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1. Introduction
1.1 Chapter objectives
Gene therapy is the process by which a foreign, corrective (or missing) gene is inserted
toward biological tissues or cells aiming to alleviate symptoms or prevent disorders. Several
clinical trials have demonstrated gene therapy as a promising option to treat diseases.
However, therapeutic biological limitations (such as adverse immune responses of the body
to incoming gene delivery systems) coupled with a poor understanding of the
physicochemical motifs involved in the DNA compaction and delivery (transfection)
processes have resulted in non-100% effective protocols. Aiming to contribute to a better
understanding of the different physicochemical aspects of gene therapy, our group has
committed for some years now to the physical chemistry characterization of the DNA
compaction and transfection mediated by different kinds of compacting agents (vectors).
In this chapter, we present an overview of the results we have obtained during the last three
years regarding the DNA compaction and transfection mediated by cationic-liposomes and polymers (polycations). Two families of polycations, Chitosan and Poly
(diallyldimethylammonium chloride) (pDADMAC), and one cationic lipid formulation
extensively used worldwide in transfection assays, Metafectene® Pro (MEP), are studied as
DNA vectors and compared with other systems already published. In particular, by varying
the solution pH and polycation characteristics (chemical composition and molecular
weight), we assess the influence of polycation-charge density (i.e., the mole fraction of the
ionized groups along the polymer chain) and -valence (i.e., the total charge per polymer
chain) on different parameters of the complexes formed that are important for gene therapy.
The studied parameters include i) the hydrodynamic radius, RH, ii) the stability with time,
iii) the vector to DNA ratio at which complexation takes place iv) the ζ-potential, v) the
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binding energetics, vi) the morphology, and vii) the transfection efficiency. The
physicochemical characterization was carried out by means of different experimental
techniques including dynamic and static light scattering (DLS and SLS), electrophoretic
mobility, isothermal titration calorimetry (ITC), transmission electron- and atomic force
microscopy (TEM and AFM), and conductometry at 25 ºC. Transfection experiments were
conducted at standard culture conditions and evaluated by means of the β-galactosidase (βgal) and luciferase assays at 25 ºC. Outstanding results concerning the electrochemical and
energetic features of the complexes with higher transfection efficiencies are fully discussed.
1.2 Gene therapy
The possibility to treat diseases by the insertion of genes into human cells and tissues has
proposed gene therapy as the therapy of the 21st century (Verma & Somia, 1997). With the
first clinical trial reported in the early 1990s (Anderson, 1990), protocols for several, diverse
disorders have been conducted and promising results have been obtained (O'Connor &
Crystal, 2006); however, a single protocol suitable to be applied as a routinely means to treat
any particular disease is far to be achieved.
In practice, the entrance of naked, exogenous DNA to the cell nucleus results problematic
due to different extra and intracellular barriers. On the one hand, systemic circulation of
DNA is hindered by nuclease degradation (Nguyen et al., 2009). On the other hand, the
electrolytic nature of DNA gives rise to electrostatic repulsions as DNA approaches to cells
provided that both DNA and cell membranes are negatively charged (due to the phosphate
groups distributed by the outside of the polymer helices and the several proteoglycans
constituting the cell membranes) (Tros de Ilarduya et al., 2010). Also, once inside cells, steric
restrictions are expected to hamper the DNA transportation to the cell nucleus given that
mobility of free DNA based on diffusion in the cytoplasm is negligible (Dowty et al., 1995),
possibly due to cytoskeletal elements within the cytoplasm that function as molecular sieves
and prevent the diffusion of large molecules (Lubyphelps et al., 1987). Thus, for exogenous
DNA to be properly transferred to living cells (and tissues), all these extra and intracellular
barriers must be circumvented.
Current gene transfer protocols rely on the use of natural and synthetic DNA complexing
agents, referred to as vectors or gene carriers, to compact, protect, and provoke a charge
inversion of DNA, surpassing, by this way, the previously cited biological barriers. Vectors
are either viral or non-viral. Viral delivery, also known as transduction, involves the packaging
of DNA (or in some cases RNA) into a virus particle (Mancheño-Corvo & Martín-Duque,
2006). This procedure is, by far, the most effective one considering the high transfection
efficiencies it renders; however, fundamental problems associated with viral vectors, including
toxicity and immunogenicity, among others, have encouraged the investigation of safer gene
delivery alternatives such as non-viral vectors (Verma & Somia, 1997).
Compared to viruses, non-viral transfection vectors possess many important advantages
such as safety, versatility, ease of preparation, and, in some cases, the possibility to transfect
DNA fragments of unlimited sizes (Orth et al., 2008). The first approaches using non-viral
vectors as gene carriers come from the late 1980s when Felgner and coworkers started to try
with cationic liposomes (Felgner et al., 1987). Cationic liposome-DNA complexes, also
referred to as lipoplexes, form spontaneously after electrostatic interactions between the
positively charged liposomes and the negatively charged DNA, producing physically stable
formulations suitable to transfect relatively high amounts of plasmid DNA to cells in culture
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(Felgner et al., 1987). Other non-viral vectors subsequently studied include surfactants,
proteins (particularly histones), multivalent ions, nanoparticles, and polycations, all of
which (also) form electrostatically driven DNA complexes (Gonzalez-Perez & Dias, 2009). In
the following sections we explore representative gene delivery systems employing
polycations and cationic liposomes as gene carriers.
1.3 Cationic-liposomes and -polymers for gene therapy
Polycations and cationic liposomes are the non-viral vectors most commonly studied for
gene therapy due to the outstanding characteristics they present. In addition to the potential
safety benefits, they offer, for instance, a great structural and chemical versatility for
manipulating their physicochemical properties, vector stability upon storage and
reconstitution, and a larger gene capacity to transfer DNA as compared to their viral and
non-viral counterparts (Dias et al., 2002; Midoux et al., 2009; Tros de Ilarduya et al., 2010).
As mentioned before, cationic liposomes were the first class of non-viral vectors showing
satisfactory transfection efficiencies. In the first work reporting on lipofection (the lipidmediated DNA transfection process), Felgner and coworkers employed N-[1-(2,3dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA), a synthetic cationic
lipid, to transfect plasmid DNA to different cells lines in culture (Felgner et al., 1987). Major
advantages of utilizing DOTMA containing liposomes were that DNA entrapment inside
the lipoplexes was found to be of a 100%. Also, as suggested by fluorescence microscopy
data, DOTMA demonstrated to facilitate fusion of the complexes with the plasma
membrane of the studied culture cells, resulting in DNA transfer rates from 5- to >100-fold
more effective (depending on the transfected cell line) than previous procedures such as the
calcium phosphate or the DEAE-dextran transfection techniques (Kucherlapati & Skoultchi,
1984). However, a major drawback was that these liposomes were found to be cytotoxic
(Felgner et al., 1987). Following the trail of this pioneering work, other cationic lipids and
surfactants have also been tested over the years (Simberg et al., 2004). Unfortunately, the
general perspective is that excessive positive charges, facilitating the electrostatic
interactions with negatively charged DNA, also promote cytotoxicity. As a result,
zwitterionic lipids such as dioleoylphosphatidylethanolamine (DOPE) and cholesterol are
nowadays commonly implemented (Tros de Ilarduya et al., 2010).
Polycations (i.e., positively charged polyelectrolytes) are macromolecules attractive to gene
therapy for various reasons. Firstly, provided the high charge density they bear, they are
considered as the most efficient nucleic acid-condensing agents. Different to other kinds of
non-viral vectors like trivalent ions and cationic surfactants, interacting with a few
consecutive DNA monomers (bases) (Sarraguca & Pais, 2006), polycations interact with
DNA bases that are significantly far apart, promoting bridging between different sites in the
DNA chain or between different DNA chains (Dias et al., 2003).
Secondly, because of the strong DNA-polycation interactions, DNA-polycation complexes
(polyplexes) are specially effective in what DNA charge masking and extracellular
protection concerns (De Smedt et al., 2000). And thirdly, given that they can be
functionalized, copolymerized or structurally modified, polycation constructs can be
tailored to improve cell-specific therapeutic efficacy with reduced side effects (Ke &
Young, 2010). Polycations most frequently studied as gene carriers include poly(L-lysine)
(PLL) (G. Y. Wu & C. H. Wu, 1987), polyethylenimine (PEI) (Boussif et al., 1995), chitosan
(Mumper et al., 1995), poly(β-amino ester)s (Lynn & Langer, 2000), and poly(amido
amine) (PAMAM) dendrimers (Haensler & Szoka, 1993). Generally speaking, the basicity
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and degree of protonation of polycationic vectors depend on their amount of primary,
secondary, and tertiary amines, which greatly influences the cell toxicity, the escape of
polyplexes from endosomes, and the transfection efficiency (Behr 1997).
1.4 Physicochemical aspects of relevance for gene therapy
Gene transfer to eukaryotic cells is a long process encompassing several successive steps.
Plasmid DNA must be packaged into complexes/particles first. Next, the DNA-containing
complexes/particles must associate with cells and become internalized into them by cellular
uptake processes. Following uptake, DNA-containing complexes/particles must escape the
endosomal compartment into the cytoplasm and release their DNA-cargo. Finally, DNA
must translocate into the cell nucleus to be transcribed into mRNA and subsequently
translated into protein antigen (Nguyen et al., 2009). For all these steps to successfully occur,
the final characteristics of the lipo- and polyplexes to be employed must, undoubtedly, be
studied and tailored. Of especial importance for complex formation and gene delivery, we
can enumerate the following physicochemical aspects.
1.4.1 Size and surface charge
The ability of cationic vectors to condense DNA into nano-sized complexes is believed to be
crucial for gene therapy (Sahay et al., 2010; Tros de Ilarduya et al., 2010). DNA compaction,
also known as condensation, is a reversible coil to globule transition favored by the binding
of cationic vectors to the negatively charged DNA phosphate groups (Bloomfield, 1997).
When the number of neutralized charges reaches a critical value, DNA undergoes localized
bending or distortion, which facilitates the formation of complexes with sizes much smaller
(in the range of nanometers) than that of the DNA coil conformation (in the range of
microns) (De Smedt et al., 2000; Wilson & Bloomfield, 1979). Analyzing the impact of
experimental conditions on the resulting complex dimensions, several studies have
demonstrated that parameters like type, size and modification of the cationic vector, the
carrier/DNA charge ratio, and also the protocol of complex formation, can all exert a strong
influence (Ogris et al., 1998). On the other hand, with respect to the role of complex size on
the cellular internalization mechanism, it has been demonstrated that lipo- and polyplexes
with sizes up to 200 nm are taken up by the clathrin-dependent pathway, whereas
aggregates larger than 500 nm are internalized via clathrin-independent mechanisms
(Rejman et al., 2004; Sahay et al., 2010).
Apart from a reduction in size, binding of cationic vectors to DNA also imparts a positive
charge. Although this positive charge is important for both cellular-binding and internalization, it might also be a cause for concern for in vivo applications since cationic
complexes readily bind with serum proteins such as serum albumin, promoting aggregation
and blood clearance (Tros de Ilarduya et al., 2010). Additionally, an excess of positive
charge, commonly reflected by complexes formed at high vector to DNA ratios, might lead
to cytotoxicity provided that negatively charged cell membranes are prone to be damaged in
the presence of cationic, extracellular compounds (Thomas & Klibanov, 2003). Thus, a
successful gene delivery procedure, pursuing a high transfection efficiency at the lowest
possible cytotoxicity, should find a delicate balance in the complex surface charge, that is,
the complex must possess a high enough positive charge so as to ensure a proper cellcomplex association, but at the same time this necessary positive charge must not cause a
lethal damage to the cell.
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1.4.2 Structural organization
The DNA ordering inside lipoplexes has been reported in the form of four main
conformations: one with a short-range lamellar structure composed of flat lipid bilayers and
DNA packed between them (Battersby et al., 1998; Dias et al., 2002; Lasic et al., 1997; Radler
et al., 1997; Salditt et al., 1997), another where the DNA molecules are encapsulated inside a
lipid bilayer forming cylindrical complexes that are closely packed on a hexagonal network
(Koltover et al., 1998), another where positively charged vesicles attach to the extended
DNA molecule, the so-called ‘‘beads on a string’’ model (Felgner et al., 1987; Gershon et al.,
1993; Ruozi et al., 2007; Sternberg et al., 1994), and a final one where DNA is expected to
collapse and attach in the form of a globule into the outer surface of positively charged
vesicles (Miguel et al., 2003). What can be drawn from all four cases, whatever the nature of
the interactions, is that at dilute concentrations no structural change in the systems is
present, namely vesicle or bilayer disruption, whereas at high concentrations the situation
becomes different with vesicles tending to disrupt and flocculate (Dias et al., 2002; Radler et
al., 1997; Salditt et al., 1997;). Concerning polyplexes, rod-like, globular, and toroidal DNA
condensates are the morphologies most commonly observed (Carnerup et al., 2009;
Danielsen et al., 2004).
1.4.3 Binding affinity
The capability of lipo- and polyplexes to avoid premature dissociation and promote the
release of genetic material to the cytoplasm once inside the cell is strongly related to the
binding affinity between the DNA and the vector in question (Prevette et al., 2007). Indeed,
a strong binding affinity between DNA and its carrier entails a high DNA compaction and
protection against degradation in the extracellular environment. However, following their
escape from endosomes, the complexes need to approach the nucleus, as well as dissociate;
as such, a high DNA-vector binding affinity might constitute a limiting step for transfection
considering the difficulty in the separation of the DNA from its gene carrier (Tros de
Ilarduya et al., 2010). For the case of polyplexes, presenting by far the highest degree of
DNA binding affinity (and condensation), it is well accepted that the molecular weight
(Mw) of the polycation (directly related to the cationic valence) is a key factor controlling the
DNA-vector binding affinity and subsequent transfection. In general, lower Mw polycations
yield higher DNA transfection efficiencies (Ziady et al., 1999) as the DNA dissociation from
them is faster (Schaffer et al., 2000).

