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Abstract. We study the formation and structure of stable electrostatic complexes between polyanions
(DNA and poly(styrene-sulfonate)) and linear polyethylenimine. The charge ratio x of the mixture is
tuned by varying the concentration of the polycation at constant concentration of polyanion. In agreement
with recent theories, dynamic light scattering and electrophoretic mobility measurements show two distinct
regimes of weak and strong complexation. At low polycation concentration, negatively charged small com-
plexes involving a few polyanion chains are observed first. By further increasing x, these small complexes
condense at a precise charge ratio z. < 1 to form large anionic aggregates. The inversion of the charge
of the condensed complexes coincides with the maximum of complexation and precedes the dissolution
of the aggregates which occurs at a well-defined decondensation threshold z4 > 1. Above x4, positively
charged complexes containing again a few overcharged polyanion chains are observed. The macroscopic
phase diagram is qualitatively well corroborated by AFM observation of the complexes. The influence of
entropic effects is probed by varying parameters like concentration, polycation molecular weight and ionic
strength. Structure of stable negatively charged complexes is investigated at higher concentration using
Small Angle Neutron Scattering. In the condensed regime, we observe large soluble bundles with sharp

interfaces where the local structure of the polyanions is preserved.

1 Introduction

The deviation from electroneutrality in chemical systems
by dissociation or association of molecules or ions is only
possible if the macroscopic charging electrostatic energy is
compensated by other contributions, mainly the entropic
one in the case of ionic dissociation or binding energy in
the case of association. In ionic systems at room temper-
ature (when quantum effects are not relevant), this bind-
ing energy, for instance the famous Madelung energy of
ionic crystals, is itself of electrostatic origin: interacting
charges of opposite sign organize themselves locally to
minimize the electrostatic energy. As recognized by several
authors [1-3], this may lead to the interesting situation
where the local binding part of the electrostatic energy
competes with its long-range macroscopic part. Depend-
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ing on cases, the final electrical charge of the system may
be of either sign. In particular, binding cationic species to
an anionic object may lead to a positively charged assem-
bly: this is the phenomenon of “charge inversion” [4-6].

Charge inversion was observed by several authors
in mixtures of charged polyelectrolytes with oppositely
charged oligomers [7,8], polymers [9-16], colloids [11,17—
20] or micelles [21] and has important applications. At
surfaces, it enables the building of polyelectrolyte mul-
tilayers [22,23]. It plays also an important role in gene
transfer techniques, where polycations are used to con-
dense, protect and invert the charge of DNA molecules
favoring their merging with negatively charged cell mem-
branes [9, 13,24-26]. All these systems are strongly cor-
related, the electrostatic interactions are strong and the
effects of thermal motions, translational or conformational
entropy of chains small. This makes their theoretical de-
scription very difficult. In particular, simple mean-field
theories cannot be used, since the effects of charges of
opposite sign cancel at the mean-field level in neutral
and uniform systems. Electrostatic binding, charge inver-
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sion and their consequences on the structure and phase
behavior of the systems are only described by taking
into account the fluctuations of concentrations of the
constituents and their correlations. In polymer systems,
this is done by using the well-known “Random Phase
Approximation” or other sophisticated theoretical meth-
ods [27, 28]. Numerical simulations are also very use-
ful [29-33].

Recently, a simplified but illuminating analytical de-
scription of the formation of complexes of polyelectrolytes
was given T.T. Nguyen, I. Rouzina and B. Shklovskii
in terms of the electrostatic interaction between dilute
polyanions and small multivalent polycations [1]. This ap-
proach was extended to complexes between long polyan-
ions and short polycations [2,3]. In the latter system, the
Coulomb interactions are assumed sufficiently strong so
that the entropy of the chains becomes negligible. In the
absence of added salt, the only thermodynamic variable
is the charge ratio x = Q1 /Q~ of the mixture, where Q™
(Q7) is the total charge of complexed and free polyca-
tions (polyanions) in solution. When z is far away from
1, complexes are strongly charged, negatively if z <« 1
or positively if > 1 (regime of charge inversion). In ei-
ther case, short polycations are adsorbed on individual
chains of polyanions, forming what one may call “binary”
or “free” complexes, with a given electrostatic binding en-
ergy nE(n), which depends on the number n of polyca-
tions per polyanion, (E(n) is the binding energy per poly-
cation), and a given Coulomb self-energy, fixed by the
overall charge and shape (capacitance) of one complex.
Close to the point of neutralization (z = 1), binary com-
plexes condense, because this diminishes further the local
electrostatic binding energy via local correlated rearrange-
ments of the ions, and because the macroscopic Coulomb
energy vanishes. By comparing the free energy of the dif-
ferent types of complexes, R. Zhang and B. Shklovskii
show that binary complexes may coexist with condensed
complexes. There are in fact two possibilities, either an
inter-complex coexistence where a macroscopic neutral
drop coexists with dilute charged binary complexes, or an
intra-complex coexistence where free complexes rearrange
themselves into a “tadpole” structure with a condensed
neutral head and a strongly charged tail [2,3]. By increas-
ing x, one thus expects to observe successively a phase of
stable negatively charged complexes, a phase separation
occurring at a given condensation threshold . (depending
on added salt) and a re-entrant phase of stable positively
charged complexes, appearing above a well-defined decon-
densation threshold z4, . and x4 being symmetrically lo-
cated on each side of the isoelectric point, x = 1. This ap-
proach describes the phenomenon of like charge attraction
and charge inversion as purely electrostatic and mainly
ruled by short-range correlations. Within this framework,
the entropic nature of association [4,34] due to the release
of counterions is itself driven by correlations [5].

