in the side chain,
have large effects on the condensation ability and surface charge.
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Figure 4.3. Average particle size (solid bars) and zeta potential (♦) of polyplexes formed with various
SS-PAAs and DNA at a polymer/DNA mass ratio of 48/1.

For efficient gene transfer, DNA should eventually be released from the polymeric
vector. It has been reported that insufficient unpacking of polyplexes can form a major
barrier in the transfection process [6, 19]. Consequently, the rapid cleavage of the disulfide
linkages in the intracellular reductive environment (containing 0.1~10 mM glutathione) is
biologically relevant to induce fast dissociation of SS-PAAs based polyplexes and efficient
DNA release, leading to increased levels of gene expression. In order to proof the concept
of efficient release of DNA from the polyplexes upon disulfide reduction, the
complexation-decomplexation behavior of polyplexes based on the 7 PAAs was studied by
agarose gel retardation. A typical example is given in Figure 4.4, which shows that the
migration of negatively charged DNA is retarded by positively charged pAPOL polymer at
polymer/DNA mass ratios at and above 24/1. As expected, incubation of the polyplexes for
30 minutes with dithiothreitol (DTT, 2.5 mM), mimicking the reductive intracellular
environment, resulted in total DNA release even at higher ratios of 42/1 and 66/1. The same
behavior was observed for the other SS-PAAs based polyplexes, except pAEEOL.
No DTT

+2.5mM DTT

Polymer/DNA Æ 12 24 42 48 54 66 42 48 54 66
mass ratio

Naked
DNA

← well
← o.c.
← s.c.

Figure 4.4. Agarose gel electrophoresis of pAPOL/pDNA polyplexes prepared at different
polymer/DNA mass ratios before and after addition of DTT (final concentration of 2.5 mM). o.c.=
open circular, s.c.= supercoiled form of plasmid DNA.
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However, DNA release did not occur with polyplexes based on the non-reducible control
polymers and branched pEI under otherwise same conditions (data not shown). The concept
of fast polyplex destabilization in reductive environment is further supported by DLS
measurements that show that the size of pAPOL based polyplexes rapidly increase from
about 200 nm to more than 1 μm within 10 minutes after the addition of DTT, whereas the
size of polyplexes based on the reference polymers remain stable in the presence of DTT.

4.3.3 In vitro transfection efficiency and cytotoxicity
The transfection of polyplexes based on the 7 SS-PAAs was studied in vitro by using
COS-7 cells and the plasmid pCMV-LacZ as reporter gene. Transfection efficiencies were
optimized as a function of polymer/DNA mass ratios, ranging from 0.75/1 to 96/1 (Figure
4.5). As a typical example, a bell-shaped transfection curve was observed for pAPOL based
polyplexes with increasing mass ratios. The optimal transfection of the polyplexes was
revealed at a mass ratio of 66/1 (N/P~50) with an efficiency of about 9-fold higher than that
of the polyplexes of poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA) at their
optimal (3/1) ratio [41]. Moreover remarkably high gene expressions are accompanied with
essentially absent or only very low cytotoxicities (≥85% cell viability) (Figure 4.5).
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Figure 4.5. Relative transfection efficiencies (■) and corresponding cell viabilities (●) for pAPOL
based polyplexes formed at various polymer/DNA mass ratios. Transfection efficiencies were
normalized to that of pDMAEMA/DNA complexes at a ratio of 3/1 (w/w) (i.e., the transfection
efficiency of pDMAEMA polyplexes at their optimal polymer/DNA ratio of 3/1 (w/w) was taken as
1.0). Cell viability was determined by the XTT assay. The data were expressed as mean values
(standard deviations) of three experiments.

Figure 4.6A shows that four of the seven SS-PAAs polyplexes transfect COS-7 cells,
with transfection efficiencies higher than that of 25 kDa branched pEI, being the “golden
standard”. All of these four polymers exhibit considerable buffer capacity (Table 4.1). In
the series of polymers, it appears that the polymers with more hydrophobic side groups give
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higher transfection, as the transfection efficiency increases in the sequence: pAPOL,
pABOL> pMOPA>> pAEEOL. Notably, the low transfection efficiency of the polyplexes
based on pDMEA, pMPA and pAEEOL, coincide with their less favorable biophysical
characteristics, i.e. low buffer capacity, low surface charge and large particle size,
respectively. In the series of the histamine based polymers, it is clear that polyplexes of the
disulfide-containing pHIS show a much higher transfection efficiency and a lower
cytotoxicity than those of the control PAAs, indicating that reductive disulfide cleavage
indeed plays an important role in the gene delivery process.
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Figure 4.6. Relative transfection efficiencies (A) and corresponding cell viabilities (B) of polyplexes
formed with various poly(amido amine)s and DNA in COS-7 cells at optimized polymer/DNA mass
ratios in the absence (solid bars) and presence (slashed bars) of 5% serum. Polymer/DNA ratios for
the disulfide containing SS-PAAs p(HIS), p(APOL), p(ABOL) and p(MOPA) were 12/1, 66/1, 54/1
and 48/1 respectively. The transfection efficiency of pDMAEMA polyplexes in the absence of serum
at the optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at 1.0). Polyplexes of 25
kDa branched pEI (B-pEI) at an optimized mass ratios of 6/1 was also measured for comparison.
Polyplexes of the PAAs without disulfide linkages, p(MBA-HIS), p(BAP-HIS) and p(HMBA-HIS) at
optimized mass ratios of 6/1, 96/1 and 48/1, respectively, were used as a control. Cell viability was
determined by the XTT assay. The data were expressed as mean values (standard deviations) of three
experiments. (Student’s t-test, *p<0.05, **p<0.01, ***p<0.001, poly(amido amine) vs. B-pEI).
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It is well known that the presence of serum often causes aggregation of polyplexes,
resulting in decreased transfection efficiencies [48]. As is shown in Figure 4.6A, the
presence of 5% serum decreases the transfection efficiency of polyplexes of 25 kDa
branched pEI ca. 2 times and even larger effects are observed for polymers like pAPOL.
However, it should be noted that the transfection efficiencies given in this figure were not
optimized for serum conditions and that the low toxicity profiles of the PAAs allow
considerable optimization by increasing the incubation time of the cells with the
polyplexes. For example, a remarkable increase of about 8 times in transfection efficiency
of pABOL based polyplexes, is observed in the presence of 5% serum when the incubation
time is increased from 1 hour to 4 hours (Figure 4.7).

40
B-pEI
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Figure 4.7. Effect of incubation time on transfection efficiency (slashed bars) and corresponding cell
viability (●) of pABOL based polyplexes against COS-7 at an optimized polymer/DNA mass ratio of
54/1 in the presence of 5 wt% serum. The transfection efficiency of pDMAEMA polyplexes in the
absence of serum at their optimal polymer/DNA mass ratio of 3/1 was taken as 1.0. Polyplexes of
25KDa branched pEI (B-pEI) at an optimized mass ratios of 6/1 in the presence of 5 wt% serum was
used as a control. Cell viability was determined by the XTT assay. The data were expressed as mean
values (standard deviations) of three experiments.

It is assumed that the efficient transfection of the SS-PAAs is at least partly due to
intracellular degradation via the cleavage of the disulfides in the reducing intracellular
environment. In order to obtain experimental evidence for this polymer degradation,
polyplexes of fluorescently labeled pABOL containing disulfide linkages and p(BAPABOL) lacking disulfide linkages (Scheme 4.3) were used in the transfection against COS7 cells at the same polymer/DNA mass ratio of 12/1. DLS and zeta-potential measurement
showed that polyplexes of pABOL and p(BAP-ABOL) show comparable average particle
size and surface charge (128 nm vs. 82 nm; +20.2 mV vs. +19.2 mV), allowing good
comparison of the transfection activity of both type of polyplexes. Figure 4.8 shows the
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fluorescence and the transmission pictures of cells that are transfected with these
polyplexes for 24 hours. The intracellular distributions of the two polymers are distinctly
different. For pABOL, a homogeneous dispersed fluorescence was observed both in the
cytoplasm and the nucleus. In contrast, for the p(BAP-ABOL) lacking the disulfide
linkages many micro-sized aggregated clumps were located in the perinuclear space and
only a few weak fluorescence was observed in the nucleus. These results may serve as an
indication that pABOL is relatively fast degraded intracellularly by reductive cleavage of
the disulfide bonds, resulting in a diffuse distribution of the fluorescently labeled polymer
fragments inside the cells. In contrast, the slow or absence of degradation of p(BAP-ABOL)
may contribute to the formation of the aggregation.
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Scheme 4.3. Chemical structure of bioreducible pABOL (A) and non-bioreducible p(BAP-ABOL)
(B).
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Figure 4.8. CLSM-study of the polyplexes of pABOL (A, B) and p(BAP-ABOL) (C, D) at
polymer/DNA mass ratio of 12/1 after 24-h post-transfection in COS-7 cells. The picture B and D are
the direct transmitted light pictures taken simultaneously with the CLSM-pictures (A and C). The
polymers (in red) are labeled with rhodamine. The nucleus (in blue) is stained with DRAQ5. (Scale:
20 µm). (See colorful picture in the last page)
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The cell viability experiments, as evaluated by XTT assay, showed that the SS-PAAs
based polyplexes are essentially nontoxic (~100% cell viability), illustrating superior
properties compared to 25 kDa branched pEI (20% cell viability) and the control polymers
(70~95% cell viability), at polymer/DNA mass ratios of highest transfection efficiency
(Figure 4.6B). As was tested for pABOL and pAPOL also the plain polymers have a much
lower cytotoxicity than 25 kDa branched pEI (IC50~30 μg/mL); even at the high
concentration of 600 μg/mL about 80% of the cells retain their metabolic activity (Figure
4.9).
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Figure 4.9. Cell viability of pABOL (♦) and pAPOL (▲) in COS-7 cells at varying polymer
concentrations. Cell viability was determined by the XTT assay. The data were expressed as mean
values (standard deviations) of three experiments.

4.4 Conclusions
We have demonstrated that the novel family of functionalized poly(amido amine)s
containing repetitive disulfide linkages in their main chain (SS-PAAs) have very promising
characteristics for the development of highly potent and nontoxic gene carriers. Their easy
and versatile synthesis is compatible with the use of a large variety of functionalized amine
monomers, allowing large variation in the structure of the polymers. This enables the tuning
of various chemical and biophysical properties important for efficient gene delivery as well
as the attachment of stealth polymers and homing devices for gene delivery in vivo. These
latter modifications are subject of current studies.
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Chapter 5
Random and Block Copolymers of Bioreducible
Poly(amido amine) with High- and Low-Basicity Amino
Groups: Study of DNA Condensation and Buffer
Capacity on Gene Transfection∗
Poly(amido amine) random and block copolymers having bioreducible disulfide bonds in
the main chain and amino groups with distinctly different basicity in the side chain were
designed and synthesized by Michael addition polymerization between N, N’cystaminebisacrylamide (CBA) and two amine monomers, i.e., histamine (HIS) and 3(dimethylamino)-1-propylamine (DMPA). Copolymers containing variable HIS/DMPA
ratios show higher ability to bind DNA than p(CBA-HIS) homopolymer and condense DNA
into the polyplexes with particle sizes (<150 nm) that are smaller than polyplexes of
p(CBA-HIS) (~220 nm). The buffer capacities of the copolymers increase with increasing
HIS/DMPA ratio. These copolymers are able to transfect COS-7 cells in vitro with
efficiencies that increase with increasing HIS/DMPA ratio. The random and block
copolymers at a HIS/DMPA ratio of 70/30 combines optimal DNA condensation capability
and buffer capacity, thereby inducing higher transfection efficiency in the absence and
presence of serum as compared to p(CBA-HIS) homopolymer. Moreover, random and block
copolymers show a similar transfection capacity, but both have higher capacity than the
physical mixtures of p(CBA-HIS) and p(CBA-DMPA) homopolymers. XTT assay reveals
that the polyplexes of the poly(amido amine) copolymers have essentially low cytotoxicity
when the highest transfection activity is observed.

5.1 Introduction
The development of safe and efficient gene delivery vectors is an essential requisite for
the advancement of gene therapy [1, 2]. Non-viral vectors particularly cationic polymers
receive much attention because they have advantages over viral vectors with low
immunogenicity in vivo and easy manufacturing [3-5]. To achieve successful gene delivery,
polymer-based vectors must overcome a series of extra- and intracellular barriers that
∗

This chapter has been published: Chao Lin, Zhiyuan Zhong, Martin C. Lok, Xulin Jiang,
Wim E. Hennink, Jan Feijen, and Johan F. J. Engbersen, J. Controlled Release, 2007, 123,
67-75.
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include stability of vector and DNA in the extracellular space, cellular uptake, endosome
escape, cytosolic transportation, effective vector unpacking and nuclear translocation [6, 7].
In the past decades, many polymer systems such as poly(L-lysine) (pLL) and
poly(ethylenimine) (pEI) have been studied as non-viral vectors for gene delivery.
However, compared to viral systems, these vectors are hampered by relatively low
transfection efficiency [8]. Efforts to improve the low efficiency are directed to polymeric
vectors that are designed to overcome the aforementioned barriers in gene delivery.
Important properties of polymeric vectors are DNA condensation ability and buffer
capacity, which is the capacity of the polymer to bind protons when the pH in the
endosomes decreases from pH 7.4 to 5.1 [9]. A high condensation ability of the polymer
will induce the formation of nanosized polymer/DNA complexes (polyplexes) that may
undergo cellular uptake via endocytosis. A high buffer capacity of the polymer may
facilitate endosomal escape of the polyplexes as extensive protonation of the polymer can
induce osmolysis, conformational and/or electrostatic changes that cause endosome
disruption [10, 11]. Moreover, vector unpacking is necessary to trigger efficient gene
delivery inside the cell [12]. In relation to these requirements, Midoux et al. coupled
histidine to amino residues of pLL and found that histidyl-pLL has improved buffer
capacity, inducing higher transfection efficiency than pLL [13]. In another approach,
Putnam et al. modified the amino residues of pLL with imidazole groups and showed that
the resulting increase of buffer capacity and concomitant decrease of the charge density of
the polymer gives high transfection efficiency at substitution of ca. 86.5 mol % imidazole
[14]. A recent work reported by Kataoka et al. illustrated that a PEG-poly[(3morpholinopropyl) aspartamide]-poly(L-lysine) triblock copolymer containing both highand low-pKa groups combines high buffer capacity and good DNA condensation ability,
thereby yielding a transfection efficiency that is about 10 times higher than pegylated pLL
[15]. The introduction of disulfide bonds in the polymeric vector can have a favorable
effect on the unpacking of vector inside the cell due to bioreductive cleavage of the
disulfide bonds. This is shown by Pichon et al, who achieved a ten-fold higher transfection
efficiency for disulfide coupled pLL segments than for pLL [16]. Efficient gene delivery
was also observed with bioreducible polypeptides with histidine and lysine residues leading
to five-fold higher transfection efficiency compared to pEI [17].
In chapter 4, we reported on bioreducible poly(amido amine)s (SS-PAAs) that combine
efficient gene delivery with a low cytotoxicity profile [18, 19, 20]. The SS-PAAs with
disulfide linkages in the main chain and various functionalities in the side chain can be
readily synthesized by Michael addition between N, N’-cystaminebisacrylamide (CBA) and
the appropriate amine compound. The presence of the disulfide linkages makes these
polymers degradable inside the reductive environment of the cells, triggering efficient gene
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release inside cells. Moreover, the side groups in the polymer also have an influence on
transfection capacity. The SS-PAA derived from 3-(dimethylamino)-1-propylamine having
a dimethyl amino side group (p(CBA-DMPA)) shows much higher DNA condensation
capability than the SS-PAA derived from histamine possessing an imidazole side group
(p(CBA-HIS)) and condenses DNA into nanosized polyplexes of about 100 nm at low
polymer/DNA mass ratios. However, transfection in vitro towards COS-7 cells is more
effective for p(CBA-HIS) than for p(CBA-DMPA). This may be attributed to the higher
buffer capacity of p(CBA-HIS) (pKa value ~6.5) compared to p(CBA-DMPA) (pKa value
~8.0). In this study, we aimed to investigate SS-PAA copolymers that combine the
beneficial properties of high buffer capacity with high DNA condensation capability.
Therefore, random and block copolymers of SS-PAA were synthesized containing different
amounts of amino side groups with high and low basicity, i.e. dimethylamino (p(CBADMPA)) and imidazole (p(CBA-HIS)) side groups, respectively. In these copolymer
systems, the optimal combination of buffer capacity and DNA condensation capability was
studied. Moreover, the effect of structure of copolymer, i.e. a random versus a block
pattern, on the gene delivery properties and transfection efficiency has been studied.