2. Polycation-mediated gene delivery: Our main results
As already mentioned, the present chapter concerns with the physicochemical characterization
of the DNA compaction and transfection mediated by polycations and cationic liposomes.
Two families of polycations, Chitosan and Poly (diallyldimethylammonium chloride)
(pDADMAC), and one cationic lipid formulation extensively used worldwide in transfection
assays, Metafectene® Pro (MEP), are characterized as DNA vectors. Important for the DNA
complexation, the structural, electrochemical, and energetic aspects are assessed. Particular
attention is paid to the effect of polycations charge density and valence on complex parameters
such as i) the hydrodynamic radius, RH, ii) the stability with time, iii) the vector to DNA ratio
at which complexation takes place, iv) the ζ-potential, v) the energetics of binding, vi) the
morphology, and vii) transfection efficiency.
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It has to be noted that our characterizations were conducted as a function of two distinct
cation-to-anion ratios reported in either molar (i.e., the N/P ratio, sections 2.1 and 2.2) or
mass units (i.e., the L/D ratio, section 2.3). To get a complete description of the sample
preparation, experimental procedures, and data analysis of the results here exposed, the
reader is encouraged to consult our published papers (Alatorre-Meda et al., 2009;
Alatorre-Meda et al., 2010a, 2010b; Alatorre-Meda et al., 2011). Outstanding results are
presented below.
2.1 The DNA-chitosan system
Upon mixing, oppositely charged polyelectrolytes interact electrostatically and form
complexes in a process that is promoted by an increase in entropy which is due to a release
of counterions (Manning, 1978; Matulis et al., 2000). Accordingly, polycation molecular
parameters such as charge density and valence have gained attention in recent reports
(Danielsen et al., 2004; Maurstad et al., 2007).
The role of chitosan charge density is well established. It is accepted that the high charge
density of chitosan at pHs below its pKa results beneficial for polyplex preparation, and also
that its low charge density at pH 7.4 contributes to a low polyplex cytotoxicity and facilitates
the intracellular release of DNA from the complex after its endocytotic cellular uptake
(Strand et al., 2010). By contrast, the role of chitosan valence on transfection efficiency
is contradictory. Namely, while several studies promote the use of high Mw chitosans
(Huang et al., 2005; MacLaughlin et al., 1998), some other publications report that lower
Mw chitosans are superior for gene transfer (Koping-Hoggard et al., 2003; Lavertu et al.,
2006).
Aiming to draw general conclusions about the feasibility of using chitosan as a gene carrier,
we characterized the DNA complexation and transfection mediated by three chitosans
presenting different Mw (three different valences) at three different pHs of 5.0, 6.0, and 6.5
(three different charge densities). Table 1 summarizes the physical characteristics of the
chitosans employed.
CHITOSAN

[η] (dl g-1)

Mw (kDa)

Label

Low viscous

4.42 + 0.01

111 + 2

C(689)

Middle viscous

7.85 + 0.24

266 + 14

C(1652)

Highly viscous

11.40 + 0.24

467 + 18

C(2901)