Experimentally, condensation of DNA and flexible
polyelectrolytes can refer specifically to the collapse of in-
dividual long polymer chains into globular states [35, 36]
or to the secondary aggregation of existing binary com-
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plexes [7,37,38]. To our knowledge, the phase diagram de-
scribed above has been observed alone [37] or accompanied
by the charge reversal [7] only with mixtures of polyan-
ions and small multivalent cations. In order to probe and
generalize these ideas to polyelectrolytes, we have ex-
tended the study to the formation and structure of dif-
ferent linear polyanion-polycation complexes in the dilute
regime. We use two polyanions, DNA and poly(styrene-
sulfonate)(PSSNa) of similar structural electric charge.
The DNA molecules are short stiff monodisperse nucle-
osomal DNA fragments containing 146 base pairs corre-
sponding to one persistence length, [, = 50 nm [39]. The
utilization of more flexible PSSNa which has a ten times
lower persistence length, [, = 5 nm, allows to probe the ef-
fect of the rigidity of the polyanion. Following the pioneer-
ing work of J.P. Behr and coworkers, Linear Polyethylen-
imine (LPEI) has become one of the most investigated
condensing agents used in gene transfer and gene ther-
apy techniques [13, 24, 25]. This is why our choice has
focused on LPEI with two different molecular weights
(25kDa and 2.5kDa). Most of DNA-PEI complexation
studies deal with long plasmid DNA and PEI of differ-
ent molecular weight. Condensation and overcharging of
plasmid DNA by LPEI were reported [13,25], but without
mentioning the existence of (de)condensation thresholds.
This is likely due to the use of long DN A molecules and low
ionic strength conditions which can favor the formation of
kinetically trapped and non-equilibrium assemblies. For
that reason, we decided to study the complexation of short
polyelectrolytes in the very dilute regime and at high ionic
strength. We succeeded in obtaining stable complexes in
the whole range of charge ratio and we measured their
size and the electrophoretic mobility. We have also in-
vestigated the effect of polyanion stiffness, the polycation
length, and the ionic strength on the phase diagram. The
very same behavior is observed in all systems, whose qual-
itative features are well described by the theory of Zhang
and Shklovskii. However, entropic effects, neglected in the
theory, smooth the observed phase behavior.

Unfortunately, descriptions of the structure of soluble
complexes at different scales in both anionic and cationic
regimes are rare, especially for complexes of flexible poly-
electrolytes [14, 15]. Infrared and circular dichroism re-
vealed that the local B form of DNA is not affected
by complexation with PEI [13]. Fluorescence microscopy
studies of long DNA-multivalent ions have shown the co-
existence between binary and condensed individual DNA
strand complexes [35]. AFM studies of positively charged
DNA-PEI complexes allowed to show that plasmids con-
dense into bundled, folded loops of DNA, suggesting that
most condensation proceeds through folding rather than
winding DNA [36]. These AFM studies are transposed to
our DNA-PEI complexes. Classical X-ray and neutron dif-
fusion techniques which allow to probe the structure of
polymers over a wide range of length scales are not con-
venient with such dilute systems. However, we also report
Small Angle Neutron Scattering (SANS) experiments per-
formed on both polyanions complexed with short and long
PEI at higher concentration in the anionic regime.
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2 Materials and methods
2.1 Sample preparation

DNA fragments were prepared from calf thymus as de-
scribed by J.L. Sikorav et al. [39]. Chromatin was ex-
tracted in low ionic strength buffer. After removal of linker
histones, 146 bp DNA was obtained by controlled digestion
with micrococcal nuclease. After precipitation in cold 2-
ethanol, DNA pellets were dried under vacuum and con-
served at —80°C. The pellets were solubilized in an ad-
equate buffer —10mM Tris— with the pH adjusted to
7.4 before using them. DNA concentrations were deter-
mined by UV absorption at 260 nm. The UV absorbances
at 280 nm were also measured to determine the purities of
the samples. The length of the fragments was determined
by electrophoresis on agarose gels.