5.2 Materials and methods
Materials. All monomers, 3-(dimethylamino)-1-propylamine (DMPA, Aldrich),
Histamine base (HIS, Aldrich), N, N’-cystaminebisacrylamide (CBA, Polysciences, USA),
were ordered in the highest purity and used without further purification. ExGen 500 (linear
polyethylenimine, 22kDa) was ordered from Fermentas (Germany). The plasmid pCMVLacZ, containing a bacterial LacZ gene preceded by a nuclear localization signal under
control of a CMV promoter, was purchased from Plasmid Factory (Bielefeld, Germany).
p(CBA-HIS) and p(CBA-DMPA) were synthesized by Michael addition polymerization of
HIS or DMPA to equimolar monomeric ratios of CBA as previously reported [19].
Synthesis of poly(amido amine)s. Random copolymers: SS-PAA random copolymers
were synthesized by polyaddition of CBA and a mixture of HIS and DMPA at various
ratios (i.e. 70/30, 50/50 and 30/70, mol/mol) as shown in Scheme 5.1a. In a typical
experiment, the p(CBA-HIS70/DMPA30) random copolymer was synthesized by adding
CBA (1.67 g, 6.41 mmol), HIS (0.51 g, 4.49 mmol) and DMPA (0.20 g, 1.92 mmol) into a
brown reaction flask with methanol/water mixture (3.2 mL, 4/1, v/v) as a solvent and
stirring the reaction mixture at 45 °C in the dark under nitrogen atmosphere. The reaction
was allowed to proceed for 6 days, yielding a viscous solution. Subsequently, 10 mol %
excess of DMPA (0.07 g, 0.06 mmol) was added to consume any unreacted acrylamide
groups and stirring was continued for 2 days at 45 °C. The resulting solution was diluted
with water to about 30 ml, acidified with 6 M HCl to pH~4, and then purified by
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ultrafiltration (5000g/mol cut-off) with deionised water adjusted to pH~4 with 0.1 M HCl.
After freeze-drying the polymers in their HCl-salt form were collected as a solid powder
(0.8 g, 35%). The final composition of the polymers was determined by 1H NMR (D2O, 300
MHz).
Block copolymers: SS-PAA block copolymers with varying ratios of HIS and DMPA (i.e.
70/30, 50/50 and 30/70, mol/mol) were synthesized in two steps, as shown in Scheme 5.1b.
First, oligomers of p(CBA-DMPA) with terminal diacrylamide groups and oligomers of
p(CBA-HIS) with terminal amino groups were synthesized at the appropriate HIS/DMPA
ratio. Then, the two oligomers were mixed together and the reaction was continued for 2
days to yield the block copolymer. In a typical synthesis, taking the p(CBAHIS70/DMPA30) block copolymer as an example, p(CBA-HIS) oligomer with averagenumber polymerization degree Xn= 19 was prepared by stirring a mixture of CBA (0.72 g,
2.75 mmol) and excess of HIS (0.35 g, 3.06 mmol, stoichiometric ratio rCBA/HIS= 0.90
mol/mol) in methanol/water (1.5 ml, 4/1 v/v) in a brown reaction flask at 45°C in the dark
under nitrogen atmosphere; meanwhile, p(CBA-DMPA) oligomer was prepared by adding
DMPA (0.14g, 1.31 mmol) and CBA (0.42g, 1.61 mmol) in methanol/water (0.8 ml, 4/1
v/v) in another brown reaction flask. In this case, rDMPA/CBA is 0.81 to yield final molar
equivalents of acrylamide and amino terminal groups (0.15 mmol) for the p(CBA-DMPA)
oligomer and the p(CBA-HIS) oligomer. After 6 days of reaction, 1H NMR spectra showed
that the conversion of the acrylamide and amino terminal groups in the two reactions was
more than 99%. Then, the two oligomer solutions were mixed together in a flask and
allowed to react for 2 days. Subsequently, 10 mol % excess of DMPA (0.51 g, 0.44 mmol)
was added to consume any unreacted acrylamide groups and stirring was continued for
another 2 days at 45 °C. The resulting solution was diluted with water to about 30 ml,
acidified with 6 M HCl to pH ~4, and then purified by ultrafiltration operation (5000 g/mol
cut-off) with deionised water adjusted to pH ~4 with 0.1 M HCl. After freeze-drying the
polymer in their HCl-salt form was collected as solid powder (0.7 g, 43%). The
composition of these polymers was determined by 1H NMR (D2O, 300 MHz).
Polymer characterizations. 1H NMR spectra were recorded on Varian Inova
spectrometer operating at 300 MHz. The molecular weight and polydispersity (Mw/Mn) of
the synthesized poly(amido amine)s were determined by GPC relative to PEO standards
(Polymer Labs) using a Waters 2695 LC system (Milford, MA, USA) and two thermostated
(30 °C) PL aquagel-OH 30 columns (8 μm, 300×7.5 mm, Polymer Labs, with a low-molarmass separation range (200~40,000)). Data were collected using a differential refractometer
(Model 2414). 0.3 M NaAc aqueous solution (pH 4.4) was used as eluent at a flow rate of
0.5 mL/min [21].
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The buffering capacity of the SS-PAA copolymers was determined by acid-base titration
as described previously [19]. An amount equal to 0.25 mmol of amine groups of the PAA
copolymer was dissolved in 5 mL of 150 mM NaCl aqueous solution. The pH of the
polymer solution was set at 2.0 and the solution was titrated with 0.1M NaOH solution
using an automatic titrator (Metrohm 702 SM Titrino). The buffering capacity defined as
the percentage of amine groups becoming protonated from pH 5.1 to 7.4, was calculated
from equation:
Buffer capacity (%) = 100 (ΔVNaOH × 0.1M) / N mol
wherein ΔVNaOH, is the volume of NaOH solution (0.1 M) required to bring the pH value
of the polymer solution from 5.1 to 7.4, and N mole (0.25 mmol), is the total moles of
protonable amine groups in PAA polymer.
Particle size and zeta-potential measurements. Polymer/plasmid DNA polyplexes at a
polymer/DNA mass ratio of 12/1 (N/P ~16/1) were prepared by adding a HEPES buffer
solution (20 mM, pH 7.4, 5 wt% glucose) of polymer (800 μL, 225 μg/mL) to a HEPES
buffer solution (20 mM, pH 7.4, 5 wt% glucose) of plasmid DNA (200 μL, 75 μg/mL),
followed by vortexing for 5 s and incubating at room temperature for 30 min. The surface
charge and the size of polyplexes were measured at 25 ºC with a Zetasizer 2000 instrument
and a Zetasizer 4000, respectively (Malvern Instruments Ltd., Malvern, UK).
Agarose gel retardation. Polyplexes were made by adding 10 μL solution of SS-PAA
copolymers or homopolymer mixtures (various concentrations in 20 mM pH 7.4 HEPES
buffer saline (HBS)) to 10 μL plasmid solution (80 μg/mL in pH 7.4 HBS), followed by
vortexing for 5s and the dispersions were incubated for 30 min at room temperature. After
addition of 5 μL of loading buffer containing bromophenol (Fermentas), 10 μL of this
mixture was applied onto a 0.7% agarose gel containing 0.5 μg/mL ethidium bromide.
After development of the gel, DNA was visualized with a UV lamp using a GelDoc system
(Imago).
In vitro transfection and cell viability assays. Transfection experiments were
performed with COS-7 cells (SV-40 transformed African Green monkey kidney cells) by
using the plasmid pCMV-LacZ as reporter gene as reported previously [22, 23]. Two
parallel transfection series, one for the determination of reporter gene expression (βgalactosidase) and the other for the evaluation of cell viability by XTT assay, were carried
out in separate 96-well plates (ca. 1.0 × 104 cells per well). Different polymer/plasmid DNA
weight ratios, ranging from 6 /1 to 24 /1 (w/w), were used to prepare the polyplexes. In
brief, polyplexes were prepared by adding 200 μL of a HEPES buffer solution (20 mM, 130
mM NaCl, pH 7.4) of poly(amido amine) with varying concentrations (from 75 to 300
μg/mL) to 50 μL of a HEPES buffer solution (20 mM, 130 mM NaCl, pH 7.4) of plasmid
DNA (50 μg/mL), followed by gentle shaking and incubating at room temperature for 30
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min. The incubations of the polyplexes with the cells were performed either in the presence
or absence of 5.0 % serum. All transfection and toxicity assays were carried out in
triplicate. In a standard transfection experiment, the cells were incubated with the desired
amount of polyplexes (100 μL dispersion with 1 μg plasmid DNA per well) for 1 h at 37 °C
in a humidified 5% CO2-containing atmosphere. Next, the polyplexes were removed. 100μL of fresh culture medium was added and the cells were cultured for 2 days. The
transfection efficiency was determined by measuring the activity of β-galactosidase using
the ONPG assay [22]. A pEI/DNA formulation (Exgen 500) prepared at a
nitrogen/phosphate (N/P) ratio of 10/1 was used as a reference. The number of viable cells
was measured using an XTT assay [24]. The XTT value for untreated cells (i.e. cells not
exposed to the transfection medium) was taken as 100% cell viability.

5.3 Results and discussion
5.3.1 Synthesis and characterization of poly(amido amine) copolymers
Random copolymers of bioreducible poly(amido amine) (SS-PAA) with various ratios of
histamine (HIS) and 3-(dimethylamino)-1-propylamine (DMPA) were synthesized by
Michael addition between N, N’-cystaminebisacrylamide (CBA) and a mixture of HIS and
DMPA (Scheme 5.1). The polymerization reactions were performed for 6 days by using
molar equivalents of bisacrylamide (CBA) and amine monomer (HIS and DMPA). During
the reaction time a gradual increase in viscosity was observed. To terminate the reaction,
excess of DMPA was added to the reaction system and the reaction was continued for 2
days. Block SS-PAA copolymers with various HIS/DMPA ratios were obtained in a twostep process (Scheme 5.2). First, the oligomers of acrylamide-terminated p(CBA-DMPA)
and the oligomers of amino-terminated p(CBA-HIS) were synthesized. The numberaverage polymerisation degree (Xn) of these oligomers was controlled by using a
stoichiometric ratio (r) of the monomers (i.e., rCBA/HIS or rDMPA/CBA) and was calculated with
the equation: Xn= (1+r)/(1-r). Subsequently, these oligomers at various ratios of
HIS/DMPA and molar equivalents of acrylamide and amino terminal groups were coupled
by Michael addition reaction to form the respective block copolymers. These random and
block SS-PAA copolymers were finally isolated as their HCl-salt by ultrafiltration and
freeze-drying. They have a good solubility in water. The composition ratio of HIS and
DMPA in the copolymer was determined by comparing the integrals of the 1H NMR signals
at δ 7.35 and δ 2.25, respectively, attributed to the proton (N=CH) in the HIS moiety and
the methylene protons (CH2CH2CH2) in the DMPA moiety (Figure 5.1). The compositions
of the copolymers are in accordance with the HIS/DMPA feed ratios (Table 5.1). In
addition, for all polymers no signals were present between 5 and 7 ppm, corresponding to
the acryl group, indicating that these copolymers are end-capped with amino groups. Gel
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permeation chromatography measurements showed that the weight-average molecular
weight (Mw) of the SS-PAA polymers relative to PEO standard ranged from 5.8 k to 8.8 k
g/mol with polydispersities (PDI = 1.25~1.88) (Table 5.1).
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Figure 5.1. 1H NMR spectra (D2O, 300MHz) of (a) p(CBA-HIS) (table1, entry 1), (b) p(CBADMPA) (table1, entry 8) and (c) random p(CBA-HIS70/DMPA30) (table 5.1, entry 2).
Table 5.1. Characterization of poly(amido amine) (PAA) homo- and copolymers.

Entry

Poly(amido amine)

1

p(CBA-HIS)
Random p(CBAHIS70/DMPA30)
Random p(CBAHIS50/DMPA50)
Random p(CBAHIS30/DMPA70)
Block p(CBAHIS70/DMPA30)
Block p(CBAHIS50/DMPA50)
Block p(CBAHIS30/DMPA70)
p(CBA-DMPA)

2
3
4
5
6
7
8
a

1.53

Buffer capacityc
(%)
58

6.3

1.65

51

52/48

6.1

1.88

42

29/71

5.8

1.45

38

72/28

7.4

1.25

50

52/48

8.5

1.34

41

32/68

8.8

1.60

38

---

8.7

1.41

32

HIS/DMPA
ratioa
---

Mwb
(kDa)
7.6

66/34

Mw/Mnb

determined by comparing the integrals of 1H NMR signals at δ 7.35 and δ 2.25. b weight-average
molecular weight (Mw) determined by GPC measurement. c buffer capacity of PAAs between pH 5.1
and 7.4 in 150 mM NaCl determined by acid-base titration.
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5.3.2 Buffer capacity of bioreducible poly(amido amine) copolymers
The buffer capacity of the SS-PAA copolymers was determined from the acid-base
titration curves ranging from pH 5.1 to pH 7.4. As is shown in Table 5.1, the nature of the
amino groups in the side chain of the polymers has a distinct effect on the buffer capacity.
The homopolymer p(CBA-HIS) having only imidazole groups (pKa ~6.5) in the side chain
has a high buffer capacity of 58%, whereas the homopolymer p(CBA-DMPA) having only
dimethyl amino groups (pKa ~8.0) in the side chain shows a much lower buffer capacity of
32%. As can be expected from these results, the buffer capacities of both random and block
copolymers decrease with decreasing HIS/DMPA ratio. No significant differences are
observed between random and block copolymers at the same HIS/DMPA ratio. When the
HIS/DMPA ratio decreases from 70/30 to 30/70 the buffer capacity decreases from 51% to
38%. This indicates that the buffer capacity of the copolymers can be nicely controlled by
the HIS/DMPA ratio.

5.3.3 Characterization of DNA condensation of SS-PAA copolymers
Gel electrophoresis was performed to investigate binding behavior between copolymers
and DNA. As is seen in figure 5.2, the homopolymer p(CBA-HIS) shows a relatively weak
binding capability to DNA and total DNA retardation is detected at a relatively high
polymer/DNA ratio of 12/1 (N/P ~16/1) (Figure 5.2a). In contrast, the presence of DMPA
into the copolymer has a clearly beneficial effect on the DNA binding capacity. All three
random HIS/DMPA copolymers show good binding with DNA, similar to the
homopolymer p(CBA-DMPA), at and above polymer/DNA mass ratios of 3/1 (N/P ~4/1)
(Figure 5.2b-e). Thus the incorporation of a low amount of DMPA into the copolymers is
already sufficient to obtain copolymers with good DNA binding capacity.
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Figure 5.2. Agarose gel electrophoresis of random PAA copolymer/pDNA polyplexes prepared at
polymer/DNA mass ratios. (a) p(CBA-HIS), (b) p(CBA-HIS70/DMPA30), (c) p(CBAHIS50/DMPA50), (d) p(CBA-HIS30/DMPA70) and (e) p(CBA-DMPA). (o.c.= open circular, s.c.=
supercoiled form of plasmid DNA.)

Furthermore, the effect of structural differences of the PAA polymers on the DNA
binding capacity was investigated by comparing polymer/DNA complexation of random
copolymers, block copolymers and mixtures of the homopolymers p(CBA-DMPA) and
p(CBA-HIS) at the same HIS/DMPA ratios (70/30, 50/50 and 30/70, respectively). Total
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DNA retardation was observed for all three systems at and above polymer/DNA mass ratios
of 3/1 (N/P ~4/1) (Figure 5.3). However, subtle differences in DNA binding were observed
at a polymer/DNA mass ratio of 1.5/1 (N/P~2/1), where random copolymers give slightly
better DNA retardation than block copolymers, but both types of copolymers show stronger
DNA binding than homopolymeric mixtures.
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o.c
s.c
2c

1c
Random copolymers

Block copolymers
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Homopolymer mixtures

Figure 5.3. Agarose gel electrophoresis of polyplexes based on HIS/DMPA random copolymers (1a,
1b, 1c), block copolymers (2a, 2b, 2c) and p(CBA-HIS)/p(CBA-DMPA) mixtures (3a, 3b, 3c) with
various HIS/DMPA mole ratios of 70/30 (a series), 50/50 (b series) and 30/70 (c series) at various
polymer/DNA mass ratios. (o.c.= open circular, s.c.= supercoiled form of plasmid DNA).

Figure 5.4 shows the particle size and surface charge of polyplexes from random and
block SS-PAA copolymers at a polymer/DNA mass ratio of 12/1 (N/P ~16), as determined
by DLS and zeta-potential measurement, respectively. In general, block copolymers form
polyplexes with a slightly smaller particle size and higher zeta-potential than random
copolymers at the same HIS/DMPA ratios. Polyplexes from the homopolymer p(CBA-HIS)
have relatively the largest size (~210 nm) and the size of the polyplexes decreases with
increasing ratio of DMPA/HIS in the copolymers (110-140 nm) (Fig. 5.4A). Polyplexes of
p(CBA-DMPA) and p(CBA-HIS/DMPA) copolymers have higher positive zeta-potentials
(27~33 mV) than those of p(CBA-HIS) (~22 mV). Notably, polyplexes of random and
block p(CBA-HIS70/DMPA30) copolymers show even higher zeta-potentials (~32-33 mV)
than those of p(CBA-DMPA) (~29 mV) (Figure 5.4B).

86

Random and block copolymers of bioreducible poly(amido amine)…

200

35

(A)
zeta potential (mV)

particle size (nm)

250
random PAA copolymer
block PAA copolymer

150
100

(B)

30
25
20
15
10

50
0/100

30/70 50/50 70/30
HIS/DMPA ratio

100/0

0/100

30/70

50/50

70/30

100/0

HIS/DMPA ratio

Figure 5.4. Particle size (A) and zeta potential (B) of polyplexes formed from random (upward
diagonal) and block (horizontal) copolymers containing various HIS/DMPA ratios (30/70, 50/50 and
70/30), p(CBA-DMPA) (0/100) and p(CBA-HIS) (100/0) at a polymer/DNA mass ratio of 12/1
(N/P~16/1). (20mM HEPES, 5 wt% glucose).