Table 1. Chitosans employed.
2.1.1 Chitosan to DNA complexation ratio, (N/P)c
Stable DNA-chitosan polyplexes, ensuring a complete DNA compaction, are usually formed
when chitosan is added in molar excess relative to the negatively charged DNA; however,
excessive positive charges might lead to cytotoxicity since negatively charged cell
membranes are prone to be damaged in the presence of cationic, extracellular compounds
(Thomas & Klibanov, 2003). Consequently, finding a molar ratio exhibiting stable complexes
at the lowest possible chitosan concentration becomes important. Such a concentration,
presenting this mandatory characteristic, is what we define as the chitosan to DNA
complexation ratio (N/P)c.
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a. Determination of the (N/P)c via static light scattering (SLS)
It is well accepted that linear, highly charged polyelectrolytes, at the dilute and semi-dilute
regimes, can interact via a Coulombic repulsive potential which is strong enough to keep the
polymer chains elongated and widely separated, although these interactions be partly
screened by non-condensed counterions in solution (Manning, 1978). Polyelectrolytes in
such concentration regimes produce in consequence very small scattering signals when
irradiated with any source of light (Drifford & Dalbiez, 1984). The situation is rather distinct
when polyelectrolytes interact one with each other or are complexed with external agents; in
such a case they scatter higher amounts of light when irradiated (Drifford & Dalbiez, 1984).
Based on these foundations we analyzed our polyplexes via SLS in order to follow the
complexation process. SLS has proved to be a suitable tool to detect structural changes in
linear biopolymers expected to be compacted provided that upon structural changes (such
as the coil-globule transition observed during DNA compaction) they must scatter light to
different extents.
To determine (N/P)c, we tested numerous chitosan/DNA formulations with varying N/P
ratios (at a constant DNA concentration) in terms of the chitosan charge density and
valence. What we found by SLS was that there exist, indeed, a molar ratio from which the
structural conformation of the polyplexes remains apparently constant independently of
further addition of chitosan (i.e., presenting non-accentuated changes in light scattering
intensity). That molar ratio, defined as (N/P)c, proved to be strongly influenced by the
chitosan charge density adopting values of around 1.5, 2.0, and 6.0 for the pHs of 5.0, 6.0,
and 6.5, respectively. Our estimations, inferred from figure 1, can be discussed as follows.
Figure 1 presents the light scattering intensity of the DNA-C(1652) polyplexes as a function
of the N/P ratio for the three studied pHs. This figure reflects various features worth
analyzing. Interestingly, the system revealed plots similar in shape, but different in I values.
The plots collected at pH 5.0 and 6.0 have I values one close to the other, whereas the plot at
pH 6.5 has higher I values over the whole range of N/P studied. In all three plots three
distinct regions can be identified, namely at N/P = 0, at 0 < N/P ≲ 2, and at N/P >2. At
N/P = 0, the system containing pure DNA shows the intensity at least five times lower than
the samples at N/P > 2, indicating no aggregation. However, upon addition of chitosan to
DNA, the intensity increases sharply with the maximum at N/P around 1-2 to finally level
off at N/P > 2. This peculiar and interesting behavior observed when chitosan concentration
in the system relative to DNA is around 1-2, is suggestive of the formation of some kind of
complex structures between DNA and chitosan at this region, large in size, possibly
aggregates that are responsible for the dispersion of higher amounts of light. Finally at N/P
> 2, the intensity I reaches a constant value revealing the presence of well-formed, stable
DNA-chitosan polyplexes with regular sizes. The N/P ratio marking the onset of the
constant value in I is denoted as the (N/P)c. Very importantly, these results suggest that as
the pH of the medium increases larger amounts of chitosans are required to completely
compact the given amount of DNA. This phenomenon can be explained by the fact that at
pHs close to its pKa (6.3–6.5), chitosan undergoes a decrease in its charge density due to the
neutralization of its amino groups (Kumar et al., 2004), a feature that becomes even more
pronounced for chitosans with higher molecular weights (higher valences) (MacLaughlin et
al., 1998). Therefore, and having in mind that one of the driving forces of polyelectrolyte
complexation is the release of counterions from the polyanion–polycation pair (Manning,
1978; Matulis et al., 2000), it is not strange that the binding affinity between DNA and
chitosan lowered as the pH increased and got close to 6.5. Likewise, the highest intensities
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I, kC s

-1

observed for the system at pH 6.5 over the whole range of N/P can be attributed to a lower
chitosan solubility (also ascribed to pHs close to the pKa), a fact that leads to the formation
of polyplexes of sizes larger than those at lower pHs, as described below (MacLaughlin et
al., 1998; Mumper al., 1995). The DNA-C(689) and -C(2901) systems revealed the same
behavior (data not included).
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Adapted from (Alatorre-Meda et al., 2009).

Fig. 1. I vs. N/P of the DNA-C(1652) polyplexes at pH = 5.0 (squares), pH = 6.0 (circles), and
pH = 6.5 (triangles).
b. Determination of the (N/P)c by conductometry
Electrostatic interactions between oppositely charged polyelectrolytes entail a release of
counterions (Manning, 1978; Matulis et al., 2000). The tracking of this release by means of
conductometry can be employed as a tool to characterize the DNA compaction process
(Rodriguez-Pulido et al., 2008). To confirm the (N/P)c values obtained by SLS we measured
the change in conductivity provoked by the addition of chitosan solutions to both, DNA and
pure buffer solutions. Compared to those of SLS, the conductometry results, depicted in
figure 2, reveal (N/P)c values slightly lower. Main findings as well as a possible explanation
to the observed differences are exposed below.
Figure 2 presents a representative plot of the electrical conductivity, κ, as a function of the
polycation concentration, recorded for C(2901) at pH 5.0. The filled and empty squares stand
for the DNA and pure buffer reservoir solutions, respectively. As can be seen from this
figure, in the buffer solution alone the conductivity increased linearly with the chitosan
concentration (empty squares) indicating that no aggregation took place under the whole
range of the polycation concentration. In the DNA solution (filled squares) by contrast, the
conductivity grew linearly, however, with a clear change in slope at the chitosan
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concentration of 0.104 mM, corresponding to the N/P ratio of 0.82. A similar inflection in a
conductivity plot during DNA compaction upon addition of a cationic vector has been
observed elsewhere (Rodriguez-Pulido et al., 2008). The authors suggested that the increase
in conductivity related to the counterion release from the polycation injected is accentuated
by the release of counterions resulting from the complexation process (in our case Na+ from
DNA and CH3COO− from chitosan) thereby justifying a higher slope in the conductivity
plot below the inflection point. On the other hand, once the inflection occurred, the lower
slope can be attributed to the fact that only the counterions coming from the chitosan
dissociation now contribute to the conductivity of the solution. This change in slope of the
conductivity plot can in consequence be considered as the point from which DNA is
compacted, namely (N/P)c (Rodriguez-Pulido et al., 2008).
Compared to the DNA compaction ratio we determined by SLS ((N/P)c ~ 1.5) , the lower
ratio of N/P = 0.82 here depicted can be ascribed to the difference in ionic strength of the
media used in both experiments and to the fact that contrary to SLS, in the conductometry
experiment the complex formation was run at constant stirring.1 The other two chitosans,
C(689) and C(1652), although with slight differences in the conductivity values, revealed the
inflection point at exactly the same N/P ratio as compared to C(2901) (plots not shown).
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Reproduced from (Alatorre-Meda et al., 2011) with permission of Elsevier BV in the format Journal via
Copyright Clearance Center.

Fig. 2. Electrical conductivity, κ, vs. C(2901) concentration. Filled and empty squares stand
for the addition of chitosan to a DNA and to a pure buffer solution, respectively. (Note the
difference in scales).
1

Sample preparation for conductometry experiments is described in (Alatorre-Meda et al., 2011). To
consult the experimental conditions for SLS go to (Alatorre-Meda et al., 2009).
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2.1.2 Time stability and size
To determine the time stability of the polyplexes, we measured by dynamic light scattering
(DLS) the hydrodynamic radius, RH, of a sample presenting an N/P > (N/P)c (more
specifically, N/P = 6) during a period of 6 days at the three different pHs of interest. In
general, the polyplexes, regardless of charge density and valence, presented constant sizes
with fluctuations lower than a 10% (data not shown). Thus, and provided that small
fluctuations as those observed in our measurements are most likely related to the nature of
the DLS technique, the polyplexes can be considered as stable with time.
Considering their time stability, to calculate the characteristic size of the polyplexes we
simply averaged the RH values obtained along the testing time. The polyplex sizes thereby
obtained were in the range of 187 + 21 < RH < 246 + 13 nm, in good agreement with results
previously reported (Mumper et al., 1995). However, contrary to what we initially expected,
the size of the polyplexes was found to be dependent on the chitosan valence, following
a linear trend with the chitosan molecular weight.2 Figure 3 depicts the average size of
the polyplexes (regardless of chitosan charge density) as a function of the chitosan
molecular weight.
Increasing trends in the complex size with polycation Mw, such as that observed in figure
3, are well documented in the literature. For the case of chitosan, it has been demonstrated
that upon increasing in its chain length, the influence of the charge density with its
correspondent entropy gain decrease. It is likely that the restriction of the polycation
chain upon complexation becomes more important, giving rise to a different complexation
behavior of high Mw chitosans compared to low Mw chitosans (Danielsen et al.,
2004; Maurstad et al., 2007). Furthermore, the intuitive assumption that a higher Mw
chitosan can interact better with DNA (due to its expected higher valence), and thus
condense it more efficiently than a chitosan of a lower Mw is outweighed by the fact that
a higher molecular weight chitosan is less soluble, and as a result, an increase in complex
diameter or even complex aggregation may result (MacLaughlin et al., 1998; Mumper
et al., 1995).
A general conclusion drawn throughout these sections is that an increased charge density of
chitosan, resulting from a lowering of pH, leads to a greater binding affinity between
chitosan and DNA as fewer chitosan is required to reach the complexation and the
complexes thereby formed are more stable (Alatorre-Meda et al., 2009). Consequently, and
in order to further understand the general aspects involved in the DNA–chitosan
interactions, in subsequent studies we focused on working at acidic conditions exclusively
(Alatorre-Meda et al., 2011). The influence of chitosan valence at those conditions on
complex physicochemical properties other than size is described below.
2.1.3 Surface charge
For many polyplexes the cross-over from a negative to a positive ζ-potential occurs at or
very close to the isoneutrality point (N/P)ϕ. (N/P)ϕis defined as the point at which the
N/P ratio of the polyplex equals1, that is, the ratio where the negative charges of DNA
are stoichiometricallyneutralized by the positive charges of the polycation (De Smedt et
al., 2000).
2 In general, it is believed that polycations with higher charge densities and valences should produce
smaller DNA complexes.
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Fig. 3. RH of DNA-chitosan polyplexes, vs. Mw of chitosan.