The Sodium poly(Styrene Sulfonate) (PSSNa, M,, =
77kDa, polydispersity index: I = M,,/M, = 1.1, where
M, (M,) refers to the weight (number) average of the
polymer molecular weight) and linear polyethylenimine
(LPEIL, M, = 2.5kDa and 25kDa, I = M,/M, =
2.5 [40]) are provided respectively by Fluka and Aldrich.
The stock PSSNa and LPEI solutions were prepared in
the same buffer —purified deuterated water (Eurisotop)
10 mM Tris— and the pH was adjusted when needed to
the value of 7.4 using a concentrated solution of DCI
([DCI] = 7.6 M). In the case of the basic LPEI, the final
ionic strength of the solution at pH = 7.4 was [I] = 0.15 M.
As a consequence, most of experiments were performed
at this ionic strength. The electric charge of LPEI is ob-
tained from independent titration experiments. We find:
QrpEI 2.5kDa = 13e and QrpEr 25kDa = 130e. The struc-
tural charges of the DNA and PSSNa molecules are equal
to Qpna = —300e and Qpssna = —373e.

The charge ratio z = Q7 /Q~ of the complex is var-
ied by increasing the mixing ratio of stock solutions of
polyanion and polycation. The order of mixing is always
the same: the complementary buffer volume necessary to
adjust the final volume of the sample is first added to the
polyanion stock solution. The polycation is added subse-
quently. Higher ionic strength complexes ([I] = 0.25M
and [I] = 0.65M) were obtained by adding first the re-
quired volume of NaCl ([NaCl] = 5M) to the polyanion.

2.2 Experimental methods

2.2.1 Dynamic light scattering and electrophoretic mobility
measurements

The dynamic light scattering (DLS) and electrophoretic
measurements were performed using a “Malvern Zeta Po-
tential Nano Sizer” operating at A = 633 nm wavelength.
The scattering vector ¢ is defined as ¢ = (4mn/\)sin6/2,
with n the refractive index of the solvent and 6 the scat-
tering angle.

In Dynamic Light Scattering, the normalized first-
order electric field F(t,q) time correlation g(®(t,q) func-
tion is related to the time-intensity correlation function
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through the Siegert equation [41]. g(®)(t,q) is related to
the measured relaxation rate, I', according to

(B(t.q)E*(t,q)) = ¢ (t.q) = /OOC G(I)e~THdr.

The autocorrelation function was analyzed in terms of
continuous distribution of relaxation times I' using the
first cumulant method and/or CONTIN algorithm. The
decay time I is related to the translational diffusion co-
efficient via I' = Dg?. The measurements were performed
at the scattering angle of 173° and 90°. Using a smaller
scattering angle could make the measurements more ac-
curate, but it will not significantly affect the trends of the
results. The relation between the diffusion coefficient D
and the frictional or drag coefficient is given by Einstein’s
relation

D = ks T/, (1)
For a complex in a solvent of viscosity 7, the drag
coefficient f is related to the hydrodynamics radius Ry, of
the equivalent Stokes sphere by the Stokes relation f =
6mnRy,. For bare mononucleosomal DNA, assimilated to
a rigid rod of length L and radius d = 20.1 A [42], the
friction coefficient is given by (p = L/d) [42,43]
f=3mL/In(p) +0.312 + Oii65 - (;—21 . (2)
Electrophoretic mobility measurements based on the
laser doppler velocimetry principle yields the velocity of
the complexes submitted to an alternating electrical field
of 125V /em oscillating at a frequency of 20 Hz. There-
fore, the recorded frequency shift is directly related to
the velocity of complexed DNA. The independent mea-
surements of p at low electric field and D are related to
the electrophoretic effective charge @), according to the
Nernst-Einstein equation

,LL,Z{}BT

Q;J, = ﬂf = D (3)

This definition of the charge is almost always lower than
the real charge due to the retarding influences of the coun-
terion cloud [44-46].

Unless stated otherwise, measurements were done
at low polyanion concentration of 0.01% (w/v), ionic
strength [I] = 0.15M and pH = 7.4. All measurements
were performed at 20°C (n = 1073 Pas), 24 hours after
sample preparation and repeated one month later in order
to check the stability over time of the characteristics of the
complexes. It is important to mention that for all charge
ratios, the concentration of free polycations is too low to
produce any significant contribution to the DLS signal
or to the frequency shift spectrum during electrophoretic
mobility measurements.

2.2.2 AFM imaging

AFM imaging was performed in Tapping Mode TM with a
MultimodeTM AFM (Veeco, Santa Barbara, CA) operat-
ing with a Nanoscope IITaTM controller. We used Olym-
pus (Hamburg, Germany) silicon cantilevers AC160TS
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with nominal spring constants between 36 and 75N/m.
The scan frequency was typically 1.5Hz per line and
the modulation amplitude was a few nanometers. The
DNA/LPEI complexes were diluted to a concentration
of 0.01% (DNA) in a buffer solution containing (MgCly
5mM, pH 7.4). A 5l droplet was deposited onto the sur-
face of freshly cleaved mica (muscovite) for 1 min. Then,
the surface was rinsed with 0.02% diluted uranyl acetate
solution in order to stabilize complexes in their 3D con-
formations for AFM imaging in air. The sample was then
rapidly rinsed with pure water (Millipore) to obtain a
clean surface after drying with filter paper. The use of
uranyl acetate discriminates between weak and firmly ad-
sorbed molecules [47].