5.3.4 In vitro transfection efficiency and cytotoxicity
The transfection of polyplexes based on the SS-PAA polymers was studied in vitro by
using COS-7 cells and the plasmid pCMV-LacZ as reporter gene and their cell viabilities
were evaluated by XTT assays. First the effect of polymer/DNA ratio was evaluated by
measuring the transfection efficiency at polymer/DNA mass ratios of 6/1, 12/1 and 24/1
(N/P ~8, 16 and 32), respectively. Figure 5.5A shows that normalized to that of ExGen 500
(linear pEI, 22 kDa), polyplexes containing 50% or higher ratio of HIS (co)polymer all give
transfection efficiencies that are significantly higher than that of the reference polymer pEI.
Moreover, optimal transfection efficiency of the random copolymers is obtained for the
copolymer with HIS/DMPA ratio of 70/30 at a polymer/DNA mass ratio of 12/1. Generally,
the random copolymers show an improved transfection efficiency with increasing HIS
content, which could be correlated with the increased buffer capacity of these copolymers
(Table 5.1). Notably, at the ratio of 12/1 polyplexes of p(CBA-HIS50/DMPA50) and
p(CBA-HIS70/DMPA30) give higher transfection than p(CBA-HIS) based polyplexes.
This improved efficiency may be related to the smaller particle size and higher surface
charge of the copolymer based polyplexes (Figure 5.4A&B). The cytotoxicity profiles of
the polyplexes are shown in Figure 5.5B. Compared to pEI, which shows a cell viability of
only 40%, the polyplexes of all p(CBA-HIS/DMPA) (co)polymers show essentially low or
absence of cytotoxicity with cell viability of 80% and higher at all polymer/DNA ratios.
From our earlier work [18, 19], it can be concluded that the presence of the bioreducible
disulfide bonds in the main chain of these poly(amido amine)s favorably contribute to the
low cytotoxicity as the polymers can be rapidly degraded by disulfide cleavage by
glutathione and reductase enzymes in the cellular interior.
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Figure 5.5. Transfection efficiencies (A) and corresponding cell viabilities (B) of the polyplexes of
random SS-PAA copolymers with varying HIS/DMPA ratios (30/70, 50/50 and 70/30, respectively),
p(CBA-DMPA) (0/100) and p(CBA-HIS) (100/0) towards COS-7 cells at polymer/DNA mass ratios
(6/1, 12/1 and 24/1). The transfection efficiency of pEI polyplexes at their optimal N/P ratio of 10/1
was taken as reference (set at 1.0). Cell viability was determined by the XTT assay. (Student’s t-test,
*p< 0.05).

The polyplexes of the block copolymers show transfection profiles similar to those of the
random copolymers. Their transfection efficiencies increase with increasing HIS/DMPA
ratio (Figure 5.6A). However, a higher polymer/DNA ratio is required for optimal
transfection efficiency as compared to that of random copolymers (24/1 vs. 12/1).
Polyplexes of block p(CBA-HIS70/DMPA30) copolymer at a polymer/DNA ratio of 24/1
give ca. 1.2 times higher transfection than those of p(CBA-HIS) and ca. 4.1 times more
effective than pEI. Also, the polyplexes of the block copolymers display essentially low
cytotoxicity with cell viabilities of 90% at polymer/DNA ratios where optimal transfection
is observed (Figure 5.6B).
30/70

50/50

70/30

100/0

(A)

*

120

4

(B)

100

3.5

cell viability (%)

relative transfection efficiency

0/100
4.5

3
2.5
2
1.5
1

80
60
40
20

0.5

0

0
pEI

6/1

12/1

24/1

polymer/DNA mass ratio

pEI

6/1

12/1

24/1

polymer/DNA mass ratio

Figure 5.6. Transfection efficiencies (A) and corresponding cell viabilities (B) of the polyplexes of
block SS-PAA copolymers with varying HIS/DMPA ratios (30/70, 50/50 and 70/30, respectively),
p(CBA-DMPA) (0/100) and p(CBA-HIS) (100/0) towards COS-7 cells at polymer/DNA mass ratios
(6/1, 12/1 and 24/1). The transfection efficiency of pEI polyplexes at their optimal N/P ratio of 10/1
was taken as reference (set at 1.0). Cell viability was determined by the XTT assay. (Student’s t-test,
*p< 0.05).
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relative transfection efficiency

The effect of the polymer structure and formulation on the transfection of polymers, i.e.
the presence of random copolymer, block copolymer or a mixture of p(CBA-HIS) and
p(CBA-DMPA) is shown in Figure 5.7. The polyplexes of random and block copolymers at
their optimal polymer/DNA mass ratios induce similar transfection efficiency, indicating
that the structural pattern in the polymer (random vs. block) has only little effect. However,
polyplexes from both copolymers induce significantly higher efficiency than polyplexes
composed of p(CBA-HIS)/p(CBA-DMPA) mixtures. This may serve as an indication that
functionalities that predominantly contribute to favorable gene delivery properties as DNA
condensation (DMPA) and buffer capacity (HIS) are more effectively combined by intimate
covalent assemblation than by (loose) physical mixtures. This conclusion is in line with
recent results of Kataoka and co-workers, who reported that pLL-based block copolymers
showed more efficient transfection towards HeLa cells than a physical blend of two pLLbased homopolymers [15].
random copolymer
block copolymer
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Figure 5.7. Transfection efficiencies of the polyplexes of random copolymers (upward diagonal),
block copolymers (horizontal) and p(CBA-HIS)/p(CBA-DMPA) mixture (downward diagonal) with
various HIS/DMPA ratios towards COS-7 cells at their optimized polymer/DNA mass ratios of 12/1,
24/1 and 24/1, respectively in the absence serum. The transfection efficiency of pEI polyplexes at
their optimal N/P ratio of 10/1 was taken as reference (set at 1.0). (Student’s t-test, *p< 0.05).

It is well known that the presence of serum often causes aggregation of polyplexes,
resulting in decreased transfection efficiency [25]. The transfection efficiencies of the
copolymers in the presence of serum at their optimal polymer/DNA ratio are shown in
Figure 5.8A. The polyplexes of random and block copolymers at HIS/DMPA ratio of 70/30
again induce the highest transfection efficiencies along with cell viability > 90% (Figure
5.8B). Also here, the transfection efficiency of the copolymers is much higher than that of
p(CBA-HIS)/p(CBA-DMPA) mixtures. Compared to the serum-free medium, the presence
of 5% serum decreases the transfection efficiency of the polyplexes of p(CBA-
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HIS70/DMPA30) by about 2 times and this decrease is relatively lower than that observed
for p(CBA-HIS).
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Figure 5.8. Transfection efficiencies (A) and corresponding cell viability (B) of the polyplexes of
random copolymers (upward diagonal), block copolymers (horizontal) and p(CBA-HIS)/p(CBADMPA) mixture (downward diagonal) with various HIS/DMPA ratios towards COS-7 cells at their
optimized polymer/DNA mass ratios of 12/1, 24/1 and 24/1, respectively in the presence of 5%serum.
The transfection efficiency of pEI polyplexes at their optimal N/P ratio of 10/1 was taken as reference
(set at 1.0). Cell viability was determined by the XTT assay. (Student’s t-test, *p< 0.05).

5.4 Conclusions
We have demonstrated that bioreducible poly(amido amine) (SS-PAA) with tunable
DNA condensation capacity and buffer capacity can be readily obtained by synthesis of
random and block copolymers with controlled composition from Michael addition
polymerization between N, N’-cystaminebisacrylamide (CBA) and two amine monomers,
i.e., histamine (HIS) and 3-(dimethylamino)-1-propylamine (DMPA). The presence of a
low percentage of DMPA into the p(CBA-HIS/DMPA) copolymer already results in an
improved DNA binding behavior that is comparable to the p(CBA-DMPA) homopolymer
and is significantly higher than the p(CBA-HIS) homopolymer. The buffer capacities of the
copolymers can be controlled by the amino side group composition of the copolymer and
increases with increasing HIS/DMPA ratio. The SS-PAA copolymers are capable to
transfect COS-7 cells in vitro with efficiencies that increase with increasing HIS/DMPA
ratio. The random and block copolymers with a HIS/DMPA ratio of 70/30 combine high
DNA condensation ability and buffer capacity, thereby inducing higher transfection
efficiency than p(CBA-HIS) homopolymer in the absence and presence of serum.
Moreover, the serum has only a small influence on the transfection efficiency of polyplexes
of the copolymer as compared to those of the homopolymer. Differences in polymeric
structure, i.e. a random or a block pattern, have only marginal effect on transfection
capacity of copolymers, but covalent assemblage of the HIS and DMPA functional groups
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in a single polymer chain clearly results in better transfection properties than the use of
mixtures of p(CBA-HIS) and p(CBA-DMPA) homopolymers in the polyplexes. Polyplexes
formed from the SS-PAA random and block copolymers reveal much higher transfection
efficiency and lower cytotoxicity than those of pEI, indicating they have significant
potential for application as safe and efficient gene delivery vectors.
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Chapter 6
Bioreducible Poly(amido amine)s with Oligoamine Side
Chains: Synthesis, Characterization, and Structural
Effects on Gene Delivery ∗
A group of bioreducible poly(amido amine)s containing multiple disulfide linkages in
main chain and oligoamines in side chain (SS-PAOAs) were prepared by Michael-type
polyaddition of N-tert-butyloxycarbonyl (N-Boc) protected oligoamine to the disulfidecontaining N, N’-cystaminebisacrylamide, followed by deprotection of the Boc-protective
groups. These linear polymers show strong DNA condensation capability at low N/P ratios.
The chemical structure of oligoamine side chains (i.e. amine type and amino spacer length)
in the SS-PAOAs has a distinct effect on their buffer capacity, transfection efficiency and
toxicity profile. The SS-PAOAs containing secondary amino functions in the side chain
show high buffer capacities and are able to transfect COS-7 cells in vitro at low N/P ratios,
with transfection efficiencies similar or even higher than those of 25 kDa branched pEI,
along with very low cytotoxicity as determined by XTT assay. Increase of the alkyl spacer
from ethylene to propylene between the amino units in side chains results in significant
lower transfection and increased toxicity. This study presents detailed factors influencing
the relationship between structure and gene delivery properties and may provide helpful
insights for the further development of safe and efficient non-viral vectors.

6.1 Introduction
For the successful advancement of gene therapy, the further development of safe and
efficient gene delivery vectors is a prerequisite [1-3]. In this respect, non-viral vectors like
cationic polymers emerge as attractive alternatives for viral vectors, since they have the
potential advantage of low immunogenicity, low toxicity, high gene loading, and easy
manufacturing [4-8]. Among many polymers studied, linear and branched polyethylenimine
(pEI) are certainly the most studied polymeric vectors for gene delivery. The advantages of
pEI include high condensation capability to DNA, buffering capacity in the pH region 7.45.1 to induce facilitated endosomal escape of polymer/DNA complexes (polyplexes), and
∗
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compared to most polymers a relatively high transfection efficiency in vitro and in vivo [9,
10]. However, the therapeutic use of pEI is seriously hampered by its high cytotoxicity and
lack of biodegradability, which especially prevent repeated administration. Further studies
revealed that low-molecular weight (LMW) pEIs have much lower cytotoxicity than their
high-molecular weight (HMW) counterparts, but unfortunately these compounds suffer
from a concomitant lower transfection efficiency [10, 11].
Therefore, in the past decade much effort has been directed to modified forms of pEI and
pEI copolymers to arrive at vectors with decreased cytotoxicity and improved transfection
efficiency [12, 13]. One of the strategies is to conjugate biocompatible polymers, like
poly(ethylene glycol) (PEG), to the pEI chains. Indeed, pEIs modified with PEG show
lower cytotoxicities, but also display decreased transfection efficiencies [14-16]. Another
approach that has been followed is to connect multiple (low-toxic) LMW pEI fragments
with biocompatible units. For example, low-toxic pEI derivatives are generated by
combination of LMW pEIs with PEG [17, 18] or carbohydrates [19]. Cross-linking of lowmolecular weight pEI with hydrolysable or bioreducible linkers afforded biodegradable pEI
derivatives, that have transfection efficiencies similar or higher than that of branched HMW
pEI, but with lower cytotoxicity [20-24]. Although derivatisation and structural variation of
pEI seems to be promising for further improvement of the gene vector properties, only few
studies have been directed to heuristic evaluation of the effects of controlled structural
variation of pEI-related systems. Kataoka et al. modified PEG-block-poly(β-benzyl Laspartate) by aminolysis with various oligoamines and found that from the resulting
polycations the one with ethylenediamine units gives the highest, albeit moderate,
transfection efficiency at a relatively high N/P ratio of 20 [25]. Liu et al. reported that the
amine structure in linear poly(glycoamido amine)s, containing oligoamines and
carbohydrates in the main chain, affects cellular internalization, buffer capacity and gene
expression [26]. Park et al. showed that polyplexes from linear bioreducible pEIs with
oligoamines and disulfide linkages in main chain show transfection efficiencies that
increase with increasing amine density of oligoamines in the polymer chain [27].
In chapter 4, we reported on bioreducible poly(amido amine)s with disulfide linkages in
the main chain (SS-PAAs) that show efficient transfection in combination with low
cytotoxicity [28-30]. A variety of linear poly(amido amine)s with various functional groups
in the side chain could be easily synthesized by Michael addition between N, N’cystaminebisacrylamide (CBA) and the appropriate amine. It was observed that the linear
SS-PAAs with e.g. hydroxybutyl or hydroxypentyl groups in the side chains induce much
higher transfection than 25kDa branched pEI [28]. Moreover, in a cooperative study, the
group of Kim et al. and our group showed that for a variety of cell types polyplexes based
on branched bioreducible poly(amido ethylenimine)s have much higher transfection activity
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than 25 kDa branched pEI [24]. However, a clear relationship between structure and
transfection activity was not elucidated as the exact chemical structure is not defined in
these branched poly(amido amine)s.
In this chapter, we have designed a series of bioreducible, oligoamine-based, linear
poly(amido amine)s (SS-PAOAs) of defined structural integrity and have evaluated the
effect of structural variation of the oligoamine side chains on the gene vector properties of
these polymers. Therefore, various poly(amido amine)s, possessing side chains with
different number of amino atoms and ethylene or propylene spacer between the amine
units, were prepared by Michael addition between CBA and N-tert-butyloxycarbonyl (NBoc) protected oligoamine, followed by acidic removal of the Boc-protective groups. The
chemical and biophysical properties of these SS-PAOAs and the influence of structural
variation in the oligoamine side chain are discussed in relation to their in vitro transfection
and cytotoxicity towards COS-7 cells.