20

ζ potential, mV

16
12

Mean = 16
Std dev = 1.62

8
4

DNA
0

-60

0

4

8

12

16

20

N/P
Reproduced from (Alatorre-Meda et al., 2011) with permission of Elsevier BV in the format Journal via
Copyright Clearance Center.

Fig. 4. ζ-potential of DNA-chitosan polyplexes vs. N/P. DNA–C(689) (squares), DNA–
C(1652) (circles), and DNA–C(2901) (triangles) are plotted. The dotted line stands for the
DNA solution (ζ-potential = -55 mV).

www.intechopen.com

392

Non-Viral Gene Therapy

In the present study, the characterization was done in the range1 ≤ N/P ≤ 20 for all
polyplexes.The ζ-potential of the polyplexes is plotted as a function ofN/P in figure 4. In
general, all polyplexes presented a positive, stable ζ-potential from N/P ratios as low as
(N/P)c confirming that DNA is completely compacted independently of further addition of
chitosan. Main findings can be discussed as follows.
It can be seen from figure 4 that at N/P = 1 all polyplexes, in particularthose formed with
C(1652) and C(2901), reveal a lowerζ-potential as compared to the rest of compositions. The
cationic vector-mediated DNA coil to globule transition demonstrated by other authors
(Dias et al., 2005) in conjunction with the base line-absent DLS correlation functions we
obtained for these systems at ratios N/P ≤ 1 (Alatorre-Meda et al., 2009), may provide an
explanation to this feature. Apparently, larger amounts of chitosan are needed to completely
compact the DNA and in consequence populations entailing varying extents of DNA
compaction are expected to be present in the bulk. On the other hand, at ratios higher than
(N/P)ϕ, all polyplexes reach a plateau around 16mV regardless of chitosan Mw, which is in
good agreement with other DNA-polycation systems (Tang & Szoka, 1997). This positive ζpotential of the polyplexes suggests that the DNA compaction is completely achieved with
chitosan chains probably pointing to the outer part of the polyplexes as inferred by other
authors (Koping-Hoggard et al., 2003).
2.1.4 Structural organization
Imaging techniques can detect, localize, and analyze individual aggregates of a
heterogeneous population, thereby revealing events that would otherwise be hidden. In this
context transmission electron- and atomic force microscopy (TEM and AFM) are frequently
used in parallel for the visual characterization of biological molecules (Arakawa et al., 1992;
Lin & Goh, 2002). Figure 5 presents typical TEM (A) and AFM (B) images obtained for the
DNA–C(689) polyplexes at N/P = 20. This figure reflects that the polyplexes adopt a
peculiar brush-like conformation in which DNA is apparently confined to the interior of the
complex although not fully compacted. The reason why of this polyplex conformation as
well as the implications it might have on transfection are discussed below.

Reproduced from (Alatorre-Meda et al., 2011) with permission of Elsevier BV in the format Journal via
Copyright Clearance Center.

Fig. 5. TEM (A) and height AFM (B) images of DNA-C(689) polyplexes, N/P = 20. The bar
next to (B) represents the Z scale in nm.
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It has been reported that the DNA complexation with chitosans might result in a blend of
structures: toroids, rods, and globules, with the relative amounts of the different structures
apparently depending on the actual chitosan, the charge ratio, and solution properties like
pH and ionic strength (Danielsen et al., 2004; Maurstad et al. 2007). What we observe from
figure 5A and B is a heterogeneous population of polyplexes with particle sizes ranging
from 250 to 500 nm in good agreement with the DLS results (see section 2.1.2). Both images
depict polyplexes with a brush-like conformation where globules/aggregates comprise a
dense core that is surrounded by a “hairy” shell of polymer chains. This globular
conformation has been reported as characteristic of the DNA complexation with high
molecular weight chitosans (Mw> 100 kDa) (Danielsen et al., 2004; Maurstad et al., 2007); by
contrast, complexes formed with lower molecular weight chitosans adopt toroid- and rodlike conformations (Maurstad et al., 2007). Similar brush-like structures were also obtained
for the DNA complexation with transferrin-poly(l-lysine) conjugates. In this case, the
complex morphology was found to depend on the conjugate to DNA ratio (Wagner et al.,
1991). Carnerup and coworkers suggest that the significant morphological rearrangement
undergone by DNA when it is condensed with low Mw polycations is because of the low
charge density of the polycation in question (Carnerup et al., 2009). For toroidal aggregates
to form, the electrostatic attraction has to be moderate; that is, a balance between mobility
and high binding affinity of DNA to the polymer has to exist. In such a system, the
condensed DNA chains will be able to arrange into a toroid. On the contrary, if the charge
density of the polymer is too high (as expected for chitosan at pH 5), the DNA chains will
entangle with the polymer ones, forming globular aggregates (Carnerup et al., 2009).
Therefore, provided that our polyplexes proved to be stable (see section 2.1.2), the “not so
tight” DNA complexation they present should be beneficial for DNA transfection (Tros de
Ilarduya et al., 2010).
Very importantly, the morphological structure of our system depicted by TEM and AFM in
conjunction with the markedly positive ζ-potentials obtained for the polyplexes at this high
N/P ratio (see the previous section) appear to be in line with the core–shell structure
proposed for polycation-excessive DNA complexes (A. V. Kabanov & V. A. Kabanov, 1998).
This model states that DNA is condensed in the inner part of the polyplex by the binding of
short segments of a large number of polycation chains, whereas the remaining segments of
these same chains are expected to be free in the outer part of the polyplexes giving rise to
markedly positive polyplex surface charges (A. V. Kabanov & V. A. Kabanov, 1998).
2.1.5 Binding affinity and complexation thermodynamics
Once the complex is released from the endosome, DNA must disassemble from its vector to
be accessible to the cell machinery responsible for translating the enclosed information. For
the case of polyplexes, the DNA decompaction (disassembly) is a process substantially
dependent on i) the DNA-vector binding affinity, ii) the complexation thermodynamics, and
iii) the solution conditions (Carlstedt et al., 2010; Prevette et al., 2007). Provided that acidic
conditions demonstrated to be optimal for polyplex formation (see previous sections), we
evaluated the DNA-chitosan binding affinity and complexation thermodynamics at a
solution pH of 5.0. As depicted by isothermal titration calorimetry (ITC), lower valence
chitosans demonstrated to have a higher binding affinity for DNA. Main results are
described below.
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Fig. 6. Integrated heat of interaction of the titration of chitosan to DNA vs. N/P. Chitosans
C(689) (squares), C(1652) (circles), and C(2901) (triangles) were titrated. Solid lines represent
the two site model fitting to the experimental data.
Figure 6 shows the heat of interaction resulting from the titration of chitosan to DNA as a
function of N/P. Supported on calorimetric measurements, it is well accepted that
polyelectrolyte complex formation and coacervation are mainly entropically driven
through the release of condensed counterions via the ion-exchange process in which an
endothermic signal is recorded during the complex formation (de Kruif et al., 2004;
Matulis et al., 2000). By contrast, in a result most commonly observed in the formation of
protein–ligand complexes, it can be observed from figure 6 that for all experiments the
injection of chitosan appears as a markedly negative signal at the beginning of the binding
process followed by a gradual decrease in the released heat up until thermal equilibrium,
that is, the complexation is exothermic. A similar decrease in the quantity of heat released
on successive injections of titrant has been interpreted as an indicative of the progressive
neutralization of charges in the reservoir molecule; meanwhile, the zone of the
thermogram in which a plateau in the heat released is reached might be attributed to the
complete DNA compaction (Bharadwaj et al., 2006). In this context, comparing the onset
of the plateau yielded for the three chitosans during the DNA compaction it is clear that
for C(2901) N/P∼1, whereas for C(689) and C(1652) N/P∼0.5. This result is consistent
with those we observed by SLS (section 2.1.1) and ζ-potential (previous section) indicating
that the use of higher valence chitosans, even at low pHs, apparently demands larger
amounts of cationic polymer for DNA compaction. This is also supported by the 4–5-fold
smaller enthalpic contribution rendered by C(2901) compared to its lower valence
homologues (discussed below).
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Table 2 summarizes the enthalpy, entropy, binding constant, and the stoichiometry of the
DNA–chitosan interaction derived from the data fitting of figure 6.
chitosan
C(689)
C(1652)
C(2901)
chitosan
C(689)
C(1652)
C(2901)

K1 × 10-5
(M-1)
29.9 + 0.75
29.0 + 1.23
4.82 + 0.08
K2 × 10-5
(M-1)
0.095 + 0.01
0.011 + 0.02
0.009 + 0.01

n1
0.27 + 0.03
0.27 + 0.05
0.73 + 0.01
n2
0.86 + 0.02
0.75 + 0.04
0.62 + 0.07

∆H1
(kcal mol-1)
-2.176 + 0.23
-2.712 + 0.12
-0.598 + 0.07

∆S1
(kcal mol-1 K-1)
0.022
0.020
0.024

∆H2
(kcal mol-1)
-1.304 + 0.16
-1.357 + 0.12
-0.529 + 0.02

∆S2
(kcal mol-1 K-1)
0.014
0.014
0.012

Reproduced from (Alatorre-Meda et al., 2011) with permission of Elsevier BV in the format Journal via
Copyright Clearance Center.