2.2.3 SANS measurements

The small angle neutron scattering experiments were per-
formed at Laboratoire Léon Brillouin (Saclay, France) on
the PACE spectrometer on a ¢ range lying between 4-1073
and 2-10~1 A~1. Standard corrections for sample volume,
neutron beam transmission, empty cell signal subtraction,
and detector efficiency have been applied to get the scat-
tered intensities on an absolute scale. The polyanion con-
centration in D2O is 0.2% (w/v), in order to ensure a
measurable intensity. The samples were prepared as de-
scribed above and the final ionic strength of the solution
at pH = 7.4 was [I] = 0.15 M. Measurements were per-
formed on soluble and stable complexes 24 hours after
sample preparation.

3 Results and discussions

3.1 Diffusion and electrophoretic mobility of 146 bp
DNA

In order to characterize the mononucleosomal DNA, DLS
and electrophoretic measurements were carried out at very
low concentration (¢ = 0.005%) and sufficiently high ionic
strength (I = 0.15M). Diffusion light scattering measure-
ments performed on similar short monodisperse DNA frag-
ments at higher concentration have shown fast and slow re-
laxation modes [42,48]. At sufficiently high ionic strength
and low concentration, ¢ (t, q) functions present only the
fast mode. This fast mode allowed to extract the value of
the translational self-diffusion coefficient D which is found
to be independent of the scattering vector ¢. The ¢(?) (t,q)
function measured with our 146 bp DNA shows one re-
laxation mode yielding an apparent diffusion coefficient
D = 3.36-10"7 cm? s~ 1. This value combined with egs. (1)
and (2) yield a DNA length L = 44 nm, slightly lower than
the 146 bp DNA length of 50 nm. Our experimental values
of D and L are close to those reported for double strand
160 base pair DNA (D =3.1-10""cm?s™!) [48].

The electrophoretic mobility is independent of DNA
molecular weight above ca. 170 bp. Below this threshold
corresponding to about one persistence length, the mo-
bility decreases monotonically with decreasing molecular
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weight for smaller fragments [46,49]. Furthermore, elec-
trophoretic measurements across a range of ionic strength
show that DNA mobility is drastically reduced upon salt
addition [44]. In our case, the electrophoretic mobility
of bare DNA is found to be p = —2-10"%cm?s7!, a
value lower in absolute value than that obtained without
added salt, but close to that one reported for long duplex
DNA at higher ionic strength [44]. The values of D, pu
and eq. (3) yield a DNA electrophoretic effective charge
QENA = —17e . As expected, at high ionic strength, QBNA
is much lower than the DNA charge partially compensated

by Manning’s condensation QPN4 ~ —70e.

3.2 Phase diagram of the complexes

The variations at constant polyanion concentration of the
hydrodynamics radius Rj; and electrophoretic mobility
u of the DNA/LPEI-2.5kDa and PSSNa/LPEI-2.5 kDa
complexes with the charge ratio x = Q7 /Q~ are shown
in fig. 1. The formation of complexes, their condensation
and decondensation associated with their charge inversion
are manifest. By increasing x, we first observe a small
increase of the hydrodynamic radius followed by a large
growth occurring for = close to 1 and a decrease when
x becomes larger than 1. The complexes are negatively
charged (1 < 0) when o < 1 and positively charged for
2 > 1. The charge inversion (x4 = 0) occurs at = 0.83
for DNA and at = = 0.65 for PSSNa. It coincides in both
cases with the maximum of complexation. The diffusion
coefficient D = 0.54 - 1077 cm?s~ ! of DNA complexes at
small z is much lower than that of the bare DNA. Hence,
the corresponding hydrodynamics radius R; = 40nm of
the complexes is too large to be only due to the adsorp-
tion of small 2.5kDa PEI molecules on DNA strands.
This suggests that DNA strands are already slightly ag-
gregated and form small primary complexes. In order to
confirm this point, we estimate the electrophoretic effec-
tive charge @, of one complex from eq. (3). For z = 0.44
(D =046 -10""cm?s™!, p = -22-10"*em? V=171,
one obtains @Qf, = —120e, a much higher value than the
electrophoretic charge of the bare DNA molecules in the
condition of the experiments (QENA = —17e). One cannot
in principle directly compare the electrophoretic charges of
the complex and of the bare DNA because of the complex
interplay between the electric, hydrodynamic and electro-
osmotic forces in polyelectrolytes systems [44, 45, 50, 51],
but the difference of values is large enough to demon-
strate primary complexation. It is also interesting to eval-
uate the effective charges of the complexes Q¢ , given by
QY = QPNA(1 — z). It is assumed that one complex con-
tains only one DNA molecule and that a fraction x of
the bare charges is fully neutralized by PEI while the
remaining fraction (1 — x) is partially compensated by
Manning’s condensation of the counterions. For z = 0.44,
QY% = —40e. If we assume one DNA per complex, we ob-
tain that the effective charge is smaller (in absolute value)
than the electrophoretic charge, which is not possible. We
again conclude that the observed complexes must be ag-
gregated with several DNA chains per complex. A number
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Fig. 1. Electrophoretic mobility (a) and hydrodynamics ra-
dius (b) plotted as a function of the charge ratio . Polyan-
ion concentration ¢ = 0.01% (w/v), [I] = 0.15M, pH = 7.4:
DNA/LPEI-2.5kDa complex (O0), PSSNa/LPEI-2.5kDa com-
plex (o). Polyanion concentration ¢ = 0.005% (w/v), [I] =
0.15M, pH = 7.4: DNA/LPEI-2.5 kDa complex (/\). The lines
are guides for the eyes.