6.2 Materials and methods
Materials.
All
chemicals,
N-Boc-ethylenediamine
(Boc-EDA,
Aldrich),
diethylenetriamine
(DETA,
Aldrich),
triethylenetetramine
(TETA,
Fluka),
tetraethylenepentamine (TEPA, Aldrich), norspermidine (NSPD, Aldrich), spermine (SP,
Aldrich), di-tert-butyl dicarbonate (Across Organics), N, N’-cystaminebisacrylamide (CBA,
Polysciences, USA), ethyl trifluoroacetate (Aldrich), dithiothreitol (DTT, Sigma), branched
polyethylenimine (B-pEI, Mw 25 kDa, Aldrich) were purchased in the highest purity and
used without further purification. The plasmid pCMVLacZ, containing a bacterial LacZ
gene preceded by a nuclear localization signal under control of a CMV promoter, was
purchased from Plasmid Factory (Bielefeld, Germany). INF-7 peptide was synthesized
according to the method described by Plank et al. [31]. The reference polymer pDMAEMA
(Mw 1.94×105 Da) was synthesized as described previously [32].
Synthesis of Boc-protected monomers. The Boc-protected oligoamines, shown in
Scheme 1, were prepared according to a literature procedure [33] and were characterized by
1
H NMR (Varian Inova, 300MHz) and FAB-MS before use in the polymerization reactions.
(N1, N3-Bis-tert-butoxycarbonyl)-1, 5-diamino-3-azapentane (1b, Boc-DETA): 1H NMR
(CDCl3) δ= 1.43-1.54 (m, 20 H, 2 × OC(CH3)3, CH2NH2); 2.84 (t, 2 H, 5-CH2); 3.20-3.40
(m, 6 H, 1-CH2, 2-CH2, 4-CH2); 5.2-5.4 (br s, CONH-CH2). FAB+ found 304.3 (M+ +1),
C14H29N3O4 requires M+ +1=304.2. (N1, N3, N6-Tri-tert-butoxycarbonyl)-1, 8-diamino-3, 6diazaoctane (1c, Boc-TETA): 1H NMR (CDCl3) δ= 1.43-1.53 (m, 29 H, 3 × OC(CH3)3,
CH2NH2); 2.82 (t, 2 H, 8-CH2); 3.05-3.40 (m, 10 H, 1-CH2, 2-CH2, 4-CH2, 5-CH2, 7-CH2);
5.2-5.4 (br s, CONH-CH2). FAB+ found 447.4 (M+ +1), C21H42N4O6 requires M+ +1= 447.6.
(N1, N3, N6, N9-Tetra-tert-butoxycarbonyl)-1, 11-diamino-3, 6, 9-triazaundecane (1d, Boc-
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TEPA): 1H NMR (CDCl3) δ= 1.42-1.50 (m, 38 H, 4 × OC(CH3)3, CH2NH2); 2.82 (t, 2 H,
11-CH2); 3.05-3.40 (m, 14 H, 1-CH2, 2-CH2, 4-CH2, 5-CH2, 7-CH2, 8-CH2, 10-CH2); 5.25.4 (br s, CONH-CH2). FAB+ found 590.3 (M+ +1), C28H55N5O8 requires M+ +1=590.3. (N1,
N4-Bis-tert-butoxycarbonyl)-1, 7-diamino-4-azaheptane (1e, Boc-NSPD): 1H NMR
(CDCl3) δ= 1.43-1.54 (m, 20 H, 2 × OC(CH3)3, CH2NH2); 1.60-1.78 (m, 4H, 2-CH2, 6CH2), 2.71 (t, 2 H, 7-CH2); 3.04-3.38 (m, 6 H, 1-CH2, 3-CH2, 5-CH2); 5.2-5.4 (br s, CONHCH2). FAB+ found 332.3 (M+ +1), C16H33N3O4 requires M+ +1=332.4. (N1, N4, N9-Tri-tertbutoxycarbonyl)-1, 12-diamino-4, 9-diazadodecane (1f, Boc-SP): 1H NMR (CDCl3) δ=
1.43-1.53 (m, 31 H, 6-CH2, 7-CH2, OC(CH3)3 × 3); 1.60-1.72 (m, 6H, 2-CH2, 11-CH2,
CH2NH2); 2.69 (t, 2 H, 12-CH2); 3.05-3.40 (m, 10 H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10CH2); 5.2-5.4 (br s, CONH-CH2). FAB+ found 503.4 (M+ +1), C25H50N4O6 requires M+
+1=503.4.
Synthesis of bioreducible poly(amido amine)s with oligoamine side chains. The SSPAAs with oligoamine side chains (SS-PAOAs) were synthesized by Michael addition
reaction between N, N’-cystaminebisacrylamide (CBA) and the appropriate N-Bocprotected oligoamine, followed by deprotection of the Boc-protected amino groups
(Scheme 6.1). In a typical experiment, Boc-TETA (1c, 1.00 g, 2.2 mmol) and CBA (0.58 g,
2.2 mmol) were added into a brown reaction flask and 2.2 ml methanol was added as the
solvent. Polymerization reaction was carried out in the dark at 45 °C under nitrogen
atmosphere. The reaction mixture became homogeneous after 3-4 hours and the reaction
was allowed to proceed for 10 days, yielding a viscous solution. Subsequently, 20 mol %
excess TETA (0.064 g, 0.44 mmol) was added and stirring was continued for 3 days at 45
°C. The resultant polymer with Boc-protected TETA side chains (2c) was dried under
vacuum. The deprotection of the amino groups was performed in a mixture of
methanol/TFA (20ml, 1/1, v/v) and hydrochloric acid (2-3 ml, 1 M) for 4-6 hours. After the
signals of the Boc-groups have disappeared in the 1H NMR spectra, the solution was diluted
with water, adjusting to pH ~4 with 4 M NaOH and the resulting polymer 3c was then
purified by ultrafiltration (1000 g/mol cut-off) with acidic deionized water (pH ~4). The
pTETA polymer (3c) in its HCl-salt form was collected as a solid after freeze-drying (yield:
58%). The overall yields of the polymers 3a-f ranged from 26 % to 61% after ultrafiltration.
pEDA (3a), 1H NMR (D2O): δ = 2.70 (t, 4H, 2× COCH2CH2), 2.92 (t, 4 H, 2×
SCH2CH2), 3.10-3.28 (m, 6 H, 3× NCH2CH2), 3.40 (t, 2 H, CH2CH2NH2), 3.60 (t, 4 H, 2×
SCH2CH2); pDETA (3b), 1H NMR (D2O): δ = 2.72 (t, 4 H, 2× COCH2CH2), 2.92 (t, 4 H,
2× SCH2CH2), 3.10-3.48 (m, 4 H, 2× CH2NHCH2; 6 H, 3× NCH2CH2; 2H, CH2CH2NH2),
3.60 (t, 4 H, 2× SCH2CH2); pTETA (3c), 1H NMR (D2O): δ = 2.80 (t, 4 H, 2× COCH2CH2),
2.92 (t, 4 H, 2× SCH2CH2), 3.36-3.52 (m, 8 H, 2× CH2NHCH2; 6 H, 3× NCH2CH2; 2H,
CH2CH2NH2), 3.60 (t, 4 H, 2× SCH2CH2); pTEPA (3d), D2O: δ =2.64 (t, 4 H, 2×
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COCH2CH2), 2.92 (t, 4 H, 2× SCH2CH2), 3.12-3.42, (m, 12 H, 3× CH2NHCH2; 6 H, 3×
NCH2CH2; 2H, CH2CH2NH2), 3.59 (t, 4 H, 2× SCH2CH2); pNSPD (3e), 1H NMR (D2O): δ
= 2.08-2.34 (m, 4 H, 2× NHCH2CH2CH2), 2.78 (t, 4 H, 2× COCH2CH2), 2.92 (t, 4 H, 2×
SCH2CH2), 3.10-3.48 (m, 4 H, CH2NHCH2; 6 H, 3× NCH2CH2; 2H, CH2CH2NH2), 3.60 (t,
4 H, 2× SCH2CH2); pSP (3f), 1H NMR (D2O): δ = 1.85 (m, 4 H, NHCH2CH2CH2CH2NH),
2.15 (t, 2H, NCH2CH2CH2NH), 2.27 (t, 2H, NHCH2CH2CH2NH2), 2.86 (t, 4 H, 2×
COCH2CH2), 2.92 (t, 4 H, 2× SCH2CH2), 3.14-3.27 (m, 8 H, 2× CH2NHCH2; 2 H,
NCH2CH2), 3.40 (t, 2H, CH2CH2NH2), 3.60 (t, 4 H, 2× SCH2CH2).
Polymer characterizations. The 1H spectra of the synthesized SS-PAOAs with
oligoamine side chain (in D2O) were recorded on Varian Inova spectrometer operating at
300 MHz. The molecular weight and polydispersity of the SS-PAOAs were determined by
gel permeation chromatography (GPC) relative to PEO standards (Polymer Labs), as
described by Jiang et.al. [34]. In short, GPC was performed with a Waters 2695 LC system
(Milford, MA, USA) and two thermostated (30°C) PL aquagel-OH 30 columns (8 μm,
300×7.5 mm, Polymer Labs, with a low-molar-mass separation range (200~40,000)). Data
were collected using a differential refractometer (Model 2414). 0.3 M NaAc aqueous
solution (pH 4.4) plus methanol (70/30, v/v), was used as eluent at a flow rate of 0.5
mL/min.
The buffering capacity of the SS-PAOAs was determined by acid–base titration.
Therefore, a known amount of poly(amido amine), as was isolated as its HCl salt, equal to
0.25 mmol of amino groups, was dissolved in 5 mL of 150 mM NaCl aqueous solution. The
pH of the polymer solution was set at 2.0 and the solution was titrated with 0.1M NaOH
solution using an automatic titrator (Metrohm 702 SM Titrino). For comparison, branched
pEI (Mw = 25 kDa) dissolved in 150 mM aqueous solution adjusted to pH 2.0, was also
titrated using the same method. The buffering capacity is defined as the percentage of
amino groups that become protonated in the range pH 7.4 to 5.1, and can be calculated from
equation [28]:
Buffer capacity (%) = 100 (ΔVNaOH × 0.1M) / N mol
wherein ΔVNaOH, is the volume of NaOH solution (0.1 M) required to bring the pH value
of the polymer solution from 5.1 to 7.4, and N mol (0.25 mmol), is the total moles of
protonable amine groups in the known amount of poly(amido amine) polymer.
Particle size and zeta-potential measurements. Polymer/plasmid DNA polyplexes at
N/P ratios (defined as the ratio of the number of protonable amino nitrogen atoms in the
polymer to the number of phosphate groups in the DNA) of 4, 8 and 12 were prepared by
adding a HEPES buffer solution (20 mM, pH 7.4, 5 wt% glucose) of polymer (800 μL,
various concentrations) to a HEPES buffer solution (20 mM, pH 7.4, 5 wt% glucose) of
plasmid DNA (200 μL, 75 μg/mL), followed by vortexing for 5 s and incubating at room
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temperature for 30 min. The surface charge and the size of polyplexes were measured at 25
ºC with a Zetasizer 2000 instrument and a Zetasizer 4000, respectively (Malvern
Instruments Ltd., Malvern, UK).
Agarose gel retardation. Polyplexes were made by adding 10 μL of polymer solution
(various concentrations in 20 mM HEPES buffered saline (HBS)) to 10 μL plasmid solution
(80 μg/mL in HBS buffer pH 7.4), followed by vortexing for 5 s and the dispersions were
incubated for 30 min at room temperature. Next, 10 μL of HBS buffer solution (as control)
or HBS buffer containing DTT was added to give a final concentration of 2.5 mM DTT in
the resultant solution, and the dispersions were incubated for 30 min. After addition of 5 μL
of 6x loading buffer containing bromophenol (Ferments), 10 μL of this mixture was applied
onto a 0.7% agarose gel containing 0.5 μg/mL ethidium bromide. After development of the
gel, DNA was visualized with a UV lamp using a GelDoc system (Imago).
In vitro transfection and cell viability assays. Transfection experiments were
performed with COS-7 cells (SV-40 transformed African Green monkey kidney cells) by
using the plasmid pCMV-LacZ as reporter gene as reported previously [35]. Two parallel
transfection series, one for the determination of reporter gene expression (β-galactosidase)
and the other for the evaluation of cell viability by XTT assay, were carried out in separate
96-well plates (ca.1.0×104 cells per well). Different polymer/plasmid DNA weight ratios
ranging from 0.75 /1 to 12 /1 (w/w) were used to prepare polyplexes. In brief, the
polyplexes were prepared by adding a HEPES buffer solution (20 mM, 130 mM NaCl, pH
7.4, 200 μL) of poly(amido amine)s with varying concentrations (from 9.4 to 150 μg/mL)
to a HEPES buffer solution (20 mM, 130 mM NaCl, pH 7.4, 50 μL) of plasmid DNA (50
μg/mL), followed by gentle shaking and incubating at room temperature for 30 min. The
incubations of the polyplexes with the cells were performed either in the presence or
absence of 5.0% serum. All transfection and toxicity assays were carried out in triplicate. In
a standard transfection experiment, the cells were incubated with desired amounts of
polyplexes (100 μL dispersion with 1 μg plasmid DNA per well) for 1 h at 37 °C in a
humidified 5% CO2-containing atmosphere. Next, the polyplexes were removed. 100-μL
fresh culture medium was added and the cells were cultured for 2 days. The transfection
efficiency was determined by measuring the enzyme activity of β-galactosidase using the
ONPG assay [35]. In the case of transfection experiments with INF-7 peptide, 20 µl INF-7
(150 μg/mL) in HEPES buffer solution was added to 100 μl of the polyplex dispersion prior
to the incubation of cells with the polyplexes. A pDMAEMA/DNA formulation prepared at
a polymer/DNA ratio of 3/1 (w/w) was used as a reference. Polyplexes of 25 kDa branched
pEI (B-pEI) at an optimized mass ratio of 0.75/1 was also measured for comparison.
The number of viable cells was measured using an XTT assay [36]. The XTT value for
untreated cells (i.e. cells not exposed to the transfection medium) was taken as 100% cell
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viability. The XTT assay on the cytotoxicity of SS-PAOAs polymers was carried out with
the same operation steps as described above; in this case only plain polymers in
concentrations varying from 9.4 to 75 μg/mL were incubated with COS-7 cells.

6.3 Results and discussion
6.3.1 Synthesis and characterization of bioreducible poly(amido
amine)s with oligoamine side chains
Six bioreducible poly(amido amine)s with different oligoamine side chains (SS-PAOAs)
were prepared in a two-step synthesis according to Scheme 6.1. The poly(amido amine)s
with N-Boc-protected oligoamine side chains were synthesized by Michael addition of
molar equivalents of the appropriate N-Boc-protected oligoamine (1a-f) to N, N’cystaminebisacrylamide (CBA). The reaction was continued until the solution became
viscous (7-10 days). Subsequently, ca. 20 mol % excess of unprotected oligoamine was
added and the mixture was allowed to react for another three days to terminate the
polymerization with amino end groups. Finally, the Boc-protection was removed from the
amino groups by acidic cleavage to yield the desired SS-PAOAs. The six polymers were
isolated as their HCl-salt by ultrafiltration and freeze-drying. All polymers showed good
solubility in water and their 1H NMR spectra were in full accordance with the expected
structures (Figure 6.1). No signals were present in the region between 5 and 7 ppm,
corresponding to the acrylamide group, indicating that these polymers have amino-capped
end groups. Gel permeation chromatography measurements showed that the weight-average
molecular weight (Mw) of these SS-PAOAs are in the range from 3.0 to 6.2 kg/mol, with
polydispersity indexes (PDI) ranging from 1.17 to 1.92 (Table 6.1).
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Scheme 6.1. Synthesis of bioreducible poly(amido amine)s with oligoamine in side chains.
Table 6.1. Characteristics of SS-PAOAs: weight-average molecular weight (Mw),
polydispersity index (PDI) and buffer capacitya in the range pH 5.1- 7.4

Polymer
#
3a
3b
3c
3d
3e
3f
Branched pEIb
a

Polymer
Acronym
pEDA
pDETA
pTETA
pTEPA
pNSPD
pSP
B-pEI

Mw
(kDa)
3.5
3.0
4.6
5.1
6.2
5.3
9.9

PDI
1.92
1.25
1.53
1.39
1.33
1.17
1.73

Buffer capacity
(%)
12.2
21.2
16.0
17.6
22.4
19.2
18.6

Conditions: 5 mL of a solution of the polymer (50 mM in amino nitrogen atoms) was titrated with
0.1 M NaOH solution. b the absolute weight-average molecular weight of branched pEI is 25 kDa.
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6.3.2 Buffer capacity of SS-PAOAs
Cationic polymers like pEI are assumed to induce facilitated endosomal escape due to the
uptake of protons by the basic amino groups when the pH in the endosomes decreases from
7.4 to 5.1. This buffering effect causes an increase in osmotic pressure in the endosome,
leading to the disruption of the endosomal membrane to facilitate polyplex transport into
the cytoplasm (proton sponge mechanism) [9]. Therefore, the buffer capacity of the
polymers, i.e. the capacity of reversible binding of protons in this pH range, may be a
relevant parameter for the endosomal escaping capability of their polyplexes. The buffer
capacity of SS-PAOA polymers, expressed as the percentage of amino nitrogens that
becomes protonated in the pH range 7.4-5.1, was determined from the acid-base titration
curves between pH 5.1 and pH 7.4 (Figure 6.2). Except for pEDA, these polymers show
comparable or slightly higher buffer capacities (16.0 - 21.2 %) than branched pEI (18.6 %)
(Table 6.1). The lower buffer capacity of pEDA (12.2 %) can be attributed to the presence
of a single primary amine group in the side chains of these polymers that is already
protonated to a large extent at pH 7.4. In the other SS-PAOA polymers, having additional
amino groups in their side chain, second (and subsequent) protonation have a lower pKa
values (i.e. more closely to the relevant pH range). Kataoka and coworkers have reported
that the DETA moiety, conjugated to the side chains of poly(ethylene glycol)-blockpolyaspartamide, has pKa values of 9.5 and 6.0 for the first and second protonation,
respectively [25]. The polymers pNSPD and pSP, having a propylene spacer between the
amino groups, show a slightly higher buffer capacity than their ethylene spacer analogs
pDETA and pTETA, respectively (i.e., 22.4% vs. 21.2% and 19.2% vs. 16.0%), showing
that the separation of the amino groups with an extra methylene unit slightly increases the
buffer capacity of the SS-PAOA polymers.
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Figure 6.2. Titration curves of SS-PAOA·HCl solutions (50 mM protonable amino nitrogen atoms,
adjusted to pH 2 with 1 M HCl) in 150 mM aqueous NaCl with 0.1 M NaOH. For comparison, the
titration curve of branched pEI 25 kDa is also presented.
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6.3.3 DNA condensation and release
Agarose gel electrophoresis was performed to investigate the binding capability of the
SS-PAOA polymers with plasmid DNA (Figure 6.3). All polymers showed good DNA
binding at and above N/P ratios of 4/1, where total DNA retardation is detected. In the
series, pTEPA has the strongest DNA binding, as the DNA mobility is already fully
retarded at 2/1 N/P ratio. In our previous studies we have observed that the presence of
disulfide linkages in the poly(amido amine) backbone (SS-PAAs) significantly enhances the
transfection efficiency, most probably by facilitated release of DNA from the polyplex
upon reductive cleavage of the S-S bonds in the cellular interior [28, 29]. Therefore, DNA
release from the SS-PAOAs polyplexes was also investigated by gel electrophoresis in the
presence of 2.5 mM dithiothreitol, mimicking the reducing intracellular environment. For
all these polyplexes efficient DNA release was observed at and above N/P ratios of 4/1
(data not shown), which serves as an indication that DNA release can be effected inside the
cell by cleavage of disulfides in the SS-PAOA polymers.
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Figure 6.3. Agarose gel electrophoresis of SS-PAOA/pDNA polyplexes prepared at different N/P
ratios. (a) pEDA, (b) pDETA, (c) pTETA, (d) pTEPA, (e) pNSPD and (f) pSP. (o.c.= open circular,
s.c.= supercoiled form of plasmid DNA.)