Table 2. Thermodynamic parameters of the DNA-chitosan binding process. Sub-indices next
to each parameter stand for the corresponding sites 1 and 2.
As can be observed from this table, the DNA binding constants obtained for all chitosans
are on the order of 105 to 106 and 103 to 104 M−1 for the first and second class of binding
sites, respectively. These results are in good agreement with previously reported values
for other systems including cationic polymers (Nisha et al., 2004; Prevette, et al., 2007) and
proteins (Engler et al., 1997; Milev et al., 2005). On the other hand, the decreasing values
of the binding constants with the chitosan valence reveal that lower valence chitosans
have a higher binding affinity for DNA. This is indicative that chitosan chains may
undergo steric restrictions as Mw (valence) increases, restrictions that in turn apparently
hamper the interpolyelectrolyte interactions (Danielsen et al., 2004; Maurstad et al., 2007).
Concerning the enthalpy, it is well known that it results from a combination of electrostatics,
conformational changes (especially for second binding sites), and hydrogen bonding
interactions; therefore, ∆H cannot be strictly related to any one contribution. However, and
despite the experimental evidence demonstrating that the binding enthalpy ∆H was
negative, the DNA–chitosan complexation was proved to be entropically driven. This result
is in good agreement with other electrostatic, polyelectrolyte associations promoted by the
release of counterions and solvent upon attraction (Matulis et al., 2000; Prevette, et al., 2007;
Srinivasachari et al., 2007).
2.1.6 Transfection efficiency
The potential of chitosans C(689) and C(2901) as DNA carriers towards HeLa cells was
evaluated. Polyplexes and nanospheres with compositions in the range 1 ≤ N/P ≤ 18 were
tested. In addition, a MEP:DNA lipoplex (4:1 µL:µg) and naked DNA were measured as
positive and negative controls, respectively. Although considerably lower compared to that
of the DNA–MEP lipoplex, the transfection efficiency of the polyplexes was found to
increase with chitosan valence as depicted by the β-galactosidase and luciferase expression
assays. Main findings are described below.
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Figure 7 shows the transfection efficiency of the polyplexes and controls as well as the
protein content of the wells after lysation. Two features are observed from this figure. On
the one hand, it is clear that polyplexes within the whole range of ratios rendered levels of βgalactosidase expression slightly higher than that of the negative control (DNA without
polymer) with transfection efficiency being increased with chitosan valence. This result is
somehow logical taking into account the lower binding affinity depicted by ITC assays for
the DNA–C(2901) complex (see Table 2); that is, the DNA release from this complex in the
interior of the cell is expected to be favored. On the other hand, compared to that of the
DNA–MEP lipoplex, the transfection efficiency of the polyplexes is considerably lower.
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Fig. 7. Transfection efficiency of the DNA-chitosan complexes (columns) and protein content
in wells after lysation (squares) vs. N/P.
Speculating that the low transfer rate of the polyplexes (compared to that of the lipoplex)
might be related to cytotoxicity effects, the protein concentration was determined via the
BCA assay. From figure 7 (right hand side axis) a comparable level of protein content for all
formulations including the blanks was observed. Even if not totally conclusive regarding a
measure of the cytotoxicity, this result shows that the cells proliferated approximately in the
same way; consequently, the poor transfection efficiency shown by the DNA–chitosan
polyplexes cannot be ascribed to cytotoxicity.
In the light of the transfection efficiency depicted by the polyplexes, a second kind of
experiment was implemented. DNA–chitosan nanospheres were prepared following the
protocol described by Mao and coworkers (Mao et al., 2001). The transfection efficiency
results for C(689) are also plotted in figure 7. Compared to the polyplexes, no transfection
improvement was observed, on the contrary, nanospheres in general showed a decreasing
in gene expression yielding results only comparable to the naked DNA administration.
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The luciferase assay was conducted in order to confirm the results obtained by the βgalactosidase assay. The transfection efficiency for all cases was similar to that observed in
the β-galactosidase method. In general, naked DNA and complexes regardless of the N/P
ratio and structure yielded a luminescence three orders of magnitude lower than that of the
DNA–MEP lipoplex. Concerning the protein content determined by the BCA assay, the
polyplexes and nanospheres rendered protein contents slightly higher than that of the
DNA–MEP lipoplex (data not shown). In consequence, the transfection efficiency of
polyplexes was confirmed to be low compared to that of the lipoplex.
In general, the low capacity of DNA to escape from complexes is regarded as one of the
major limitations for the transfection efficiency of polyplexes (Midoux et al., 2009; Tros de
Ilarduya et al., 2010). This feature has been ascribed to a number of factors. While some
authors support that an excess of polycation, even in the presence of chloroquine, limits
the protein expression due to in vitro cytotoxicity (Fischer et al., 2004), other authors
affirm that the low tolerance of DNA to dissociate from polyplexes is presumably due to
the bulky form they adopt in solution (Izumrudov et al., 1999). In our case the low
transfection efficiency of the DNA–chitosan polyplexes compared to that of the lipoplex is
most likely related to both the colloidal properties they exhibit and the DNA-chitosan
binding affinity. On the one hand, the morphological structure depicted by TEM and
AFM in conjunction with the markedly positive ζ-potentials obtained suggest a core–shell
like polyplex structure with chitosan occupying the outer part of the complex (A. V.
Kabanov & V. A. Kabanov, 1998). On the other hand, as mentioned before, chitosans
presenting higher DNA binding affinities were found to yield lower transfection
efficiencies.
2.1.7 Particular conclusions
In general, the DNA-chitosan polyplexes exhibited good colloidal properties such as sizes in
the range of 180 to 250 nm, ζ-potentials of about 16 mV, and a stable core-shell like
structural conformation. The influence of chitosan charge density and valence on all these
physicochemical properties can be summarized as follows.
1. Role of chitosan charge density.
Chitosan charge density was found to play an important role on the complexation of DNA.
Namely, as the solution pH got close to the chitosan pKa, the neutralization of the amino
groups, entailing a decrease of chitosan charge density, resulted in a higher amount of
chitosan needed for complexation. That is, the acidic conditions were found to be favorable
for complex formation.
2. Role of chitosan valence.
Chitosan valence was found to be related to both the polyplex size and, more importantly,
to the transfection efficiency. On the one hand, the hydrodynamic radii of complexes
increased linearly with the chitosan Mw demonstrating that larger chitosan chains produce
bulkier and less soluble polyplexes. On the other hand, in what we conceive as the main
contribution of our investigations, we found that higher valence chitosans, exhibiting lower
DNA binding affinities, yielded higher DNA transfection efficiencies.
2.2 The DNA-pDADMAC system
As stated before, cationic polymers most commonly studied as gene carriers include
chitosan, PEI, PLL, poly(β-amino ester)s, and poly-(amidoamine) dendrimers. In addition,
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because of its permanent cationic charge, poly(diallyldimethylammonium chloride)
(pDADMAC) has recently been explored as well (Fischer et al., 2004; Krajcik et al., 2008).
pDADMAC is a water soluble cationic polymer. It is composed of mainly configurational
isomers of pyrrolidinium rings and a small amount of pendant double bonds (Dautzenberg
et al., 1998; Jaeger et al., 1996). With the pendent allylic double bonds being less reactive
than those of the monomer, strictly linear macromolecules are formed at low conversions,
but branching can proceed at high conversions as was demonstrated for commercial
samples (Wandrey et al., 1999). Because of its physical structure pDADMAC is a highly
flexible polymer compared to other polycations such as chitosan (Marcelo et al., 2005;
Trzcinski et al., 2002). pDADMAC has been widely used in technical applications as a
flocculant agent and as a composite for biosensors, which is because of its pH-independent
cationic charge (Dautzenberg et al., 1998; Jaeger et al., 1996).

Homopolymers

Copolymer

Mw (kDa)

Label

< 100

p(1, < 619)

150

p(1, 929)

275

p(1, 1703)

450

p(1, 2786)

250

p(0.26, 668)

Table 3. pDADMACs employed. In p(x,y), x and y stand for charge density and valence,
respectively.
In the present section we summarize outstanding results obtained in our laboratory
describing relevant physicochemical characteristics of the DNA-pDADMAC complexes
(Alatorre-Meda et al., 2010b). As done for chitosan in the previous section, we highlight the
role of pDADMAC charge density and valence. Four homo-polymers (charge density = 1,
with different valences) and one co-polymer, p(acrylamide-co-diallyldimethylammonium
chloride) (coDADMAC) (charge density < 1, equivalent in valence to one of the
homopolymers), were employed. Table 3 lists the cationic polymers characterized as gene
carriers along with the nomenclature cited throughout this section.
2.2.1 DNA-pDADMAC characteristic ratios, (N/P)c and (N/P)*
Different to the chitosan system, the DNA-pDADMAC polyplexes exhibited two distinct
characteristic ratios: the previously observed (N/P)c (i.e., the ratio from which DNA is
compacted) and (N/P)*, an additional ratio from which the polyplexes adopt the most
compact structure. Similarly to the DNA-chitosan polyplexes, (N/P)c was found to be
dependent on the polycationic charge density, whereas (N/P)* proved to be a function of
pDADMAC valence. Table 4 summarizes the characteristic ratios for each DNA-pDADMAC
system together with the average size of the polyplexes formed (discussed in the next
section). Our main findings can be described as follows.
(N/P)c was determined by means of conductometry. pDADMAC aliquots were injected to
DNA and buffer solutions and the change in conductivity was recorded. Successive
pDADMAC injections produced exactly the same outcome observed for the chitosan
system; namely, a linear increment in conductivity for the buffer solution and an inflection
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in the conductivity plot for the DNA one (plots not shown). The ratio at which the
conductivity inflection occurred is reported as (N/P)c (see section 2.1.1 for a complete
explanation).
It is clear from table 4 that (N/P)c is governed by the charge density provided that
polyplexes formed with pDADMAC homopolymers have complexation ratios lower than
that of the polyplex formed with coDADMAC. This result confirms what we observed for
chitosan not only with respect to the role of charge density but also regarding the (N/P)c
values obtained which are very similar for both chitosan- and pDADMAC-based polyplexes
(see section 2.1.1).
polymer