between 3 and 5 DNA chains per complex would be com-
patible with the measured electrical charge and Rj,. These
assemblies are reminiscent of small DNA bundles forma-
tion induced by trivalent ions [52].

It is surprising that for both polyanions, the observed
charge inversion does not occur at = 1. Such devia-
tions from stoichiometric association have already been
observed [10,12,53]. A first explanation might invoke a
wrong estimation of the charge ratio . The complexation
may favor the protonation of PEI [9,13,14]. Another expla-
nation involves hydrodynamic effects. As emphasized in
ref. [50], the point of vanishing mobility may not coincide
with the point of vanishing charge in heterogeneous poly-
electrolytes systems. This effect depends on ionic strength
and we will come back to this point. If this explanation is
relevant, the difference between DNA and PSSNa would
then be due to a difference of conformation of the polyelec-
trolytes chains in the complexes, which leads to different
electrophoretic behaviors [51].

We have noticed that the negatively charged complexes
below x = 0.6 were slightly aggregated, this is also the
case of the positively charged complexes in the decon-
densation regime above x = 1.5. Charge inversion favors
the dissociation of the complexes, but the decondensa-
tion is not complete contrarily to the prediction of the
theory. The hydrodynamic radius of the DNA complexes
decreases from 185 nm for z = 1.5 to 110 nm for = > 4.4,
but remains much larger than the length of bare DNA.
In the same x range, the mobility increases weakly from
2.1t02.5x10"*em? V™1 s~! and the electrophoretic effec-
tive charge decreases from 450e to 330e. The same general
trends are observed on the PSSNa systems. In that case,
the comparison of the apparent hydrodynamics radius of
the anionic and cationic complexes with the one of free
PSSNa [54] leads to the conclusion that complexes are
also already slightly aggregated in the weak complexation
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Fig. 2. Electrophoretic mobility (a) and hydrodynamics radius
(b) plotted as a function of charge ratio x. DNA concentration
¢ = 0.01% (w/v), [I] = 0.15M and pH = 7.4. DNA/LPEI-
2.5kDa complex (O), DNA/LPEI-25kDa complex (e).

regimes. It appears that the theoretical predictions are
confirmed at least qualitatively by the phase diagrams. In
the present case, binary complexes with individual polyan-
ions are not observed by DLS. Instead, in this weak com-
plexation regime, small complexes, usually called primary
complexes, are observed. The strong complexation regime
corresponds to the condensation or secondary aggregation
of these primary complexes. It deserves to mention that
redissolution of large aggregates is obtained upon addi-
tion of a small volume of polyanions stock solutions. Con-
densed complexes close to the condensation threshold are
disassembled into primary complexes by decreasing the
charge ratio x. This important observation indicates that
the condensation phenomenon is reversible.

The region of maximum turbidity and hydrodynamic
radius corresponds to the domain of existence of the
strongly condensed complexes. As the variations of Ry
are continuous, it is difficult to define precisely a thresh-
old of condensation and decondensation and to make a
quantitative comparison with the theory of R. Zhang and
B. Shklovskii. Note that the largest values of R}, (above 6
pm) cannot be trusted because of the limits of the tech-
nique of measurement. For DNA, the strong variations of
Ry, occur in the range 0.45 < x < 1.5. The theoretical
values of the condensation and decondensation threshold,
z. and x4 in the presence of salt are given by the following
expression [2], which omits unknown numerical factors:

1
Tead=1F \/m (4)
rs is the Debye screening length and b the distance be-
tween charges assumed to be the same for both polyelec-
trolytes (rs > b). By taking b = 0.17 nm for DNA and
rs = 0.8 nm for an ionic strength of 0.15M, one obtains
z. = 0.2 and x4 = 1.8. The agreement is not bad but may
be fortuitous, particularly if one considers the absence of
numerical factors in eq. (4).
In order to probe the influence of the translationnal
entropy of the chains which is neglected by R. Zhang
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Fig. 3. AFM observation of 146 bp-DNA /LPEI-2.5 kDa complexes. The DNA concentration is fixed at 0.01% (w/v). Panel (a):
DNA fragments alone in solution. Panels (b), (¢) and (d) are obtained by increasing LPEI concentration and varying the charge
ratio z; (b) = 0.6, (¢) x = 1 and (d) = 5. Image size: 1.5 um x 1.5 um. For clarity, vertical profiles are supplied online as

supplementary material (z-profile.pdf).