Figure 6.4 gives the particle size and surface charge of the SS-PAOA polyplexes formed
at N/P ratios 4, 8 and 12, as determined by dynamic light scattering and zeta-potential
measurements, respectively. All the SS-PAOA polymers show strong DNA binding
properties as at (relatively low) N/P ratios of 8/1 and 12/1 they condense plasmid DNA into
nanosized complexes (< 150 nm) with positive zeta-potential (> +20 mV). In a previous
study it already appeared that poly(amido amine)s with (protonated) dialkylamino side
chains possess a strong DNA condensation capability [28, 30]. Therefore, it was expected
that the presence of the primary amine functions in the side chains of the SS-PAOAs results
in a strong DNA condensation property. Comparison within the series of polyplexes formed
at 12/1 N/P ratio reveals that already the presence of a single primary amino group in the
side chains (3a) is sufficient to condense DNA into nanosized (<100 nm) particles with
positive surface charge (+23 V). Extension of the side chains with one ethyleneamine unit
(3b) results in a slightly decreased DNA condensation capability, whereas further extension
with ethyleneamine units (3c-d) yields slightly smaller particles, but with increased surface
charge (+31 and +29 mV, respectively). Noticeable differences are the polyplexes of 3b-c
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on one hand and polyplexes of 3e-f on the other hand. The presence of a propylene spacer
between the amino units instead of an ethylene spacer results in smaller particles with
higher surface charge. Besides a higher degree of protonation of the aminopropylene units
compared to the aminoethylene units, also increased hydrophobic interactions may account
for this effect.
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Figure 6.4. Average particle size (A) and zeta potential (B) of polyplexes formed with SS-PAOAs
and plasmid DNA at N/P ratios of 4/1, 8/1 and 12/1.

6.3.4 In vitro transfection efficiency and cytotoxicity
The transfection of polyplexes based on the six SS-PAOAs was studied in vitro by using
COS-7 cells and plasmid pCMV-LacZ as reporter gene. First, the transfection efficiencies
with the different polymers were optimized as a function of polymer/DNA mass ratios,
ranging from 0.75/1 to 12/1. A typical example of the effect of variation in polymer/DNA
ratio is shown in Figure 6.5, where optimal transfection of the pTEPA polyplexes was
observed at a 1.5/1 mass ratio (N/P ~3.5/1), with an efficiency that is significantly higher
than that of polyplexes of pDMAEMA and of 25 kDa branched pEI at their optimal mass
ratio of 3/1 (N/P ~6/1) and 0.75/1 (N/P ~6/1), respectively. Moreover, the pTEPA
polyplexes show much lower cytotoxicities (80~100 % cell viability) than the pDMAEMA
based polyplexes (about 50% cell viability).
For the three SS-PAOA polymers with increasing number of secondary aminoethylene
groups in the side chain, i.e. pDETA, pTETA and pTEPA, the optimum in transfection
efficiency is observed at a decreasing N/P ratio (Figure 6.6). This may be correlated with
the smaller particle size and higher surface charge of the polyplexes with higher density of
amino units. It is apparent from Figure 6.6 that the chemical structure of the oligoamine
side chains of the six SS-PAOA polymers has distinct effect on the transfection efficiency.
The polyplexes of the SS-PAOA polymers bearing secondary amines in their side chain (i.e.
pDETA, pTETA and pTEPA) induce relatively high transfections, but those of pEDA with
only a terminal primary amino group in the side chain gave only low transfection. This
difference may be due to the higher buffer capacities of the former polymers compared to
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pEDA (Table 6.1), suggesting a more facilitated endosomal escape of their polyplexes.
Support for this hypothesis is found in the transfection results obtained in the presence of
the endosomal disrupting peptide INF-7 [37]. Figure 6.7 shows that the presence of INF-7
results in significantly higher transfection for polyplexes of pDMAEMA and pEDA,
indicating that these polymers suffer from limited endosomal escape properties by
themselves. In contrast, addition of INF-7 peptide does not enhance the transfection
efficiency of polyplexes of branched 25kDa pEI and the SS-PAOAs (except pEDA),
indicating that these polymers are capable to induce facilitated endosomal escape of the
polyplexes. Furthermore, the transfection data in Figure 6.6 show that enlargement of the
alkyl spacer between the amino groups in the side chain from ethylene to propylene, i.e.
pDETA vs. pNSPD and pTETA vs. pSP has a negative effect on transfection efficiency.
The reason for this effect is unclear as polyplex size, surface charge and buffer capacity do
not deviate significantly from the other SS-PAOA polymers. Moreover, since INF-7 does
not enhance the transfection with these polyplexes (Figure 6.7), endosomal escape is
apparently not the limiting step in the transfection with pNSPD and pSP polyplexes.
Although the cell viability of the pNSPD and pSP polyplexes (Figure 6.6) is still high at the
polymer concentrations where the transfection studies have been performed (9.4 and 18.8
μg/ml, respectively), a rapid increase of cell toxicity is observed at higher polymer
concentrations (vide infra, Figure 6.9). Recently, Liu and Reineke reported that in a series
of poly(glycoamido amine)s, the polymer with spermine units in the main chain showed
exceptional high cytotoxicity [26].
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Figure 6.5. Relative transfection efficiencies (bars) and corresponding cell viabilities (♦) for pTEPA
based polyplexes formed at polymer/DNA mass ratios in the absence of serum. Transfection
efficiencies were normalized to that of pDMAEMA/DNA complexes at a ratio of 3/1 (w/w) (i.e., the
transfection efficiency of pDMAEMA polyplexes at their optimal polymer/DNA ratio of 3/1 (w/w)
was taken as 1.0). Polyplexes of 25 kDa branched pEI (B-pEI) at an optimized mass ratios of 0.75/1
were also measured for comparison. Cell viability was determined by XTT assay. The data were
expressed as mean values (standard deviations) of three experiments. (Student’s t-test, *p<0.05,
pTEPA vs. B-pEI).
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Figure 6.6. Relative transfection efficiencies (bars) and corresponding cell viabilities (♦) of
polyplexes formed with various SS-PAOAs and plasmid DNA in COS-7 cells at their optimized
polymer/DNA mass ratios in the absence of serum. Optimal polymer/DNA ratios for pEDA, pDETA,
pTETA, pTEPA, pNSPD and pSP were 12/1, 6/1, 3/1, 1.5/1, 1.5/1 and 3/1 (i.e. N/P ca. 18/1, 11.5,
6.5, 3.5, 2.7 and 6.0), respectively. The transfection efficiency of pDMAEMA polyplexes in the
absence of serum at the optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at 1.0).
Polyplexes of 25 kDa branched pEI (B-pEI) at an optimized mass ratios of 0.75/1 was also measured
for comparison. Cell viability was determined by the XTT assay. The data were expressed as mean
values of three experiments.
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Figure 6.7. Relative transfection efficiencies of polyplexes formed with various SS-PAOAs and
plasmid DNA in COS-7 cells at optimized polymer/DNA mass ratios in the absence (white bars) and
presence (slashed bars) of INF-7 peptide. The transfection efficiency of pDMAEMA polyplexes in
the absence of serum at the optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at
1.0). Polyplexes of 25 kDa branched pEI (B-pEI) at an optimized mass ratio of 0.75/1 was also
measured for comparison. The data were expressed as mean values (standard deviations) of three
experiments. (Student’s t-test, ***p<0.001).

It is well known that the presence of serum often causes aggregation of polyplexes,
resulting in decreased transfection efficiencies [38]. Figure 6.8 shows that the presence of
5% serum results in about twofold reduction in the transfection efficiency of polyplexes of
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25 kDa branched pEI, pTETA and pTEPA. Interestingly, polyplexes of pDETA did not
give a significant decrease in transfection efficiency in the presence of serum.
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Figure 6.8. Relative transfection efficiencies (A) and corresponding cell viability (B) of polyplexes
formed with SS-PAOAs (i.e., pDETA, pTETA and pTEPA) and plasmid DNA in COS-7 cells at
optimized polymer/DNA mass ratios in the absence (white bars) and presence (black bars) of 5%
serum. The transfection efficiency of pDMAEMA polyplexes in the absence of serum at the optimal
polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at 1.0). Polyplexes of 25 kDa branched
pEI (B-pEI) at an optimized mass ratio of 0.75/1 was also measured for comparison. Cell viability
was determined by the XTT assay. The data were expressed as mean values (standard deviations) of
three experiments.
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Figure 6.9. Cell viability of various SS-PAOAs in COS-7 cells at varying polymer concentrations.
Cell viability was determined by the XTT assay. The data were expressed as mean values (standard
deviations) of three experiments.

Cell viability experiments, as evaluated by XTT assay, demonstrated that the SS-PAOA
polyplexes have very low toxicity (~100% cell viability) at the polymer/DNA mass ratios
where the highest transfection efficiency observed (Figure 6.6). This generally coincides
with a polymer concentration of ca. 10-20 μg/ml. The cell viability profiles of the plain
polymers as function of a wider range of polymer concentrations are given in Figure 6.9. It
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is obvious that the pNSPD and pSP polymers, having aminopropylene side groups, show a
much higher cytotoxicity profiles than their aminoethylene analogs pDETA and pTETA.
Moreover, the SS-PAOA polymers with the aminoethylene units show much lower
cytotoxicity than 25 kDa branched pEI (IC50 of ~ 27 μg/mL) with about 80~100 % of the
cells retaining their metabolic activity.

6.4 Conclusions
Novel bioreducible poly(amido amine)s with repetitive disulfide linkages in the main
chain and various oligoamines in the side chain (SS-PAOAs) were synthesized. These
polymers show strong DNA binding capability at low N/P ratios. Structural variation of
oligoamine side chain, i.e. variation in number of amino groups as well as the length of the
alkyl spacer between the amino groups has significant effects on buffer capacity,
transfection efficiency and cytotoxicity. The SS-PAOAs with aminoethylene units in the
side chains show high buffer capacities and lead to high levels of gene expression. The
elongation of the alkyl spacer between the amino groups in side chain from ethylene to
propylene results in lower transfection efficiencies. The structure–activity relations
elucidated for these polymers will be helpful for the further development of gene delivery
vectors combining high transfection efficiency with low toxicity.
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Chapter 7
Folate-Poly(ethylene glycol)-Poly(amido amine)
Conjugates for Targeted Gene Delivery to Ovarian
Carcinoma Cells
Folate-poly(ethylene glycol)-conjugated bioreducible poly(amido amine) copolymers
(p(CBA-ABOL70/BDA30)-PEG-FA) were designed as multifunctional non-viral vectors for
targeted gene delivery to ovarian carcinoma cells. These PEGylated copolymers efficiently
condense DNA into nanosized PEGylated polyplexes (<200 nm in average diameter) with
almost neutral surface charge (~+3-5 mV). Moreover, these PEGylated polyplexes showed
relatively stable particle size over 3 days in 20 mM HEPES buffer saline solution (pH 7.4,
37 °C) mimicking physiological conditions, but were rapidly destabilized to release DNA in
a reductive environment, as were revealed by dynamic light scatting and agarose gel
assays, respectively. Polyplexes of p(CBA-ABOL70/BDA30)-1-PEG-FA, containing one
PEG-folate chain per p(CBA-ABOL70/BDA30), induced higher levels of gene expression
than those of branched polyethylenimine (25 kDa) towards OVCAR-3 carcinoma cells in
the presence of serum. Competitive inhibition of folate-receptor by an excess amount of
folic acid significantly reduced transfection efficiency of the FA-PEGylated polyplexes,
indicating that the polyplexes were likely internalized in the OVCAR-3 cells by a folatereceptor mediated endocytic pathway.