(N/P)c

(N/P)*

RH (nm)

p(1, < 619)

0.7

4

79.4 + 2.1

p(1, 929)

0.6

2

87.0 + 6.9

p(1, 1703)

0.7

2

108.9 + 12.5

p(1, 2786)

0.6

1

112.6 + 9.7

p(0.26, 668)

1.5

2

199.8 + 23.5

Reproduced from (Alatorre-Meda et al., 2010b) with permission of AMERICAN CHEMICAL SOCIETY
in the format Journal via Copyright Clearance Center.

Table 4. Characteristic N/P ratios and RH of the DNA-pDADMAC polyplexes. (N/P)c and
(N/P)* stand for the DNA compaction ratio (determined by conductometry) and for the
ratio from which the size of the polyplexes remain constant (determined by DLS),
respectively. RH is the average of the recorded values in the range (N/P)* ≤ N/P ≤ 10.
(N/P)* was found by DLS as a characteristic ratio from which the polyplexes adopt the most
compact structure. As observed from table 4, the value of (N/P)* follows a decreasing trend
with pDADMAC valence of the polyplexes, with p(1,619) and p(1,2786) showing the highest
and the lowest (N/P)* values of 4 and 1, respectively. The interplay between (N/P)c and
(N/P)* can be reasoned in terms of the different complexation states of DNA mediated by
pDADMAC (Fischer et al., 2004).
2.2.2 Time stability and size
The characterization of the DNA-pDADMAC polyplexes in terms of size and time stability
was carried out by means of DLS. The study was done in two steps. First, the hydrodynamic
radii of the polyplexes, RH, were determined at 0.2 ≤ N/P ≤ 10. And second, the evolution of
RH with time was followed for the polyplexes at N/P = 10. RH results are depicted in table 4.
It is observed from table 4, that similarly to the chitosan systems, the size of the polyplexes
was found to increase with pDADMAC valence, that is, the general assumption that the
electrostatic interactions are outweighed to a certain extent by a decrease in the polycation
solubility is confirmed (MacLaughlin et al., 1998; Mumper et al., 1995). Concerning the
coDADMAC polyplex, it is clear that its size is ca. twice as big as those of the pDADMAC
polyplexes. This outcome can be a consequence of an expected lower degree of DNA
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compaction provided that the amount of positive charges in the polycation chain is lower, as
also demonstrated for other systems encompassing non-ionic copolymers grafted to
polycationic segments (Toncheva et al., 1998). Alternatively, the high hydrophilic capacity of
acrylamide (AM) (Nuno-Donlucas et al., 2004) may allow larger amounts of water to be
housed in the complex interior, resulting in bulkier polyplexes.
On the other hand, the time stability of the DNA-pDADMAC polyplexes was measured by
following the time evolution of RH for polyplexes at an N/P ratio of 10, as mentioned before.
We observed that the sizes of the polyplexes formed with lower valence polymers remained
practically constant during 7 days (ca. 85 nm). However, contrary to what we found with
the chitosan systems, the DNA-p(1, 1703), -p(1, 2786), and -p(0.26, 668) polyplexes, whose
initial sizes were above 100 nm, apparently underwent a structural change with time,
resulting in a size reduction (data not shown). This structural rearrangement appeared to be
valence-dependent since for the DNA-p(1,1703) system the size stabilization occurred from
day 2 on, while for the DNA-p(1,2786) one it occurred from day 3 on. In general, it is
theorized that both the branching of the pDADMAC polymer chain, expected to be present
in a large extent (Wandrey et al., 1999), and the low stiffness of pDADMAC (Jaeger et al.,
1989) are the main causes of such a behavior. Anyway, the final sizes of the homopolymerand copolymer-based complexes were of ca. 85 and 120 nm, respectively.
2.2.3 Surface charge
In the present study, the ζ-potential characterization was done in the range 0.2 ≤ N/P ≤ 10
for all polyplexes. Results are summarized in table 5. All polyplexes presented a positive,
stable ζ-potential from N/P ratios as low as (N/P)c. As concluded for chitosan complexes,
this result suggests a complete DNA compaction. Main findings are discussed below.
N/P

p(1, < 619)

p(1, 929)

p(1, 1703)

p(1, 2786)

p(0.26, 668)

0.2

-45.0 + 3.2

-44.3 + 1.9

-43.1 + 0.7

-39.9 + 3.0

-41.4 + 2.3

0.4

-44.6 + 1.4

-33.3 + 1.4

-35.4 + 2.2

-41.2 + 3.5

-35.5 + 1.3

0.6

-35.3 + 1.4

-34.3 + 3.5

-33.6 + 2.0

-40.6 + 1.3

-34.0 + 6.0

0.8

-29.0 + 5.5

-24.0 + 5.4

-16.4 + 12.0

-22.3 + 2.6

-24.0 + 1.6

1

7.7 + 0.8

10.5 + 0.8

10.1 + 0.5

11.8 + 1.1

-19.9 + 1.9

2

11.8 + 0.7

12.2 + 0.1

11.2 + 0.4

11.8 + 0.6

12.7 + 0.3

4

11.7 + 1.3

10.5 + 0.8

13.1 + 0.6

12.0 + 0.7

11.5 + 0.2

6

12.2 + 0.5

12.0 + 0.5

12.0 + 0.3

11.9 + 0.3

10.6 + 0.5

10

11.8 + 0.3

12.0 + 0.3

11.9 + 0.4

12.8 + 0.1

12.3 + 0.1

Reproduced from (Alatorre-Meda et al., 2010b) with permission of AMERICAN CHEMICAL SOCIETY
in the format Journal via Copyright Clearance Center.

Table 5. ζ-potential of the DNA-pDADMAC polyplexes (in mV) measured at different N/P
ratios.
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The data in table 5 reveal that all polyplexes, regardless of pDADMAC valence, present a
constant ζ-potential value of around 12 mV at N/P > (N/P)c, which is in good agreement
with the chitosan systems. Of special interest for gene therapy is the fact that the presence of
AM, expected to improve the polyplex biocompatibility, does not cause a decrease in the
positive charge recommended for transfection. Very importantly, these constant ζ-potential
values, irrespective of further addition of pDADMAC, are also suggestive of a polyplex
core-shell conformation, as observed for the chitosan-mediated complexes (see section 2.1.3).
2.2.4 Structural organization
In order to illustrate the morphology of the polyplexes, tapping mode AFM in air was
conducted. Figure 8 shows images of DNA polyplexes made with p(0.26, 668) (A), and with
p(1, 2786) (B) at a constant ratio N/P = 10.

Reproduced from (Alatorre-Meda et al., 2010b) with permission of AMERICAN CHEMICAL SOCIETY
in the format Journal via Copyright Clearance Center.