and B. Shklovskii (and which might explain the relative
smoothness of the experimental phase behaviour), we have
performed one series of experiments where the concentra-
tion of DNA, divided by a factor of 2, is ¢ = 0.005%
(w/v) (fig. 1). We still observe the complexation of LPEI-
2.5kDa with DNA and a charge inversion, but the phe-
nomena of condensation and decondensation are barely
noticeable and the dimension of the aggregates remains
relatively small even at the maximum of complexation oc-
curring for x = 1.1, where Rj, = 255 nm. The size and the
electrophoretic mobility of the complexes for small and
large x are the same as those observed in the preceding
experiments and thus appear independent of DNA con-
centration. Interestingly, the point of charge inversion is
shifted from z = 0.83 to x = 0.6. Again we may incrim-
inate an increased protonation of LPEI by complexation
or the mechanisms of electrophoresis.

Another way of probing entropic effects is to vary
the molecular weight of the PEI chains. Our observations
on the LPEI-25kDa/146 bp-DNA system are reported in
fig. 2 in comparison with those of the LPEI-2.5 kDa-DNA
system. At the same monomer concentration, the trans-
lational entropy of the 25kDa chains is 10 times smaller
than the one of the 2.5 kDa chains and one expects a more
clear-cut phase behaviour with the longer chains. This is
indeed the case. The variations of the electrophoretic mo-

bility and hydrodynamic radius as a function of the charge
ratio x are qualitatively the same in both systems but the
growth and decrease of the hydrodynamic radius associ-
ated to the phenomena of condensation and decondensa-
tion are faster with LPEI-25 kDa than with LPEI-2.5kDa.
The charge inversion also occurs more abruptly. Note that
the point of zero electrophoretic charge occurs here ex-
actly at = 1. One also observes that the values of p and
R;, at small and large = are the same in both systems.
The physics of complexation and charge inversion appears
as predicted by theory dominated by electrostatics effects
and weakly dependent on molecular details.

Observations by AFM. We attempted to observe the struc-
ture of the complexes formed by LPEI-2.5kDa/DNA for
different values of the charge ratio x by Atomic Force Mi-
croscopy (fig. 3). Our observations are still qualitative at
this stage since the structure of the complexes may be
strongly perturbed by adsorption on the mica surface and
the drying process, nevertheless the pictures show a well-
defined trend. Since the mica is treated with MgCly, the
surface is cationic and will favor the adsorption of anionic
species.

We start for reference from the imaging of the
DNA146 bp alone in solution at the same values of con-
centration and ionic strength as used for the complexes
(fig. 3a). The adsorption of the individual DNA fragments
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Fig. 4. Hydrodynamics radius (a) and electrophoretic mobility
(b) of PSSNa/PEI-2.5 kDa plotted as a function of charge ratio
x at a PSSNa concentration ¢ = 0.01% (w/v) and pH = 7.4.
[I] = 0.15M (o), [I] = 0.25M (W).

on mica is perfectly visible. For z = 0.6 (fig. 3b), the for-
mation of complexes is characterized by a decrease of the
density of adsorbed single DNA chains and the presence
of large clusters visible on several pictures, whose size is in
the range 50-100 nm. However, it is not possible to distin-
guish single bare DNA molecules from individual binary
complexes. For that reason, the picture may also corre-
spond to the intercomplex disproportionation [2,3] where
condensed and binary complexes coexist. Note that the
interactions with the surface may not only favor the ad-
sorption of individual bare or complexed DNA strands,
but also promote the dissociation of existing complexes.
For x = 1 (fig. 3¢), no free DNA chains or individual
binary complexes are present and a few very large clus-
ters settle the surface. This is indeed what we expect in
the regime of charge inversion. We have also studied one
sample in the cationic regime, z = 5 (fig. 3d). We note
the reappearance of numerous relatively small aggregates,
which may correspond to partially decondensed cationic
complexes. Unlike the other images, the DNA strands are
no longer flattened on the surface, but appear as small con-
densed complexes. This effect might be ascribed to the re-
pulsive interaction between the surface and the complexes.
Despite the interactions between the substrate and the
polyelectrolytes, which can modify the structure of com-
plexes, there is a nice correlation between the macroscopic
phase diagram and the AFM observations. Further work
is needed, especially using more reliable imaging meth-
ods like AFM at substrate-solution interface or cryomicro-

Scopy.