7.1 Introduction
The development of safe and effective gene delivery vectors is an essential step for the
success of gene therapy [1]. Non-viral vectors, particularly cationic polymers, receive much
attention because they have the advantage over viral vectors of relatively low
immunogenicity in vivo and easy manufacturing [2-6]. Cationic polymers like
polyethylenimine (pEI) condense DNA into nanosized and positively-charged complexes
(polyplexes), which undergo cellular uptake via endocytosis and escape from the
endosomes by their buffering effect, thus leading to appreciable transfection efficiency in
vitro [7]. However, systemic gene delivery of positively-charged polyplexes in vivo is
seriously hampered by extracellular barriers [8, 9]. For example, the binding of negativelycharged blood components to the polyplexes may lead to the formation of aggregates and
blood clotting in vivo [10]. Besides this, after intravenous administration, polyplexes are
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rapidly eliminated from circulation by organs of the reticuloendothelial system, such as
liver or spleen [11-13]. To address these extracellular barriers, conjugation of poly(ethylene
glycol) (PEG) to cationic polymers certainly has been proven as a useful method.
PEGylated polyplexes formed from PEGylated polymers and DNA show favorable
biophysical properties, such as improved colloid stability and reduced interaction with
blood components and cell surfaces, thus resulting in prolonged circulation and lower
toxicities [14, 15]. However, compared to positively-charged polyplexes, PEGylated
polyplexes exhibited significantly decreased transfection capabilities because their neutral
surface impairs efficient cellular association and internalization. One approach to overcome
this limitation is the attachment of a specific ligand to the end of the PEG chain of
PEGylated polyplexes, which may endow enhanced cellular uptake via receptor-mediated
endocytosis and, additionally, targeted gene delivery for specific cells and tissues [14, 16,
17]. Langer et al. reported on galactosylated PEGylated poly(amido amine) dendrimers for
targeted gene delivery in vitro and showed that the hybrid polymer systems induce highly
efficient transfection against HepG2 human hepatocytes [18]. Kim et al. revealed that
cycloRGD-PEGylated branched pEIs are capable to induce five-fold higher transfection
efficiency to targeting endothelial cells in vitro over branched pEI [19].
The folate receptor is overexpressed in various types of human tumors, for example, in
ovarian carcinomas [20, 21]. As the folate receptor has a high affinity to folic acid,
conjugation of folate to delivery vehicles is a potential useful strategy for tumor-specific
gene delivery [21, 22]. It has been shown that polyplexes of folate-PEGylated cationic
polymers such as pEI and poly(L-lysine) lead to efficient transfection both in vitro [16, 23,
24] and in vivo [25].
In chapter 4, we reported that poly(amido amine)s with disulfide linkages in the main
chain (SS-PAAs) have very promising properties for gene delivery as their polyplexes show
efficient transfection with concomitant low cytotoxicity. These polymers are chemically
relatively stable in the extracellular environment, but are prone to degradation in the
intracellular environment, leading to facilitated polyplex unpacking, thereby avoiding a
major barrier for efficient gene delivery [26]. It was shown that the SS-PAA with the
hydroxybutyl side groups (pABOL) induces higher transfection efficiencies in vitro against
COS-7 cells compared to 25kDa branched pEI. However, the expected lack of cell
specificity and colloid-stability of unmodified pABOL-based polyplexes in vivo imposes
restrictions on their further application for systemic delivery. As a first step to overcome
these limitations, we have designed and synthesized two different folate-PEGylated
pABOL copolymers as multifunctional vectors and evaluated their potential for targeted
gene delivery to ovarian carcinomas in vitro. The results are described in this chapter.
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7.2 Materials and methods
Materials. All reagents and solvents, N, N’-cystaminebisacrylamide (CBA, Polysciences,
USA), 4-amino-1-butanol (ABOL, Aldrich), N-Boc-1,4-butanediamine (Boc-BDA,
Aldrich), dithiothreitol (DTT, Sigma), N, N’-dicyclohexylcarbodiimide (DCC), Nhydroxysuccinimide (NHS), trifluoroacetic acid (TFA, Aldrich) and branched
polyethylenimine (B-pEI, Mw 25 kDa, Aldrich) were purchased in the highest purity and
used without further purification. HCl·NH2-PEG-COOH (3.4 kDa) was ordered from
Nektar (USA). Folate-PEG-COOH was synthesized according to the procedure described in
reference [27]. The reference polymer pDMAEMA (Mw 1.94×105 Da) was synthesized as
described previously [28]. The plasmid pCMV-LacZ, containing a bacterial LacZ gene
preceded by a nuclear localization signal under control of a CMV promoter, was purchased
from Plasmid Factory (Bielefeld, Germany).
Synthesis of bioreducible poly(amido amine) (SS-PAAs) copolymers. Three SS-PAA
random copolymers 1a-c were synthesized by polyaddition of CBA and a mixture of ABOL
and Boc-BDA at various ratios (i.e. 90/10, 80/20 and 70/30, mol/mol) as shown in Scheme
7.1. In a typical experiment, p(CBA-ABOL70/Boc-BDA30) random copolymer (1c) was
synthesized by adding CBA (2.89 g, 11.10 mmol), ABOL (0.72 g, 7.77 mmol) and BocBDA (0.65 g, 3.33 mmol) into a brown reaction flask with methanol/water mixture (5.5
mL, 4/1, v/v) as a solvent and stirring the reaction mixture at 45 °C in the dark under
nitrogen atmosphere. The reaction was allowed to proceed for 6 days, yielding a viscous
solution. Subsequently, 10 mol % excess of ABOL (0.1 g, 0.11 mmol) was added to
consume any unreacted acrylamide groups and stirring was continued for 2 days at 45 °C.
The resulting solution was diluted with water to about 30 ml, acidified with 4 M HCl to
pH~4, and then purified by ultrafiltration (3000g/mol cut-off) with deionised water adjusted
to pH~4 with 0.1 M HCl. After freeze-drying the copolymers (1c) in their HCl-salt form
were collected as a solid powder (1.97 g, 46%).
The deprotection of Boc-protected amino groups in these copolymers (1a-c) was
performed in a mixture of methanol/TFA. In a typical example, p(CBA-ABOL70/BocBDA30) random copolymer (1c) (1.0 gram) was dissolved in methanol (5ml) and then TFA
(5 ml) was added. The mixture was stirred for overnight at room temperature. After the
signals of the Boc-groups have disappeared in the 1H NMR spectra, the solution was diluted
with water, adjusting to pH ~4 with 4 M NaOH. The resulting polymer solution was
purified by ultrafiltration (3000 g/mol cut-off) with acidic deionized water (pH ~4). The
p(CBA-ABOL70/BDA30) copolymer 2c in its HCl-salt form was collected as a solid after
freeze-drying (0.64 g, 64%). The overall yields of the copolymers 2a-c ranged from 35 %
to 45% after ultrafiltration. The final composition of the copolymers was determined by 1H
NMR (D2O, 300 MHz).
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Synthesis of folate-PEG-poly(amido amine) conjugates. Folate-PEG-poly(amido
amine) conjugates 3a-b were synthesized by DCC/NHS coupling reaction of various
amounts of folate-PEG-COOH with poly(amido amine) copolymer 2c, giving 1 or 2 folatePEG per poly(amido amine) chain, as shown in scheme 7.2. In a typical experiment of the
poly(CBA-ABOL70/BDA30)-1-PEG-FA conjugate 3a with a degree of PEG-substitution
of 1, folate-PEG-COOH (29 mg) were mixed with DCC (2.1 mg) and NHS (1.3 mg) in
DMSO (0.5 ml), after which was added copolymer 2c (Mn ~3.5 kDa, 30 mg) in DMSO (0.5
ml) and pyridine (0.05 ml). The mixture was incubated at room temperature for overnight.
The resulting conjugate solution was purified by ultrafiltration (10000 g/mol cut-off) with
deionized water (pH ~4). The folate-PEG-poly(amido amine) conjugate 3a in its HCl-salt
form was collected as a solid after freeze-drying (50 mg, 85%). The final composition of
these conjugates was determined by 1H NMR (D2O, 300 MHz).
Polymer characterizations. The 1H spectra of the synthesized SS-PAA copolymers and
folate-PEG-poly(amido amine) conjugates (in D2O) were recorded on Varian Inova
spectrometer operating at 300 MHz. The molecular weight and polydispersity of the SSPAA copolymers were determined by gel permeation chromatography (GPC) relative to
PEO standards (Polymer Labs), as described by Jiang et.al. In short, GPC was performed
with a Waters 2695 LC system (Milford, MA, USA) and two thermostated (30°C) PL
aquagel-OH 30 columns (8 μm, 300×7.5 mm, Polymer Labs, with a low-molar-mass
separation range (200~40,000)). Data were collected using a differential refractometer
(Model 2414). 0.3 M NaAc aqueous solution (pH 4.4) plus methanol (70/30, v/v), was used
as eluent at a flow rate of 0.5 mL/min.
Particle size and zeta-potential measurements. Polymer/DNA polyplexes at various
polymer/DNA mass ratios were prepared by adding a HEPES buffer solution (20 mM, pH
7.4, 5% glucose) of polymer (800 μL, various concentrations) to a HEPES buffer solution
(20 mM, pH 7.4, 5% glucose) of plasmid DNA (200 μL, 75 μg/mL), followed by vortexing
for 5 s and incubating at room temperature for 30 min. The particle size and surface charge
of polyplexes were measured at 25 ºC with a Nanosizer Instrument (Malvern Instruments
Ltd., Malvern, UK).
To evaluate colloid-stability of polyplexes of folate-PEG-p(CBA-ABOL70/BDA30)
conjugates (3a-b), the same experiment procedure mentioned above was applied to the
preparation of the polyplexes at various N/P ratios, but in HEPES buffer solution (20 mM,
pH 7.4). Next, 0.1 ml of saline solution (134 mM) was added to give a final salt
concentration of 130 mM in the resultant polyplex solution, and the solution was incubated
at 37 °C. The particle size of polyplexes at different incubation times (30 min, 1d and 3d)
was determined at 25 ºC with a Nanosizer Instrument (Malvern Instruments Ltd., Malvern,
UK).
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Agarose gel retardation. Polyplexes were made by adding 10 μL of polymer solution
(various concentrations in 20 mM HEPES buffer, pH 7.4) to 10 μL plasmid solution (80
μg/mL in HEPES buffer, pH 7.4), followed by vortexing for 5 s, and the dispersions were
incubated for 30 min at room temperature. Next, 10 μL of HEPES buffer solution or
HEPES buffer containing DTT was added to give a final concentration of 5.0 mM DTT in
the resultant solution, and the dispersions were incubated for 30 min. After addition of 5 μL
of 6x loading buffer containing bromophenol (Ferments), 10 μL of this mixture was applied
onto a 0.7% agarose gel containing 0.5 μg/mL ethidium bromide. After development of the
gel, DNA was visualized with a UV lamp using a GelDoc system (Imago).
In vitro transfection and cell viability assays. Transfection experiments were
performed with COS-7 cells (in DMEM) or OVCAR-3 cells (in folate-free RMPI) by using
the plasmid pCMV-LacZ as reporter gene as reported previously [24, 28, 29]. Two parallel
transfection series, one for the determination of reporter gene expression (β-galactosidase)
and the other for the evaluation of cell viability by XTT assay, were carried out in separate
96-well plates (ca. 1.0×104 cells per well). Different polymer/plasmid DNA weight ratios
ranging from 6 /1 to 48 /1 (w/w) were used to prepare polyplexes. In brief, the polyplexes
were prepared by adding a HEPES buffer solution (20 mM, 130 mM NaCl, pH 7.4, 200 μL)
of poly(amido amine)s with varying concentrations (from 75 to 600 μg/mL) to a HEPES
buffer solution (20 mM, 130 mM NaCl, pH 7.4, 50 μL) of plasmid DNA (50 μg/mL),
followed by gentle shaking and incubating at room temperature for 30 min. The incubations
of the polyplexes with the cells were performed either in the presence or absence of 5.0%
serum. All transfection and toxicity assays were carried out in triplicate. In a standard
transfection experiment, the cells were incubated with desired amounts of polyplexes (100
μL dispersion with 1 μg plasmid DNA per well) for 1 h at 37 °C in a humidified 5% CO2containing atmosphere. Next, the polyplexes were removed. 100-μL fresh culture medium
was added and the cells were cultured for 2 days. The transfection efficiency was
determined by measuring the enzyme activity of β-galactosidase using the ONPG assay
[29]. A pDMAEMA/DNA formulation prepared at a polymer/DNA mass ratio of 3/1
(N/P~6/1) was used as a reference. Polyplexes of 25 kDa branched pEI (B-pEI) at an
optimized mass ratio of 0.75/1 (N/P~6/1) were also measured for comparison.

7.3 Results and discussion
7.3.1 Synthesis and characterization of poly(amido amine) copolymers
Three bioreducible poly(amido amine) copolymers containing aminobutyl side groups
2a-c were prepared in a two-step synthesis (Scheme 7.1). The poly(amido amine)
copolymers 1a-c having hydroxybutyl side groups and Boc-protected aminobutyl side
groups were synthesized by the polyaddition reaction of N, N’-cystaminebisacrylamide
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(CBA) with a mixture of ABOL and Boc-BDA at various mole ratios (90/10, 80/20 and
70/30). The polymerization reactions were performed for 6 days by using molar equivalents
of bisacrylamide (CBA) and the amine monomers (ABOL and Boc-BDA). During the
reaction time a gradual increase in viscosity was observed. To terminate the reaction and
consume unreacted acryl groups, ca. 10 mol% excess of ABOL was added to the reaction
system and the reaction was continued for 2 days. Then, the Boc-protective groups in the
copolymers 1a-c were removed by acidic cleavage to yield the desired copolymers 2a-c.
The three copolymers were isolated as their HCl-salt by ultrafiltration and freeze-drying.
The composition of ABOL and BDA in the copolymers was determined by comparing the
integrals of the 1H NMR signals at δ 3.22 and δ 3.08, respectively, attributed to the
methylene proton (CH2OH) in the ABOL moiety and the methylene proton (CH2NH2) in
the BDA moiety (Figure 7.1). The compositions of the copolymers are in accordance with
the ABOL/Boc-BDA feed ratios (Table 1). In addition, for the copolymers no signals were
present between 5 and 7 ppm, corresponding to the acryl group, indicating that these
copolymers are end-capped with amino groups. Gel permeation chromatography
measurements showed that the weight-average molecular weight (Mw) of the copolymers
2a-c relative to PEO standard ranged from 4.1 to 6.9 kg/mol with polydispersities (PDI=
1.46~2.06) (Table 7.1).
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Scheme 7.1. Synthesis of bioreducible poly(amido amine) copolymers with primary amine side
groups.
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Figure 7.1. 1H NMR spectra (D2O, 300 MHz) of p(CBA-ABOL70/BDA30) (Table 7.1, 2c).
Table 7.1. Characteristics of copolymers (2a-c)
Polymer #
2a
2b
2c
a

Polymer acronym
p(CBAABOL90/BDA10)
p(CBAABOL80/BDA20)
p(CBAABOL70/BDA30)

Feed ratio
ABOL/Boc-BDA
(mol/mol) a

Composition
ABOL/BDA
(mol/mol) a

Mw
(kDa) b

Mw/
Mn b

90/10

89/11

4.1

1.84

80/20

77/23

6.9

2.06

70/30

72/28

5.1

1.46

determined by integrals of 1H NMR. b determined by GPC measurement.

7.3.2 DNA condensation ability of p(CBA-ABOL/BDA) copolymers
The particle size and surface charge of the polyplexes of three p(CBA-ABOL/BDA)
copolymers 2a-c at different polymer/DNA mass ratios of 6/1, 12/1 and 24/1, were
determined by dynamic light scattering and zeta-potential measurements, respectively
(Figure 7.2). In general, at the same mass ratios an increase in the molar ratio of BDA
moiety from 10% to 30% in the copolymers results in a decrease in particle size and an
increase in surface charge of polyplexes. At a low polymer/DNA mass ratio of 6/1 the
polyplexes of p(CBA-ABOL70/BDA30) (2c) showed smaller particle size (170 nm) and
higher positive zeta-potential (+26 mV) than those of the other two copolymers 2a-b.
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Figure 7.2. Average particle size (A) and zeta potential (B) of polyplexes of p(CBA-ABOL/BDA)
copolymers and plasmid DNA at various polymer/DNA mass ratios.

7.3.3 In vitro transfection efficiency and cytotoxicity of p(CBAABOL/BDA) copolymers
In order to evaluate the transfection capability of the p(CBA-ABOL/BDA) copolymers
2a-c, the transfection of polyplexes of three copolymers was studied in vitro by using COS7 cells and plasmid pCMV-LacZ as reporter gene. The transfection efficiencies with these
copolymers were optimized as a function of polymer/DNA mass ratio, ranging from 6/1 to
48/1. Figure 7.3A shows that at optimized polymer/DNA mass ratios, polyplexes of the
three different copolymers induce similar transfection, with efficiencies 3.8-fold higher
than that of branched pEI at its optimal mass ratio of 0.75/1. Moreover, at a relatively low
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Figure 7.3. Relative transfection efficiencies (A) and corresponding cell viabilities (B) for the
polyplexes of p(CBA-ABOL/BDA) at polymer/DNA mass ratio, ranging from 6/1 to 48/1 in the
absence of serum. Transfection efficiencies were normalized to that of pDMAEMA/DNA complexes
at a ratio of 3/1 (w/w) (i.e., the transfection efficiency of pDMAEMA polyplexes at their optimal
polymer/DNA ratio of 3/1 (w/w) was taken as 1.0). Polyplexes of 25 kDa branched pEI (B-pEI) at an
optimized mass ratios of 0.75/1 were also measured for comparison. Cell viability was determined by
XTT assay. The data were expressed as mean values (standard deviations) of three experiments.

polymer/DNA mass ratio of 6/1 higher transfection efficiency was observed for the p(CBAABOL70/BDA30) copolymer (2c) than the other two copolymers 2a-b. This may be due to
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the smaller particle size and higher surface charge of polyplexes of 2c (Figure 7.2). The
cytotoxicity profiles of the polyplexes are shown in Figure 7.3B. The polyplexes of p(CBAABOL/BDA) copolymers 2a-c show essentially absence of cytotoxicity at polymer/DNA
ratios where the highest transfection efficiency was observed.

7.3.4 Synthesis and characterization of folate-poly(ethylene glycol)conjugated bioreducible poly(amido amine) copolymers
The p(CBA-ABOL70/BDA30) copolymer (2c) was further chemically modified with
PEG-folate with various degree of substitution for targeted gene delivery to ovarian
carcinoma cells, since this copolymer (2c) showed good DNA condensation capability and
induced high transfection efficiency (section 7.3.2&7.3.3). The two folate-PEG-p(CBAABOL70/BDA30) conjugates 3a-b were prepared by DCC/NHS coupling reaction of
various amounts of HOOC-PEG-folate (3.4k) to the primary amines in the copolymer 2c,
yielding 1 or 2 folate-PEG per the copolymer 2c (Scheme 7.2). These folate-PEGconjugates were obtained after ultrafiltration and freeze-drying. 1H NMR spectra of the
PEG-conjugates were in full accordance with the expected structures (Figure 7.4). The
degree of substitution of folate-PEG to p(CBA-ABOL70/BDA30), expressed as a molar
ratio, was determined by comparing the integrals of the 1H NMR signals at δ 3.75 and δ
1.52, respectively, attributed to the methylene proton (CH2CH2O) in the PEG and the
methylene proton (CH2CH2CH2OH or CH2CH2CH2NH2) in the ABOL and BDA moieties
of the copolymer 2c (Figure 7.4). The degrees of substitution were in accordance with the
molar feed ratio of folate-PEG to p(CBA-ABOL70/BDA30) (Table 7.2).
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Scheme 7.2. Synthesis of folate-PEG-p(CBA-ABOL70/BDA30) conjugates.
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Figure 7.4. H NMR spectra (D2O, 300 MHz) of p(CBA-ABOL70/BDA30)-1-PEG-FA (Table 7.2,
3a).
Table 7.2. Characteristics of folate-PEG-p(CBA-ABOL70/BDA30) (3a-b)

Polymer #
3a
3b
a

Polymer acronym
p(CBA-ABOL70/BDA30)
-1-PEG-FA
p(CBA-ABOL70/BDA30)
-2-PEG-FA

Feed ratio
PEG/polymer 2c
(mol/mol)

Composition a
PEG/polymer 2c
(mol/mol)

1/1

1.1/1

2/1

1.9/1

determined by integrals of 1H NMR signals.

7.3.5 DNA condensation and release of folate-PEG-p(CBAABOL70/BDA30) conjugates
Agarose gel electrophoresis was performed to investigate the binding capability of folatePEG-p(CBA-ABOL70/BDA30) conjugates 3a-b with plasmid DNA (Figure 7.5). The two
conjugates showed good DNA binding at and above N/P ratios of 24/1, where full DNA
retardation is detected. However, a subtle difference in DNA binding was observed at N/P
ratios of 6/1 and 12/1, where the conjugate 3a give better DNA retardation than the
conjugate 3b. Since the presence of disulfide linkages in the poly(amido amine)
significantly enhances the transfection efficiency, most probably by facilitated release of
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DNA from the polyplexes upon reductive cleavage of the disulfide bonds inside the cells,
DNA release from the two PEGylated conjugates 3a-b was also investigated by gel
electrophoresis in the presence of 2.5 mM DTT, mimicking the reducing intracellular
environment. For all these polyplexes efficient DNA release was observed at and above
N/P ratios of 6/1 (data not shown), which indicates that DNA release can be obtained inside
the cells by the cleavage of disulfide in the two conjugates.
DNA

3a
3 6 12 24

3b
3 6 12 24 Å N/P ratio

o.c Æ
s.c Æ
Figure 7.5. Agarose gel electrophoresis of polyplexes of p(CBA-ABOL70/BDA30)-1-PEG-FA (3a)
or p(CBA-ABOL70/BDA30)-2-PEG-FA (3b) formed at different N/P ratios (o.c.= open circular,
s.c.= supercoiled form of plasmid DNA)
Table 7.3. Particle size and surface charge of polyplexes formed with
folate-PEG-p(CBA-ABOL70/BDA30) and plasmid DNA

Polymer #

3a

3b

N/P
ratio
24/1
12/1
6/1
24/1
12/1
6/1

Particle size
at various incubation times a
(nm)
30 min.
1d
3d
93.1±1.2
137.4±1.2
170.0±0.5
99.2±0.6
154.1±0.6
206.4±0.3
106.7±1.9
165.2±0.5
201.5±0.8
103.1±1.1
112.8±0.6
120.5±0.3
108.2±1.2
105.4±1.4
135.6±0.2
110.5±1.6
189.7±1.6
166.5±0.5

Zeta-potential b
(mV)
30 min
5.27±0.7
4.78±0.9
3.67±0.6
5.13±0.4
3.13±0.5
-0.80±0.2

a

determined at 20 mM HEPES, pH 7.4, 130 mM NaCl. b determined at 20 mM HEPES, pH 7.4,
5% glucose.