Fig. 8. Height AFM images of DNA polyplexes made with p(0.26, 668) (A), and with p(1,
2786) (B) at N/P = 10. Bars next to images represent the Z scale in nm.
Both figures depict high populations of well-defined toroids with sizes ranging from 125 to
250 nm and 80 to 200 nm for the DNA-p(0.26, 668) and the –p(1, 2786) polyplexes,
respectively. As mentioned before, the toroidal conformation suggests a maximum DNA
compaction. For the case of the pDADMAC polyplexes, this maximum DNA compaction
seems logical given the permanent cationic charge of the polymer; however, for the case of
the coDADMAC polyplex, such a high DNA compaction appears to be somehow
counterintuitive in view of the fact that three molecules of non-ionic AM are present per
each molecule of cationic charged DADMAC (Alatorre-Meda et al., 2010b). Concerning the
smaller sizes depicted by AFM as compared to those displayed by DLS, it should be recalled
that for the former technique the samples were dried before the measurement, that is,
polyplexes apparently became dehydrated.
2.2.5 Binding affinity and complexation thermodynamics
As done for the DNA-chitosan polyplexes, ITC was performed to evaluate the DNApDADMAC binding affinity and complexation thermodynamics. Striking results were
obtained as compared to the chitosan systems. Firstly, the DNA binding affinity of
pDADMACs was found to be favored with valence; secondly, the complexation process was
completed in three successive stages. Main results are discussed below.
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Figure 9 shows the heat of interaction resulting from the titration of pDADMACs to DNA as
a function of N/P. Three consecutive processes along the DNA-pDADMAC binding are
observed. The first phase of binding occurred at N/P molar ratios lower than ~1, drawing a
biphasic nature of the binding profiles for all polymers (except for p(1,<619)). As the
polymer chains began to saturate the DNA, the slightly endothermic binding enthalpy
decreased and reached an exothermic minimum at an N/P ratio of ~0.5. Similar slight
endothermic heats have been ascribed to entropy-driven binding processes (Matulis et al.,
2000; Srinivasachari et al., 2007) and ligand interactions with the DNA minor groove
(Privalov et al., 2007) Concerning the reduction in the heat of interaction Q, it might
result from the combination of both a decreased accessibility of binding sites to polymer
molecules due to partial saturation of DNA molecules and from the dipole-dipole
interactions between water molecules oriented favorably on adjacent DNA and polymer
molecules (Strey et al., 1998). At this stage, bending of single DNA strand, bridging of
neighboring DNA molecules by polymer chains and hydration can contribute to DNA
collapse (Rau & Parsegian, 1992).
The second phase of binding was characterized by an additional post-transition
endothermic heat which finished in a maximum for pDADMACs at an N/P molar ratio of
~0.75, with a subsequent decrease in enthalpy due to phosphate saturation. This
endothermic heat increment with a subsequent peak or discontinuity has been suggested to
represent the DNA collapse (Matulis et al., 2000). The increase in Q, from the zone in which
DNA chains are partially saturated (the exothermic minimum) up to the observed
maximum before phosphate saturation, is attributed to a binding of further polymer
molecules to the partially saturated DNA. Finally, the third phase of binding was
characterized by exothermic post-transition heats after complete phosphate saturation.
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Fig. 9. Integrated heats of interaction of the titration of pDADMAC to DNA vs. N/P. Polymers
p(1, <619) squares, p(1, 919) circles, p(1,1703) triangles, and p(1, 2786) diamonds were
employed. The solid line in the inset represents the data fitting of the DNA-p(1, 1703) interaction.
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Table 6 summarizes the enthalpy, entropy, binding constant, and the stoichiometry of the
DNA–pDADMAC interaction derived from the data fitting of figure 9.
polymer
p(1, < 619)
p(1, 929)
p(1, 1703)
p(1, 2786)
p(0.26, 668)
polymer
p(1, < 619)
p(1, 929)
p(1, 1703)
p(1, 2786)
p(0.26, 668)

K1 × 10-5
(M-1)
1.02 ± 0.26
3.10 ± 0.48
51.6 ± 0.31
55.1 ± 0.26
1.72 ± 0.14
K2 × 10-5
(M-1)
0.06 ± 0.04
0.12 ± 0.07
0.42 ± 0.08
0.43 ± 0.07
0.17 ± 0.04

n1
0.44 ± 0.12
0.39 ± 0.11
0.28 ± 0.07
0.28 ± 0.07
0.86 ± 0.13
n2
0.33 ± 0.10
0.26 ± 0.10
0.15 ± 0.06
0.16 ± 0.06
0.24 ± 0.04

∆H1
(kcal mol-1)
0.26 ± 0.07
0.20 ± 0.07
0.07 ± 0.01
0.06 ± 0.01
0.17 ± 0.03

∆S1
(kcal mol-1 K-1)
0.023
0.026
0.030
0.031
0.024

∆H2
(kcal mol-1)
2.34 ± 1.86
0.92 ± 0.74
-0.40 ± 0.11
-0.39 ± 0.11
-0.81 ± 0.07

∆S2
(kcal mol-1 K-1)
0.020
0.022
0.019
0.020
0.020

Reproduced from (Alatorre-Meda et al., 2010b) with permission of AMERICAN CHEMICAL SOCIETY
in the format Journal via Copyright Clearance Center.