Effect of ionic strength. The ionic strength of the solu-
tion plays an important role in the formation of com-
plexes and the effect of addition of a monovalent salt leads
to very different behaviors depending on the characteris-
tics and concentrations of the polyelectrolytes [55-57]. R.
Zhang and B. Shklovskii have shown theoretically that
the domain of existence of condensed complexes becomes
broader when the ionic strength is increased. Increasing
the ionic strength [I] indeed decreases the stability of the
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Fig. 5. Electrophoretic mobility of DNA/LPEI2.5kDa com-
plex (a) and DNA/LPEI25kDa complex (b) as a function of
charge ratio x for different ionic strengths at a DNA concen-
tration ¢ = 0.01% (w/v) and pH = 7.4. [I] = 0.15M (W),
[I] =0.25M (e) and [I] =0.65M (A).

systems. We only obtained soluble and stable complexes in
the whole = range at [I] = 0.25 M with the PSSNa/LPEI
2.5kDa systems (fig. 4).

However, we could perform electrophoretic mo-
bility measurements on unstable slowly precipitating
DNA/PEI-25 kDa and DNA/PEI-2.5 kDa complexes at
[I] = 0.25M and [I] = 0.65M (5). In that case, measure-
ments were also repeated one month after gentle stirring of
precipitated complexes. The broadening of the regime of
condensation or strong complexation is clearly visible on
the measurements of Rj, as a function of x for the PSSNa
system (fig. 4). Salt addition increases the decondensation
threshold but does not affect the condensation threshold.
A similar observation was made on complexes of DNA
and basic proteins in the presence of monovalent salt [7].
This is an effect of the translational entropy of polyca-
tions discussed in ref. [3]. Increasing the concentration of
polycations favors the condensation of the complexes. In
contrast to other polyelectrolyte complexes [55,57], redis-
solution of the aggregates at high ionic strength is not
observed.

The broadening of the inversion region is also ob-
servable in the DNA assemblies (fig. 5). One observes
a spectacular drift of the point of charge inversion for
[I] = 0.65M, occurring at = = 2. This indicates that part
of the polycations remain free in solution. In this regime
the short-range attractive electrostatic correlations, which
govern complexation, start to be screened. Similar effects
of salt on overcharged glass surfaces [58] or spermine/DNA
complexes [8] have recently been reported. Note that the
shift of the isoelectric point is independent of the polyca-
tion molecular weight.

Structure of the complexes determined by SANS. The sys-
tems described above are too dilute to be studied by
neutron scattering. We thus looked for stable complexes
with a larger polyanion concentration, 0.2% (w/v). Un-
fortunately, the only soluble and stable complexes that
we could obtain were anionic with a small charge ratios
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Fig. 6. Intensity scattered by LPEI-2.5kDa/DNA complexes
(a) and LPEI-25kDa/DNA complexes (b) for different charge
ratios z (DNA concentration ¢ = 0.2% (w/v), [I] = 0.15M,
pH = 7.4): 2 = 0.022 (5), 2 = 0.055 (V), z = 0.11 (1), z = 0.22
(o), x = 0.36 (O). Intensity scattered by free DNA in solution
(x). The straight lines represent the power law dependence of
the intensity.

ranging from x = 0.022 to 0.37 and the same negative
electrophoretic mobility, p = —2.240.1-10* cm? V=1 s~ 1

The intensity scattered by DNA and PSSNa alone at
¢ = 0.2% (w/v) and [I] = 0.15M, shown in figs. 6 and
7, presents similar features. The intensity scattered by
DNA and that one observed with 400 bp DNA at a slightly
higher concentration and similar salt concentration [42] re-
semble each other greatly. Two scattering vector domains
can be distinguished for both polyanion spectra. At low ¢
(¢ < 0.01 A=), an upturn of the intensity is observed. Al-
though still debated, this phenomenon is usually ascribed
to the existence of domains of higher polymer density as-
sociated to fluctuations of concentration [42,59-61]. This
upturn domain has been reported for flexible (PSSNa [60])
or rigid polyanions (DNA [42]) as well. It deserves to be
mentioned that in both cases, no local maximum usually
assigned to repulsive electrostatic interactions is observed.
Even at this increased polymer concentration, the ionic
strength is sufficiently high to screen repulsive electro-
static interactions [42,62].

At large g (¢ > 0.01 Afl), the intensities decays show
a power law dependence (I(gq) < ¢~ %). The asymptotic
intensity scattered by PSSNa (o = 1.26 4 0.07) reveals
the stretching of the polyanion. The expected value of the
exponent for long rodlike DNA molecules is a ~ 1. Due
to the finite length, asymptotic behavior of short DNA
fragments depends on the molecular weight and the ionic
strength [42,63]. For instance, it has been reported that
for a 400 bp DNA fragment, the exponent value increases

Eur. Phys. J. E (2011) 34: 127

q (A"

Fig. 7. Intensity scattered by LPEI-2.5kDa/PSSNa (a) and
LPEI-25kDa/PSSNa complexes (b) for different charge ratios
z (PSSNa concentration ¢ = 0.2% (w/v), [I] = 0.15M, pH =
7.4): x =0.022 (>), = 0.055 (V), = 0.11 (A), x = 0.22 (o).
Intensity scattered by free PSSNa in solution (x). The straight
lines represent the power law dependence of the intensity.

with ionic strength within the range 1 < a < 2 [42]. For
the 146 bp DNA at a ionic strength [I] = 0.15 M, we obtain
a = 2.0 £ 0.1. The cross-section radius of gyration R, of
DNA can be determined using the asymptotic behavior of
I(q) at high g. For a rigid cylinder, the expression of the
scattered intensity at high ¢ is [42,64]
2 p2
Do -

I(q) = .