Table 7.3 shows the surface charges of polyplexes of folate-PEG-p(CBAABOL70/BDA30) conjugates 3a-b at N/P ratios of 6/1, 12/1 and 24/1 in the HEPES buffer
(pH 7.4, 5% glucose), as determined by zeta-potential measurements. In general, these
polyplexes had almost neutral surface charges (~+3-5 mV), which may be attributed to the
presence of a neutral PEG corona surrounding the core of polycations/DNA polyplexes.
The colloid-stability of these polyplexes in HEPES saline buffer (20 mM, pH 7.4, 130 mM
NaCl) was studied by following the particle size of the polyplexes in time by dynamic light
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scattering measurements. The polyplexes from the two conjugates 3a-b showed improved
colloid-stability over 3 days since the particle size of these polyplexes at various N/P ratios
generally stay below 200 nm. By contrast, the size of polyplexes of p(CBAABOL70/BDA30) without PEG conjugation rapidly increased from 130-170 nm to more
than 1000 nm after only one hour of incubation (data not shown). Moreover, the degree of
substitution of PEG to the p(CBA-ABOL70/BDA30) polymer has a subtle influence on the
colloid-stability of the polyplexes. Polyplexes of conjugate 3b with two PEG chains
showed a more stable particle size (~100-135 nm) over 3 days, whereas polyplexes of the
conjugate 3a with one PEG chain showed an increase in size from about 100 nm to 200 nm
over that period.

7.3.6 In vitro transfection efficiency and cytotoxicity of folate-PEGp(CBA-ABOL70/BDA30) conjugates
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The transfection activities of two folate-PEG-p(CBA-ABOL70/BDA30) conjugates 3a-b
were studied against OVCAR-3 cells, which are known to have a high expression of folate
receptors [20]. Transfection efficiencies were optimized as a function of N/P ratios, ranging
from 6/1 to 48/1, in the absence of serum. Figure 7.6 shows that the polyplexes of p(CBAABOL70/BDA30)-1-PEG-FA (3a) induce an optimal transfection at their N/P ratio of 48/1,
with an efficiency that is significantly higher than that of the polyplexes of pDMAEMA at
their optimal N/P of 6/1 as a positive control. Remarkably, polyplexes of p(CBAABOL70/BDA30)-2-PEG-FA (3b) revealed a much lower transfection efficiency than
those of p(CBA-ABOL70/BDA30)-1-PEG-FA (3a) at all studied N/P ratios. This indicates
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Figure 7.6. Relative transfection efficiencies (A) and corresponding cell viabilities (B) of polyplexes
of FA-PEG-p(CBA-ABOL70/BA30) conjugates (3a-b) towards OVCAR-3 cells at various N/P ratios
in the absence of serum. The transfection efficiency of pDMAEMA polyplexes in the absence of
serum at the optimal N/P ratio of 6/1 was taken as reference (set at 1.0). Cell viability was determined
by the XTT assay. The data were expressed as mean values (standard deviations) of three
experiments. (Student’s t-test, * p<0.05, 3a vs. pDMAEMA).

that an approximate doubling of the degree of substitution of p(CBA-ABOL70/BDA30)
copolymer with folate-PEG could has a negative effect on the transfection capability. This
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observation is in line with results of Kim et al. who reported that, in a series of cycloRGDPEG (3.4 kDa) conjugated branched pEI (25 kDa), the polyplexes from pEI conjugated
with only one cycloRGD-PEG chain give the highest transfection efficiency against
endothelial cells. It was shown that these polyplexes have the best binding affinity to
αvβ3/αvβ5 integrins in the cells compared to others with higher degree of PEG substitution
[19]. XXT assay revealed that polyplexes of 3a-b generally have much lower cytotoxicity
(80~100 % cell viability) than the pDMAEMA based polyplexes (about 40% cell viability).
In order to obtain information about the endocytic pathway of polyplexes of 3a, the
transfection experiments of these polyplexes towards OVCAR-3 cells in the presence of an
excess of folic acid were performed in the absence of serum. The competitive binding
inhibition to the folate-receptors in the presence of excess amount of folic acid (100 μM) in
the medium indeed significantly reduced the transfection of the polyplexes of 3a at
different ratios, but no affect in gene expression was observed for pDMAEMA-based
polyplexes as a negative control (Figure 7.7). This may serve as an indication that
polyplexes of p(CBA-ABOL70/BDA30)-1-PEG-FA were transported into the OVCAR-3
cells, mainly by a folate-receptor mediated endocytic pathway.
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Figure 7.7. Relative transfection efficiencies of polyplexes of p(CBA-ABOL70/BDA30)-1-FA-PEG
(3a) towards OVCAR-3 cells at various N/P ratios in the absence (white bars) and presence (dark
bars) of folic acid (100 μM). The transfection efficiency of pDMAEMA polyplexes in the absence of
folic acid at the optimal N/P ratio of 6/1 was taken as reference (set at 1.0). The data were expressed
as mean values (standard deviations) of three experiments. (Student’s t-test, * p<0.05, *** p< 0.001).

Figure 7.8A shows transfection efficiencies of polyplexes of p(CBA-ABOL70/BDA30)1-PEG-FA (3a) and branched pEI (25 kDa) in the presence of serum at their optimal N/P
ratios. Branched pEI-based polyplexes at their optimal N/P ratio of 6/1 show much lower
transfection efficiency in the presence than in the absence of 5% serum. The reduced
transfection efficiency could be caused by nonspecific protein adsorption on the polyplexes
and subsequent aggregation of the polyplexes [30]. In comparison, the presence of 5%
serum slightly decreases the efficiency of the polyplexes of p(CBA-ABOL70/BDA30)-1-
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PEG-FA (3a) by about 2 times, with an efficiency of about 2-fold higher than that of
branched pEI while maintaining low cytotoxicities (cell viability~100 %, Figure 7.8B).
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Figure 7.8. Relative transfection efficiencies (A) and corresponding cell viability (B) of polyplexes of
p(CBA-ABOL70/BDA30)-1-FA-PEG (3a) towards OVCAR-3 cells at an optimal N/P ratio of 48/1
in the absence (white bars) and presence (black bars) of 5% serum. The transfection efficiency of
pDMAEMA polyplexes in the absence of serum at the optimal N/P of 6/1 was taken as reference (set
at 1.0). Polyplexes of 25 kDa branched pEI (B-pEI) at an optimized N/P ratio of 6/1 were also
measured for comparison. Cell viability was determined by the XTT assay. The data were expressed
as mean values (standard deviations) of three experiments. (Student’s t-test, * p<0.05, 3a vs. B-pEI).

7.4 Conclusions
We have demonstrated that new bioreducible poly(amido amine) copolymers containing
primary amine side groups could be synthesized and further chemically modified with
folate-poly(ethylene glycol) (FA-PEG) to yield FA-PEG-poly(amido amine) conjugates.
Polyplexes of these conjugates showed stable particle size (below 200 nm) over 3 days in
saline solution. Polyplexes of the conjugate with one PEG per poly(amido amine) were
capable to efficiently transfect OVCAR-3 cells both in the absence and the presence of
serum.
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Chapter 8
Bioreducible Poly(amido amine)s for Gene Delivery to
Ovarian Cancer Cells
Our previous study has shown that bioreducible poly(amido amine)s (SS-PAAs) are very
promising as non-viral vectors for highly efficient gene delivery. In this study, SS-PAAs
were evaluated for in vitro gene delivery to OVCAR-3 tumor cells and in vivo after
intraperitoneal administration in mice bearing an ovarian cancer xenograft. The
polyplexes of the SS-PAAs with e.g. hydroxybutyl or hydroxypentyl side groups induce
significantly higher transfection efficiencies in vitro compared to pEI (25 kDa) as a control,
both under serum-free conditions and in the presence of 5% serum. Moreover, the
polyplexes of the SS-PAA with hydroxybutyl side groups yield similar in vivo transfection
efficiency with those of linear pEI (22 kDa).

8.1 Introduction
In the past two decades, considerable effort in the area of gene delivery has been directed
to gene delivery systems for the application of cancer gene therapy [1]. Non-viral gene
delivery vectors particularly cationic polymers receive much attention because they gain
advantages over viral vectors in low immunogenicity after repeated administration and ease
of manufacturing. Polyethylenimine (pEI) and poly(2-(dimethylamino)ethylmethacrylate)
(pDMAEMA) are among the most effective polymeric vectors and are well studied for nonviral gene delivery in vitro and in vivo against various cancer cells such as ovarian cancer
cells [2-4].
Ovarian cancer cells tend to remain localized in the peritoneal cavity, thus allowing for
the local delivery of the gene of interest [5]. Cationic polymers such as pEI and
pDMAEMA have been employed for local gene delivery to the peritoneal tumor cells in
mice models. Louis et al. showed that efficient gene expressions in ovarian tumor nodes
developed in the peritoneal cavity of mice were observed after intraperitoneal (i.p.)
administration of the polyplexes of linear pEI (22 kDa) [3]. Verbaan et al. demonstrated
that successful transfection of ovarian cells growing in the peritoneal cavity of nude mice
can be achieved by i.p. administration of pDMAEMA-based polyplexes with a high dose of
DNA [4]. However, high toxicity profiles of the cationic polymers like pEI and
pDMAEMA may be a drawback when frequent administration of the polyplexes is
performed. More recently, Wolf and Hennink et al. reported on low-toxic methacrylamide
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polymers containing a degradable carbonate linker in the side chain for local transfection
after i.p. injection of the polymer-based polyplexes into an ovarian cancer xenograft in nude
mice. The polyplexes of the polymer with dimethyl amino side groups showed transfection
activity similar to those of the linear pEI (22 kDa), indicating that this polymer system has
potential for use in ovarian cancer therapy [6].
In chapter 4, we have developed novel bioreducible poly(amido amine)s (SS-PAAs) for
non-viral gene delivery against COS-7 cells. The SS-PAAs with e.g. hydroxybutyl or
hydroxypentyl side groups (named as pABOL and pAPOL, respectively) give highly
efficient gene delivery in in vitro experiments with transfection efficiencies that are 3-4fold higher than branched pEI (25 kDa) and very low cytotoxicity (Figure 8.1). One
possible explanation on the high efficiency is that the SS-PAAs may induce facilitated
intracellular gene delivery via reductive cleavage of the disulfide linkages inside the cells.
In this study, we have evaluated the potential of SS-PAAs as gene delivery vectors towards
ovarian cancer cells. Therefore, the transfection of SS-PAA-based polyplexes against
OVCAR-3 cells in vitro and in the OVCAR-3 ovarian cancer mouse model was
investigated.
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Figure 8.1. Chemical structures of bioreducible poly(amido amine)s: pABOL (x=4) and pAPOL
(x=5).

8.2 Materials and methods
Materials. 4-amino-1-butanol (ABOL, Aldrich), 5-amino-1-pentanol (APOL, Aldrich),
N, N’-cystaminebisacrylamide (CBA, Polysciences, USA) and branched polyethylenimine
(B-pEI, Mw 25 kDa, Aldrich) were purchased in the highest purity and used without further
purification. Linear PEI (PEI, Mw 22 kDa) was a gift from Dr. Holger K. de Wolf (Utrecht
Univ.). The plasmid pCMV-LacZ, containing a bacterial LacZ gene preceded by a nuclear
localization signal under control of a CMV promoter, was purchased from Plasmid Factory
(Bielefeld, Germany). The plasmid encoding for firefly luciferase, pcDNA3Luc, was
ordered from Plasmid Factory (Bielefeld, Germany). pABOL (Mw 5.2 kDa, PDI=1.29) and
pAPOL (Mw 3.5 kDa, PDI=1.26) were synthesized according to the procedure described in
chapter 4. pDMAEMA (Mw 194 kDa) was synthesized as described previously [7].
Particle size measurements. SS-PAA/plasmid DNA polyplexes at a polymer/DNA mass
ratio of 48/1 were prepared by adding a HEPES buffer solution (20 mM, pH 7.1, 5 wt%
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glucose) of poly(amido amine)s to a HEPES buffer solution (20 mM, pH 7.1, 5 wt%
glucose) of plasmid DNA, followed by vortexing for 5 s and incubating at room
temperature for 30 min. The size of polyplexes was measured at 25 ºC with a Zetasizer
4000 (Malvern Instruments Ltd., UK).
In vitro transfection and cell viability assays. Transfection experiments were
performed with OVCAR-3 cells by using the plasmid pCMV-LacZ as reporter gene as
reported previously [8]. Two parallel transfection series, one for the determination of
reporter gene expression (β-galactosidase) and the other for the evaluation of cell viability
by XTT assay, were carried out in separate 96-well plates (ca. 1.0×104 cells per well).
Different polymer/plasmid DNA weight ratios ranging from 6/1 to 48/1 (w/w) were used to
prepare polyplexes. In brief, the polyplexes were prepared by adding a HEPES buffer
solution (20 mM, 130 mM NaCl, pH 7.4, 200 μL) of poly(amido amine)s with varying
concentrations (from 75 to 600 μg/mL) to a HEPES buffer solution (20 mM, 130 mM
NaCl, pH 7.4, 50 μL) of plasmid DNA (50 μg/mL), followed by gentle shaking and
incubating at room temperature for 30 min. The incubations of the polyplexes with the cells
were performed either in the presence or absence of 5.0% serum. All transfection and
toxicity assays were carried out in triplicate. In a standard transfection experiment, the cells
were incubated with desired amounts of polyplexes (100 μL dispersion with 1 μg plasmid
DNA per well) for 1 h at 37 °C in a humidified 5% CO2-containing atmosphere. Next, the
polyplexes were removed. 100-μL fresh culture medium was added and the cells were
cultured for 2 days. The transfection efficiency was determined by measuring the enzyme
activity of β-galactosidase using the ONPG assay [8]. A pDMAEMA/DNA formulation
prepared at a polymer/DNA ratio of 3/1 (w/w) was used as a reference. The number of
viable cells was measured using an XTT assay [9]. The XTT value for untreated cells (i.e.
cells not exposed to transfection systems) was taken as 100% cell viability.
In vivo gene expression studies. The animal experiments were performed in line with
national regulations and approved by the local animal experiments ethical committee. The
NIH:OVCAR-3 cell line was propagated intraperitoneally in six to nine weeks old Balb/c
athymic mice (Harlan, The Netherlands). After peritoneal inoculation, a mouse model for
ovarian cancer develops, which is characterized by the formation of ascites and clusters of
fast proliferating tumor cells which are confined to the peritoneal cavity [10, 11]. At 3 to 4
week intervals, tumor cells were recovered from the donor animals by rinsing the peritoneal
cavity twice with 5 ml of cold PBS. For transfection studies, mice were inoculated by i.p.
injection of 1×107 OVCAR-3 cells in PBS, obtained from the peritoneal lavage of the donor
mice. Five days after incubation, the mice were injected i.p. with the different polyplex
dispersions (0.2 ml, 30 μg of DNA). At different time-points after administration, the mice
were sacrificed by CO2 asphyxiation. Tumor cells were recovered by rinsing the peritoneal
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cavity twice with 5 ml PBS. The total number of tumor cells was determined by counting
the cell nuclei density of a fraction of the peritoneal lavage. In short, cells were lysed by
osmotic shock (Zap-OGLOBIN II, BeckmanCoulter) and counted using a cell counting
chamber. In the general experiment set-up (peritoneal lavage at 24 hrs after transfection), 610×107 cells were recovered per mouse. In vivo transfection activity of the polyplexes was
determined by measuring luciferase expression of the recovered tumor cells and the major
organs. The peritoneal lavage was centrifuged and the tumor cell pellets and organs were
homogenized in 0.5 to 1 ml of reporter gene lysis buffer, using a tissue homogenizer. The
tissue homogenates were incubated on ice for 30 min, vortexed and subsequently
centrifuged at 12000 g for 10 min. Relative light units (RLU) of the samples were measured
for 10 s at room temperature using a Berthold 9507 Luminometer after mixing of 20 μl of
the supernatant with 100 μl of the luciferase assay agent. The transfection activity of the
polyplexes was expressed as RLU per organ or RLU per 1×107 tumor cells.