Table 6. Thermodynamic parameters of the DNA-pDADMAC binding process. Sub-indices
next to each parameter stand for the corresponding sites 1 and 2.
It can be observed from this table that the DNA binding constants obtained for all
pDADMACs are on the order of 105-106 and 103-104 M-1 for the first and second class of
binding sites, respectively. These global ranges are in good agreement with the DNAchitosan binding data; however, it is clear that the present case exhibits an opposite behavior
regarding the DNA binding affinity, namely, it increases with the polycationic valence. This
opposite trend might be ascribed to the high water solubility of pDADMAC. That is,
although higher valence pDADMACs produced bulkier polyplexes (see section 2.2.2), it
appears that the ion-pair electrostatic interactions are not hindered at all by steric
restrictions (see sections 2.1.1 and 2.1.5). On the other hand, concerning the energetic
implications, the DNA binding with all polymers showed slight enthalpic contributions in
both sites. This outcome depicts an entropically driven reaction typically observed in
polyelectrolyte associations (Matulis et al., 2000; Prevette et al., 2007; Srinivasachari et al.,
2007) where less favourable (more endothermic) ∆H values might be associated with
breaking hydrogen bonds between polymer and water molecules (breaking a hydrogen
bond in water corresponds to an enthalpy increase of 1.9 kcal/mol) (Silverstein et al., 2000).
2.2.6 Transfection efficiency
To determine the transfection efficiency of the DNA-pDADMAC polyplexes, we performed
exactly the same protocols as those described for the chitosan systems (see section 2.1.6).
Similarly to the chitosan complexes, the transfer rate of the pDADMAC polyplexes was very
low compared to that of the DNA-MEP lipoplex. Even worse, polyplexes within the whole
range of ratios rendered levels of β-galactosidase and luciferase expressions comparable to
that of naked DNA (data not shown). Given that no cytotoxic effects can be argued
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(Alatorre-Meda et al., 2010b), the low transfection efficiency demonstrated by pDADMAC
(even lower than that of chitosan) might be ascribed to i) the polycation barrier occurring in
the core-shell structure proposed (see section 2.1.4), ii) the high binding affinity depicted by
ITC (high binding constants), and iii) the high degree of DNA compaction exhibited by the
polyplexes (see sections 2.2.1 and 2.2.4).
2.2.7 Particular conclusions
In this section we described our most important findings regarding the characterization of
pDADMAC as DNA carrier. In general, the DNA-pDADMAC polyplexes exhibited good
colloidal properties such as sizes in the range of 80 to 200 nm, ζ-potentials of about 12 mV,
and stable toroidal structural conformations. However, the transfection efficiency was found
to be even lower than that of the DNA-chitosan complexes. The influence of pDADMAC
charge density and valence on the physicochemical properties of the polyplexes can be
summarized as follows.
1. Role of pDADMAC charge density.
pDADMAC charge density was found of play an important role on the DNA complexation
ratio, (N/P)c. Our experiments demonstrated that the (N/P)c of pDADMACs polyplexes
(pDADMAC charge density = 1) are lower than half the (N/P)c of the coDADMAC polyplex
(coDADMAC charge density < 1).
2. Role of pDADMAC valence.
pDADMAC valence was found to increase i) the size of the polyplexes, ii) the ratio from
which the sizes remain practically constant, (N/P)*, and iii) the DNA-pDADMAC binding
affinity. In general, it is well accepted that higher valence polycations produce bulkier DNA
polyplexes because of steric restrictions and solubility drops, giving support to our DLS
results. However, our results demonstrate that the high water solubility and permanent
cationic charge of pDADMAC apparently compensate such restrictions giving rise to higher
binding affinities and lower (N/P)* ratios as the valence increases. Such high DNApDADMAC interactions proved to reduce the transfection efficiency (at least compared to
the chitosan-mediated complexes). Finally, in what time stability concerns, higher valence
pDADMACs were found to provoke a polyplex size reduction with time. This structural
rearrangement may be related to both the branching of the pDADMAC polymer chain,
expected to be present in a large extent, and the low stiffness of pDADMAC.
2.3 The DNA-MEP system
Metafectene® Pro (MEP) is a liposomal formulation that encompasses a mixture of a
polyamine-lipid as the cationic group (average molecular weight of the repeat unit of 272.26
g mol-1) and DOPE as the helper lipid. It belongs to a new class of transfection reagents
based on the Repulsive Membrane Acidolysis technology (RMA) developed by Biontex
laboratories GmbH (Bonetta 2005). Based on its high efficiency as transfection vector toward
eukaryotic cells (Aluigi et al., 2007; Ibrahim & Kim, 2008; Kwon & Kim, 2008; Spinosa et al.,
2008), MEP has been routinely used in our laboratories as a positive blank for DNA
transfection assays. As observed in previous sections, compared to polyplexes formed with
polycations chitosan and pDADMAC, the DNA-MEP lipoplexes yielded transfection rates
markedly higher; therefore, it was of our interest to characterize the DNA-MEP
complexation process from a physicochemical point of view attempting to elucidate the
reason why of such a big difference in the transfection efficiencies.
The present section details the physical chemistry characterization of the interactions of
MEP with DNA around the mass ratio recommended for transfection (L/D ~ 700). Aiming
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to establish a more general conclusion about the DNA-polyelectrolyte interactions, the
experimental conditions implemented (salt concentration in buffer, pH, and temperature)
were chosen to be similar to the other systems previously studied (Alatorre-Meda et al.,
2010a). For simplicity and in order to use units consistent with the protocols established for
transfection, all characterizations presented in this section are expressed in terms of the
liposome to DNA mass ratio, L/D. Main results are exposed below.
2.3.1 MEP to DNA complexation ratio, (L/D)c
As done for chitosan polyplexes, the DNA-MEP complex formation was addressed via SLS.
Depicted by a sharp increase in the scattering intensity, we determined the complexation
ratio as (L/D)c ~ 600. Our main findings are described below.
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Fig. 10. Average intensity of light scattered, I, by lipoplexes (filled squares) and by MEP
(empty squares) as a function of the mass ratio L/D, and of the concentration L,
respectively. The average intensity of light scattered by DNA is also included. The inset
shows the average intensity scattered by lipoplexes normalized to the sum of the intensities
scattered by MEP and by DNA in separate. The dotted line is a guide for the eye.
Figure 10 depicts the average intensity of the light scattered by lipoplexes as a function of
the mass ratio L/D, and by MEP solutions in absence of DNA as a function of the
concentration L. This figure shows that at L/D ~ 600 the intensity of light scattered by
lipoplexes is roughly 50% lower than that scattered by their corresponding MEP solutions,
whereas for (L/D) ≥ 600 this trend shifts, becoming higher the intensities scattered by the
lipoplexes. An increment like this in the light scattered was observed along the DNA-
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chitosan complexation process (see section 2.1.1). In that case, the increment in the
scattering was attributed to the change in the particle structure, where the intensity of light
scattered by the collapsed polymeric chains was confirmed to be higher than that scattered
by the linear chains of DNA and chitosan before mixing. Nevertheless, in the present case
the hydrodynamic radius of MEP scarcely changed after its mixing with DNA (see the
following section), suggesting no change either in its vesicular conformation or in the coil
conformation of DNA. Therefore, in our opinion the increase in intensity in the zone of
L/D ≥ 600 can only be explained in terms of a constructive interference that presumably
arises when liposomes are connected one to each other by DNA coils (see section 2.3.4),
where contrary to moving freely they start to move in ensemble. This assumption becomes
clearer when the normalized intensity of the lipoplexes, (I* = Ilipoplex/(IDNA + IMEP)), is
plotted as a function of the mass ratios (inset in Fig. 10).
The inset shows two well differentiated regions, one for L/D < 600 where DNA and MEP
are expected not to interact, and other for (L/D) ≥ 600 where, in good agreement with the
zone suggested by Biontex Laboratories GmbH and demonstrated by transfection assays
(Aluigi, et al., 2007; Ibrahim & Kim, 2008; Kwon & Kim, 2008; Spinosa et al., 2008),
complexation occurs. On the other hand, the lowest intensity exhibited by pure DNA, as
aforementioned, is a behavior characteristic of linear molecules in solution which are hardly
detected by SLS (Drifford & Dalbiez, 1984).
2.3.2 Size and time stability
Particle sizes of both MEP and lipoplexes were measured via DLS in order to be compared.
We found that the size of the MEP vesicles was equivalent to that of the lipoplexes, with the
latter ones being slightly smaller (ca. 135 nm). It appears then, that as DNA comes in contact
with MEP, the polyanion acts as a stabilizer of the liposomes, a result that has been observed
for other polymer-vesicle interactions (Antunes et al., 2009; Rodriguez-Pulido et al., 2008).
Very importantly, compared to the other DNA–cationic vector formulations here studied, in
particular to the DNA–chitosan system (RH up to 450 nm), the sizes depicted by the DNA–
MEP complexes are considerably lower. This is believed to facilitate the cellular uptake
(Tros de Ilarduya, et al., 2010).
To check the stability of the lipoplexes, we measured the time evolution of RH of samples
with L/D ≥ (L/D)c. The magnitude of RH during the testing time (7 days) changed less than
a 10% in all cases, with the mean value and standard deviation lowering as the value of L/D
increased (data not shown). Thus, the lipoplexes were validated as stable.
2.3.3 Surface charge
In order to elucidate the lipoplex charge at the transfection conditions, we studied the ζpotential of the lipoplexes around the mass ratio recommended for transfection. To our
surprise, the ζ-potential of the lipoplexes at the transfection conditions resulted to be
negative (data not shown). This striking result finds support on the lipoplex structural
conformation we detected by TEM and AFM (see next section) showing non-complexed
DNA segments. Alternatively, as reported by others (Dias et al., 2002; Radler et al., 1997;
Salditt et al., 1997), there must be a coexistence of DNA and lipoplexes in which, provided
the negative ζ-potential, DNA is expected to be in excess.
Compared to cationic lipoplexes, negatively charged ones should offer advantages of
decreased cytotoxicity and increased serum compatibility (Thakor et al., 2009); however, as
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mentioned before, their cell internalization is problematic. Cell internalization of negatively
charged particles often requires the presence of cell-specific ligands (attached to particle
surface) for endocytosis to occur. Such ligands build the “bridge” between cellular
membranes and particles otherwise absent in view of the electrostatic repulsions (Kono et
al., 2001; Sahay et al., 2010; Simoes et al., 1998). By contrast, anionic particles not bearing
cell-specific ligands are expected to enter cells during mitosis3 (Khalil et al., 2006).
2.3.4 Structural organization
Figure 11 presents typical TEM (A and B) and AFM (C and D) images obtained for
lipoplexes at L/D = 1000. This figure depicts non aggregated liposomes with DNA coils
coming out from their surfaces seemingly connecting them; a feature that is more easily
observed in the zooms shown in panels B and D. Such a morphology, referred to as the
‘‘beads on a string’’ conformation, has been observed not only for DNA–vesicle systems but
also for DNA–micellar aggregates (Ruozi et al., 2007; Wang et al., 2007). In general, this
structural conformation, occurring at low lipid to DNA ratios, is believed to appear because
of packing and bending constraints on the long DNA molecules (Dan, 1998). Of importance
for gene therapy, the exposed DNA sections are covered by a metastable, cylindrical lipid
bilayer that protects DNA from inactivation or degradation (Sternberg et al., 1994).
2.3.5 Transfection efficiency
As observed in previous sections, compared to polyplexes formed with polycations chitosan
and pDADMAC, the DNA-MEP lipoplex yielded transfection rates markedly higher. We
speculate that the higher transfection efficiency of the MEP lipoplex must be related to a
successful endosomal escape that is promoted simultaneously by a repulsive membrane
acidolysis process and different conformational transitions adopted by DOPE upon pH
changes (Bonetta 2005; Khalil et al., 2006; Tros de Ilarduya et al., 2010). Concerning the cell
entrance mechanism our lipoplexes should display, we hypothesize mitosis as the most
probable option given both the negative ζ-potential of the system and that, to our best
knowledge, MEP does not contain any kind of cell-receptors. In this context, HeLa cells (the
cells we worked with) are recognized as highly proliferating ones (Ota, et al.,2010).
Importantly, as part of our protocols we seeded the cells at an 80-90% optical confluence so
that transfection was practiced with the maximum possible number of healthy cells,
assuring mitosis.4
2.3.6 Particular conclusions
Emphasizing the importance of studying the lipoplex formation under the same conditions
at which transfection is practiced, our results point to a ‘‘beads on a string’’ complex
conformation as depicted by i) the TEM and AFM micrographs revealing coils of DNA
coming out from vesicle surface, ii) the ζ-potential results showing that the transfection
mass ratios are well below isoneutrality, and iii) the practically constant vesicle sizes after
complexation depicted by DLS. On the other hand, a sharp increase in the intensity of light
3 Mitosis is also accepted as an important factor in the nuclear translocation of transgenes given that the
integrity of the nuclear membrane is transiently lost, allowing their entrance (Khalil et al, 2006).
4 It has to be noted that this very reasoning should be applied to the chitosan- and pDADMACmediated polyplexes.
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Reproduced from (Alatorre-Meda et al., 2010a) by permission of the PCCP Owner Societies.

Fig. 11. Typical TEM (A and B) and AFM (C and D) images obtained for DNA-MEP
lipoplexes at L/D = 1000.
scattered by samples marks (L/D)c ~ 600 as the zone from which lipoplexes exist, validating
the mass ratio recommended for transfection of (L/D) ~ 700. Finally, DLS results reveal
lipoplexes with an average size of 135 nm that were stable within at least 7 days.

3. General conclusions and forthcoming work
In general, the DNA-chitosan and DNA-pDADMAC systems revealed good colloidal
properties and similar physicochemical features as compared one to each other. They were
able to condense DNA plasmids to form particles small and positive enough so as to be
taken up to cells by endocytosis; however, the transfection efficiency they rendered was
markedly lower than that of the DNA-MEP lipoplex. With the experimental results here
presented it appears that this low transfection efficiency relies on the high DNA-polycation
binding affinity coupled with the structural conformation the polyplexes adopt in solution.
Additionally, repulsive membrane acidolysis processes and different conformational
transitions adopted by DOPE upon pH changes confer the MEP lipoplex a successful
endosomal escape not occurring during polyplex transfection.
In light of the obtained results a deeper understanding of both the complex internalization
to cells and DNA release from complexes to the cytoplasm must, in our opinion, be achieved
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in order to improve the transfection process. In the context of the DNA release, special
attention needs be paid to the development of strategies assuring a high degree of DNA-vector
de-compaction. Interesting pioneering results stem from publications by González-Pérez and
coworkers (Carlstedt et al., 2010; Gonzalez-Perez & Dias, 2009; Gonzalez-Perez et al., 2008).
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