(5)

The fit of the data for ¢ > 0.05 At yields an estimate
for the cross-section of DNA R, = 8.9+ 0.6 A. This value
is slightly lower than those reported by SANS and SAXS
studies of short DNA molecules [42,64] (R, = 10.05 A).
When mixed with PEI-2.5kDa at low charge ratio
x = 0.022, the intensity scattered by the complex (fig. 6)
is identical to that of free DNA, indicating that the com-
plexation is weak in this case. The scattering appears
mainly due to DNA because the chains are not associ-
ated and the contrast between PEI and D50 is smaller
than that of DNA. When the charge ratio z is further
increased by adding PEI molecules, the scattering inten-
sity increases strongly at small angles, showing complex
formation. Large condensed aggregates are observed for
x = 0.22 and z = 0.36. This is not surprising since these
values are beyond the predicted condensation threshold [2]
for this ionic strength. However the observation of smaller
but condensed complexes for x = 0.11 and = = 0.055 are
not predicted by theory, since binary complexes are in-
stead expected. This discrepancy might be due to ionic
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strength effects enhanced at high concentration as de-
scribed in [2].

The intensity decay in the small-¢ regime exhibits a
g~ * Porod behavior characteristic of dense aggregates with

a sharp interface. In the high-¢ domain (3 - 1072 AT <

q<2-1071 Afl) the intensity scattered by the complexes
is identical to that scattered by free DNA. The rodlike
structure of DNA is not affected by complexation. We
note that the spectra do not exhibit diffraction peaks at
large angle contrary to what is observed on precipitated
complexes (data not shown) [65]. In our case, there is no
local hexagonal ordering of the DNA molecules. Scattered
intensities by complexes made of higher molecular weight
PEI-25 kDa present the same features, indicating that the
molecular weight of the polycation has no influence on
the structure of anionic complexes. Contrary to what is
observed with short PEI molecules, aggregation already
appears for the lowest = 0.022 and the higher charge
ratio x = 0.22 complex is unstable.

The intensities scattered by the PSSNa-LPEI com-
plexes as a function of the charge ratio are shown in fig. 7.
No weak aggregation is observed and the shape of the
spectra as the charge ratio increases is surprisingly very
similar to that observed with DNA. The local stretched
structure of the polyanion is not modified by complexa-
tion and large complexes of increasing size are observed
as x increases. Again, the ¢—* scattered intensity decay
in the low-¢ range shows that the polyanion aggregates
under the form of large assemblies with a sharp interface.
The structure of the polyanion differs from the one ob-
served with pH-sensitive weak polyelectrolyte complexes
where the chains condense into homogeneous spheres [14].

4 Conclusions

Our comparative study of the different LPEI/DNA and
LPEI/PSSNa systems shows that the phase diagrams of
the two systems are very similar. This similarity evidences
that the complexation process does not depend on the
structure and rigidity of the polyanion, nor on the length
of the polycations, but is mainly controlled by the elec-
trostatic interactions, in agreement with recent theories,
which also correctly predict the observed sequence of weak
complexation, strong complexation, charge inversion and
decondensation as the charge ratio of the complexes in-
creases, as well as the effects of ionic strength. These
results complete and prolongate similar observations ob-
tained on other systems of complexes, involving multiva-
lent ions or small polymer chains [7]. We have obtained
stable DNA-LPEI complexes in the whole range of the
charge ratio x which may have interesting applications in
gene therapy. For that purpose, it is necessary to invert
the charge of DNA in order to facilitate the merging of the
complex with negatively charged cell membranes. Further
studies on the reversibility of complexation on the entire
phase diagram coupled with dynamical information using
selective methods of investigation like NMR should help
us in studying the thermodynamical equilibrium of the
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complexes. An effort has to be made for studying in de-
tail the structure of dilute individual complexes, in the
anionic and cationic (overcharged) range. We have shown
that AFM and scattering techniques are useful tools to
reach this goal. A certain ambiguity remains concerning
the interpretation of the electrophoresis experiments per-
formed on the complexes, a better knowledge of the charge
of the complexes and of the distribution of the charges in
the complexes would be very useful.
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help during DNA extraction operation, Frangoise Livolant for
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Curie Actions Grant, Contract N° MEST-CT-2004-514307.
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