8.3 Results and discussion
8.3.1 In vitro transfection and cytotoxicity towards OVCAR-3 cells
The transfection of polyplexes based on the pABOL and pAPOL was studied in vitro by
using OVCAR-3 tumor cells and the plasmid pCMV-LacZ as reporter gene. Transfection
efficiencies were optimized as a function of polymer/DNA mass ratio, ranging from 6/1 to
48/1 (Figure 8.2). The optimal transfections of polyplexes of pABOL and pAPOL were
both observed at the same mass ratio of 48/1 (N/P~42), with an efficiency that is
significantly higher than that of polyplexes of the reference polymers pDMAEMA and of
branched pEI (25 kDa) at their optimal mass ratio of 3/1 (N/P ~6/1) and 0.75/1 (N/P ~6/1),
respectively. Moreover, the pABOL and pAPOL-based polyplexes show significantly lower
cytotoxicities (80~100 % cell viability) than the pDMAEMA and pEI based polyplexes
(about 65%-75% cell viability). It is well known that the presence of serum often causes
aggregation of polyplexes, resulting in decreased transfection efficiencies [12]. A similar
effect is also observed for polyplexes of pABOL and PAPOL, which show an about twofold reduction in the transfection efficiency in the presence of 5% serum (Figure 8.3).
However, despite this decrease in efficiency, both pABOL and pAPOL show higher
transfection efficiencies than their reference polymers pDMAEMA and pEI. Slightly higher
transfection efficiency was obtained for the polyplexes of pDMAEMA with 5% serum than
without the serum due to improved cell viability (67±7 % vs. 90± 8 %)
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Figure 8.2. Transfection efficiencies (a) and corresponding cell viabilities (b) of polyplexes of SSPAAs against OVCAR-3 cells at polymer/DNA mass ratios (6/1~48/1). The transfection efficiency of
pDMAEMA polyplexes at their optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set
at 1.0). Cell viability was determined by the XTT assay. Polyplexes of 25kDa branched pEI (B-pEI)
at optimized mass ratio of 0.75/1 (N/P= 6/1) were also used as a reference. Lower transfection
efficiencies were observed for polyplexes of B-pEI at high mass ratios above 0.75/1 due to a high
cytotoxicity (cell viability <50%). The data were expressed as mean values (standard deviations) of
three experiments. (Student’s t-test, *p<0.05, SS-PAA vs. B-pEI).
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Figure 8.3. Relative transfection efficiencies of polyplexes formed with SS-PAAs and plasmid DNA
against OVCAR-3 cells at an optimized polymer/DNA mass ratios of 48/1 in the absence (white bars)
and in the presence (dark bars) of 5% serum. The transfection efficiency of pDMAEMA polyplexes in
the absence of serum at the optimal polymer/DNA ratio of 3/1 (w/w) was taken as reference (set at
1.0). Polyplexes of 25 kDa branched pEI (B-pEI) at an optimized mass ratio of 0.75/1 was also
measured for comparison. The data were expressed as mean values (standard deviations) of three
experiments.

8.3.2 In vivo transfection activity
Because of their efficient transfection activity in vitro, it is of interest to test the potency
of pABOL and pAPOL polyplexes in vivo using the OVCAR-3 ovarian cancer mouse
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model. Therefore, polyplexes were prepared with 30 μg of plasmid DNA at an optimal
polymer/DNA mass ratio of 48/1 (N/P ~42/1) and used for intraperitoneal (i.p.)
administration. The polyplexes of linear PEI (22 kDa) and pDMAEMA both at their
optimal N/P ratio of 6/1 were also used as reference formulations. DLS measurement
showed that the average particle size of the pABOL and pAPOL-based polyplexes, in 20
mM HEPES buffer (pH 7.1) with 5 wt% glucose, were 149 nm and 166 nm, respectively.
Polyplexes of pABOL yielded the high level of tumor cell gene expression, comparable
to that of pEI and pDMAEMA based polyplexes (Figure 8.4). Moreover, the in vivo gene
expression appeared to be relatively selective to the ascetic tumor cells as compared to the
cells in the other organs. This may be due to the particular peritoneal microenvironment
that allows passive targeting of the polyplexes and to the susceptibility of the proliferating
tumor cells to non-viral gene delivery [3]. Gene expression, although relatively low, was
also observed in the organs lined by the mesothelial layer (spleen and kidney). This could
be ascribed to transfection of the mesothelial layer lining the peritoneal cavity and covering
these tissues [4]. Very low gene expression was also detected in the heart of the mouse.
Interestingly, 10-100 fold lower gene expressions in liver and lung were observed for the
pABOL and pAPOL-based polyplexes than for the polyplexes of pEI and pDMAEMA.
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Figure 8.4. Tumor and organ luciferase expression, 24 hours after i.p. injection of polyplexes of
pABOL and pAPOL both at a polymer/DNA mass ratio of 48/1. Polyplexes of linear pEI (22kDa) and
pDMAEMA both at optimized N/P ratio of 6/1 were also used as a reference. For preparing
polyplexes 30 μg of plasmid DNA was used in all cases. The transfection activity of the polyplexes
was expressed as RLU per organ or RLU per 1×107 tumor cells (standard deviations, n=3).

The observed in vivo tumor transfection activities of the polymers (e.g. pDMAEMA vs.
pAPOL) did not well correlate with the activities observed in the in vitro study (Figure 8.2).
The pAPOL-based polyplexes induce significantly high transfection efficiency in vitro
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compared to pDMAEMA, but a low efficiency, although detectable, of tumor cells in vivo.
Frequently, poor in vitro-in vivo correlations have been found in systemic gene delivery and
are likely due to specific interactions of polymers or polyplexes with non-target agents in
vivo [13].

8.4 Conclusions
We have demonstrated that bioreducible poly(amido amine)s are capable to induce high
levels of gene expression in vitro along with low cytotoxicity towards OVCAR-3 cells and
in vivo transfection efficiencies that are comparable with that of linear polyethylenimine in
the OVCAR-3 ovarian cancer mouse model.
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Summary
This thesis describes the design and development of bioreducible poly(amido amine)s as
non-viral vectors for gene delivery in vitro and in vivo. The structural influences of these
polymers on their physico-chemical properties and gene delivery properties, transfection
capability and cytotoxicity in vitro are discussed in detail. Preliminary results on in vivo
gene delivery to ovarian cancer cells with the bioreducible poly(amido amine)s are also
described.
In Chapter 1 a general background with regard to the work in this thesis is presented.
The current literature on the strategies to design polymeric vectors for gene delivery is
reviewed in Chapter 2. In this chapter fundamental knowledge about polymer-mediated
gene delivery and extra- and intracellular barriers to the delivery pathways are first
described. Then, current strategies to design cationic polymers that are capable to address
these barriers are reviewed. Finally, the strategies to design cationic polymers with low
cytotoxicity are outlined. In Chapter 3 linear poly(amido amine) homo- and copolymers
(PAAs) containing secondary and tertiary amino groups and different amounts of disulfide
linkages in the main chain are designed and evaluated as non-viral vectors for gene delivery
in vitro. This study indicated that the polyplexes from the poly(amido amine)s containing
disulfide linkages in the main chain (SS-PAAs) induce higher transfection efficiency
against COS-7 cells in vitro and meanwhile have essentially lower cytotoxicity than those
analogs lacking the disulfides. These results lead us to explore further the effects of
functional side groups in the SS-PAAs as described in Chapter 4. Therefore, several linear
bioreducible poly(amido amine)s with a variety of functional side groups (SS-PAAs) are
synthesized and studied as non-viral gene delivery vectors. Polyplexes of the SS-PAA with
hydroxylalkyl side groups were able to transfect COS-7 cells in vitro with transfection
efficiencies significantly higher than those of branched polyethylenimine in the absence of
serum. Moreover, in the presence of 5% serum, a high level of gene expression could be
obtained by optimization of the transfection time. Importantly, the SS-PAAs and their
polyplexes revealed essentially absence or only very low cytotoxicity at concentrations
where the highest transfection activity is observed. Effects of DNA-condensation capability
and buffer capacity of SS-PAAs are described in Chapter 5. Random and block
copolymers of poly(amido amine) having bioreducible disulfide bonds in the main chain
and amino groups with distinctly different basicity in the side chain were designed. These
polymers were synthesized by Michael addition of cystaminebisacrylamide (CBA) and two
different amine monomers, i.e. histamine (HIS) and 3-(dimethylamino)-1-propylamine
(DMPA). This study highlights that the random and block copolymers at a HIS/DMPA
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mole ratio of 70/30 combines optimal DNA condensation capability and buffer capacity,
thereby inducing higher transfection efficiency both in the absence and in the presence of
serum, as compared to their homopolymer analogs. Moreover, the random and block
copolymers show a similar transfection capacity, but both have higher transfection
capability than physical mixtures of p(CBA-HIS) and p(CBA-DMPA) homopolymers. A
further study related to nucleotide binding capability and buffer capacity is given in
Chapter 6. Linear bioreducible poly(amido amine)s containing different oligoamines in the
side chain (SS-PAOAs) were designed and detailed factors influencing the relationship
between structure and gene delivery properties were investigated. It was found that the
chemical structure of oligoamine side chains (i.e. amine type and amino spacer length) in
the SS-PAOAs has a distinct effect on their buffer capacity, transfection efficiency and
toxicity profile. In the route to targeted delivery, in Chapter 7 the design, synthesis and
properties of folate-poly(ethylene glycol)-conjugated (FA-PEG) bioreducible poly(amido
amine) copolymers are described as multifunctional non-viral vectors for targeted gene
delivery to ovarian carcinoma cells. These PEGylated copolymers condense DNA into
nanosized polyplexes in physiological saline solution with almost neutral surface charge
(~+3-5 mV). Polyplexes of p(CBA-ABOL70/BDA30)-1-PEG-FA containing one FA-PEG
chain per p(CBA-ABOL70/BDA30), induced higher levels of gene expression than those of
branched polyethylenimine (25 kDa) towards OVCAR-3 carcinoma cells in the presence of
serum. Competitive inhibition of folate-receptor by an excess amount of folic acid resulted
in significantly reduced transfection efficiency of the polyplexes, indicating that they were
probably mainly internalized into the OVCAR-3 cells by a folate-receptor mediated
endocytic pathway. In Chapter 8 bioreducible poly(amido amine)s were evaluated for in
vitro gene delivery to OVCAR-3 tumor cells and preliminary experiments for in vivo
intraperitoneal administration in mice bearing an ovarian cancer xenograft are presented.
Polyplexes of the poly(amido amine)s with hydroxybutyl or hydroxypentyl side groups
induce significantly higher transfection efficiencies in vitro compared to branched pEI (25
kDa), both under serum-free conditions and in the presence of 5% serum. Moreover, the
polyplexes of the poly(amido amine)s with the hydroxybutyl side groups yield comparable
in vivo transfection efficiency with those of linear pEI (22 kDa).
In conclusion, bioreducible poly(amido amine)s are promising for the development of
highly potent and non-toxic gene delivery carriers, due to their favorable properties
important for gene delivery, i.e. good water solubility, easy synthesis and modification,
good DNA condensation ability, high buffer capacity, facilitated vector unpacking for DNA
release, low cytotoxicity and high transfection capability.
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Dit proefschrift beschrijft het ontwerp en de ontwikkeling van bioreduceerbare
poly(amido amine)s voor gebruik als niet-virale vectoren voor gentherapie, zowel in vitro
als in vivo. De effecten van variaties in molecuulstructuur op de op de fysische en
chemische eigenschappen van deze polymeren, de eigenschappen als DNA vector, de
transfectie-capaciteit en de cytotoxiciteit zijn tot in detail bestudeerd onder in vitro
condities. Ook zijn voorlopige resultaten voor in vivo gentherapie op eierstok kankercellen
met deze bioreduceerbare poly(amido amine)s beschreven.
In Hoofdstuk 1 wordt algemene achtergrondinformatie gegeven over het werk dat in dit
proefschrift is opgenomen. Een overzicht van de op dit moment in de literatuur bekende
methoden die toegepast worden bij op polymeer gebaseerde vectoren voor gentherapie is
opgenomen in Hoofdstuk 2. In dit hoofdstuk wordt eerst aandacht geschonken aan de
fundamentele aspecten van op polymeer gebaseerde gentherapie, de extra- en intracellulaire
barrières die hiervoor genomen moeten worden en de verschillende afgifte routes.
Vervolgens wordt gekeken naar de samenstelling van de huidige kationische polymeren die
in staat zijn om deze barrières te overwinnen. Tenslotte worden structuren van kationische
polymeren met een lage cytotoxiciteit beschreven. In Hoofdstuk 3 worden lineaire
poly(amido amine) homo- en copolymeren (PAA’s) met secundaire en tertiaire amino
groepen en verschillende hoeveelheden zwavelbruggen in de hoofdketen beschreven en
geëvalueerd als niet-virale vectoren voor in vitro gentherapie. Deze studie laat zien dat
polyplexen van poly(amido amine)s met zwavelbruggen in de hoofdketen (SS-PAA’s)
hogere transfectie vertonen in COS-7 cellen in vitro en tegelijkertijd substantieel minder
cytotoxisch zijn dan analoge polymeren zonder zwavelbruggen. Deze resultaten hebben
ertoe geleid dat we vervolgens op zoek zijn gegaan naar de effecten van functionele
zijgroepen aan de SS-PAA’s, zoals beschreven in Hoofdstuk 4. Hiervoor zijn enkele
lineaire bioreduceerbare poly(amido amine)s, met uiteenlopende functionele zijgroepen
gesynthetiseerd en bestudeerd als niet-virale vectoren voor gentherapie. Polyplexen van SSPAA’s met hydroxyalkyl zijgroepen waren in staat om COS-7 cellen in vitro te
transfecteren met een significant hogere efficiëntie dan vertakt poly(ethyleen imine) onder
serum vrije condities. Bovendien was een hoge genexpressie ook mogelijk onder invloed
van 5% serum, wanneer de transfectietijd geoptimaliseerd werd. Zeer belangrijk is dat de
SS-PAA’s en de polyplexen van deze polymeren geen enkele of slechts minimale
cytotoxiciteit vertoonden bij de concentraties waarbij de hoogste transfectie werd gemeten.
Effecten van de DNA complexeringscapaciteit en de buffercapaciteit van de SS-PAA’s zijn
beschreven in Hoofdstuk 5. Random en blok copolymeren van poly(amido amine)s met
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bioreduceerbare zwavelbruggen in de hoofdketen en aminogroepen met duidelijk
verschillende basiciteit in de zijketen werden gesynthetiseerd. De synthese verliep door
middel van een Michael additie polymerisatie van cystaminebisacrylamide (CBA) en twee
verschillende amine monomeren, te weten histamine (HIS) en 3-(dimethylamino)-1propylamine (DMPA). Deze studie toont aan dat random en blok copolymeren met een
HIS/DMPA mol ratio van 70/30 een optimale DNA complexeringscapaciteit combineert
met een optimale buffercapaciteit en tegelijkertijd een hogere transfectie-efficiëntie laat
zien, zowel met als zonder serum, vergeleken met de analoge homopolymeren. Random en
blok copolymeren vertonen een vergelijkbare transfectie-capaciteit, maar beide typen
polymeren hebben een hogere transfectie-capaciteit dan een simpel mengsel van de p(CBAHIS) en p(CBA-DMPA) homopolymeren. Een vervolgstudie naar de nucleotide
complexeringscapaciteit en de buffercapaciteit van poly(amido amine)s is uitgevoerd in
Hoofdstuk 6. Lineaire bioreduceerbare poly(amido amine)s met verschillende oligoamines
als zijgroepen (SS-PAOA’s) zijn gemaakt en de factoren die invloed hebben op het verband
tussen de structuur en gentherapeutische eigenschappen zijn tot in detail bestudeerd. Hier is
uitgekomen dat the chemische structuur van de oligoamine zijgroepen (primair of secundair
amine en het aantal koolstofatomen tussen twee amine groepen) in de SS-PAOA’s een
uitgesproken effect heeft op de buffercapaciteit, de transfectie-efficiëntie en de
cytotoxiciteit. In de aanloop naar doelgerichte gentherapie zijn in Hoofdstuk 7 de synthese
en de eigenschappen van folaat-poly(ethyleen glycol) geconjugeerde (FA-PEG)
bioreduceerbare poly(amido amine) copolymeren beschreven als multifunctionele nietvirale vectoren voor doelgerichte afgifte van therapeutisch DNA aan eierstok kankercellen.
Deze gePEGyleerde copolymeren complexeren DNA in een fysiologische zoutoplossing tot
polyplexen met dimensies in de orde van 100 nanometer en met een nagenoeg neutrale
oppervlakte potentiaal (~ +3-5 mV). Polyplexen van p(CBA-ABOL70/BDA30)-1-PEG-FA,
welke één FA-PEG keten per p(CBA-ABOL70/BDA30) bevatten, vertoonden een hogere
genexpressie dan vertakt poly(ethyleen imine) (25 kDa) in OVCAR-3 kankercellen in de
aanwezigheid van serum. Competitieve inhibitie van de folaat-receptor door een overmaat
foliumzuur resulteerde in een significant gereduceerde transfectie-efficiëntie, wat impliceert
dat de polyplexen voornamelijk opgenomen worden via een folaat-receptor gestuurde
endocytose. In Hoofdstuk 8 worden bioreduceerbare poly (amido amine)s geëvalueerd
voor in vitro genafgifte aan OVCAR-3 tumorcellen en worden verkennende in vivo
experimenten gepresenteerd van intraperitoneale toediening van deze polyplexen in muizen
met een xeno implantaat van eierstokkanker. Polyplexen van de poly(amido amine)s met
hydroxybutyl en hydroxypentyl zijgroepen vertonen in vitro significant hogere transfectieefficiëntie vergeleken met vertakt pEI (25 kDa), zowel onder serumvrije condities als in de
aanwezigheid van 5% serum. Bovendien vertonen polyplexen van de poly(amido amine)s
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met hydroxybutyl zijgroepen een vergelijkbare in vivo transfectie-efficiëntie als polyplexen
van lineair pEI (22 kDa).
Samenvattend kan worden geconcludeerd dat bioreduceerbare poly(amido amine)s
veelbelovende materialen zijn voor de ontwikkeling van kansrijke genafgiftesystemen
dankzij een combinatie van verschillende gunstige eigenschappen: goede
wateroplosbaarheid, eenvoudige synthese en modificatie mogelijkheden, goed DNA
complexerend vermogen, hoge buffer capaciteiten, snelle degradatie van de polyplexen in
de cel, lage giftigheid en een hoge transfectiecapaciteit.
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Figure 4.8. in Page 70, Chapter 4. (Scale: 20 µm).
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