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Ion Polymer Interactions in DNA Solutions and Gels
Ferenc Horkay

Summary: Systematic investigations using small angle neutron scattering (SANS)
were made to reveal the effect of calcium ions on the structure of DNA gels and
solutions in near-physiological salt solutions. To describe the neutron scattering
response two characteristic distances are required. The shorter length scale, R
(:10 Å), was found to be governed by the geometry of the DNA chain and is close to
the cross-sectional radius of the double helix. The longer length scale L corresponds
to the mesh size of the network of overlapping polymer chains. L decreases with
increasing DNA concentration as L / cDNA-0.73. With increasing CaCl2 concentration
both L and the scattering intensity increase. The increase in the scattering intensity
reﬂects the reduction of the osmotic modulus as the calcium ion concentration
increases. The values of the osmotic modulus derived from osmotic swelling
pressure measurements are in reasonable agreement with those obtained from
SANS.
Keywords: calcium ion; DNA; osmotic pressure; polyelectrolyte; small angle neutron
scattering; swelling

Introduction
The interactions of DNA with small ions
are of importance in a variety of scientiﬁc
areas. In the presence of multivalent cations
(e.g., spermine, spermidine, polyimines)
DNA forms compact structures, such as
spherical nanoparticles, rods or toroids.[1–5]
In gene therapy DNA containing genes are
transferred from solution into the target
cells.[6,7] Understanding interactions be
tween DNA and various cations is essential
to design and control the properties (e.g.,
size, compactness, stability) of DNA-based
nanomedicines. The biological activity of
the nanomedicine depends on the compet
ing requirements of having sufﬁcient stabil
ity to escape endosomal degradation after
cellular uptake and to remain intact all
the way upon to arrive in the nucleus where
the function of the nanoparticle requires
unraveling and releasing the DNA to
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achieve gene expression.[8–10] It is impor
tant to note that DNA condensation is not
sensitive to the chemistry (e.g., base pair
sequence) of the DNA, i.e., ﬁtting DNA
into small packages only weakly depends on
the genetic code.
Relatively little attention has been paid
to the effect of divalent counterions on the
conformation of DNA. Unlike multivalent
cations of charge þ3 or more calcium ions
do not cause DNA condensation but induce
reversible conformational changes. For
example, it is known that submillimolar
levels of calcium regulate DNA conforma
tion at the d(TG/AC)n repeat, which is a
frequent dinucleotide repeat of the mam
malian genome.[11,12] It is thought that this
conformational change provides the ge
nome with ﬂexibility permitting far-distant
DNA interactions, and it may also affect
protein-DNA interactions. However, the
effect of calcium ions on the larger scale
structure of the DNA molecule has not yet
been fully explored.
Most solution properties of charged
polymer molecules are affected by the
distribution of small ions in the neighborhood
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of their macroion.[13,14] In the case of strong
coupling, counterions are assembled
around the polyion. For locally rod-like
polymers, such as DNA, the distribution of
monovalent counterions can be reasonably
well described by the Poisson-Boltzmann
theory.[15] However, this model breaks
down when the electrostatic interactions
involve higher valence counterions.[16,17]
Recent anomalous small-angle X-ray scat
tering (ASAXS) studies show that divalent
counterions prefer to stay in the vicinity of
the oppositely charged polymer chains.
These ions are not localized but can move
along the chain.[18–20]
The understanding of the effect of
multivalent ions on the organization of
polyelectrolyte molecules in solution has
signiﬁcantly progressed, owing to advances
in the ﬁeld of molecular dynamics simu
lations.[21–23] It has been shown, for in
stance, that in these systems a net attractive
interaction occurs between like charged
macroions and they can attract each other
due to charge ﬂuctuations in the counterion
distribution. In the presence of divalent
counterions, stiff polyelectrolyte chains
may spontaneously form bundles.[21] With
long ﬂexible chains, aggregation can occur,
but bundles do not form.[22] For monova
lent counterions, aggregation is absent.
Systematic experimental observations to
quantify the effect of ions on the organiza
tion of polyelectrolyte molecules at higher
concentration (i.e., in the semi-dilute con
centration range), however, are lacking.
Such measurements can contribute to a
better understanding of polyion-small ion
interactions and is essential to control
structure and stability of DNA in the
biological millieu.
In this work we investigate the effect of
calcium ions on the structure and thermo
dynamic properties of DNA solutions and
gels in near-physiological salt solutions. The
concentration of DNA at constant salt
content and the concentration of calcium
ions at constant DNA content are varied.
Small angle neutron scattering (SANS) is
used to explore ion induced changes in the
organization of DNA molecules over a wide

length scale range 0.003 Å-1 < q < 0.2
Å-1, where q is the scattering wave vector
[q ¼ (4p/l)sin(u/2), u being the scattering
angle and l is the wavelength of the
incident neutrons].
Scattering from Macromolecular
Solutions
Binary solutions of neutral polymers consist
of a polymer component and a low
molecular weight solvent. The scattering
properties of semi-dilute ﬂexible polymer
solutions[24] are described by a correlation
length j that deﬁnes the average spatial
extent of the thermal concentration ﬂuctu
ations and is the result of short range Van
der Waals interactions. The correlation
length is related to the mesh size of the
overlapping macromolecules and can be
measured by small angle scattering techni
ques. In the case of random thermal
concentration ﬂuctuations, the scattering
response is described by the OrnsteinZernike function[24,25]
I dyn ðqÞ ¼ Dr2

kB Tw
1
@P=@w 1 þ q2 j2

ð1Þ

where Dr2 is the contrast factor between
polymer and solvent, kB is the Boltzmann
constant, T is the absolute temperature, P is
the osmotic pressure of the polymer solution,
and w is the volume fraction of the polymer.
When the polymer chain contains rigid
segments eq. 1 has to be modiﬁed. In this
case the scattering intensity varies as 1/q.
We consider a system containing linear
segments of ﬁnite cross-sectional radius R.
At sufﬁciently high concentrations the
polymer molecules overlap and form a
network of mesh size L. This distance is
expected to decrease with increasing poly
mer concentration. The following expres
sion, which is valid in the Guinier region
qR < 1, has been found to describe the
scattering response of semidilute polysac
charide solutions[26]
Idyn ðqÞ ¼ Dr2
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For DNA, the cross-sectional radius
R : 10 Å.
In polymer solutions in which molecular
associations or other large-scale structures
are present, the description of the scattering
response requires an additional (static)
term. Polyelectrolyte solutions develop
such molecular associations owing to hy
drophobic interactions in the polymer
backbone. These features give rise to an
extra contribution at small angles, which
takes the form of a power law
I stat ðqÞ ¼ Aq-m

ð3Þ

where m ¼ 4 in the case of smooth surfaces
(Porod scattering).[27] Increasing the sur
face roughness is reﬂected in a lower value
of m.[28] The total scattering intensity thus
takes the form
IðqÞ

transition occurs in the present system. All
measurements were performed below this
threshold concentration.
Small Angle Neutron Scattering
Measurements
SANS measurements were made on the
NG3 instrument at NIST, Gaithersburg
MD. The temperature during the experi
ments was maintained at 25.0 ± 0.1 ° C.
The solutions were prepared in D2O.
Measurements were carried out at two
sample-detector distances, 2.5 m and
13.1 m, with incident wavelength 8 Å. After
radial averaging, corrections for incoherent
background, detector response and cell
window scattering were applied. The inten
sity normalization was made with NIST
standard samples.[30]

¼ I dyn ðqÞ þ I stat ðqÞ
¼ Dr2

i-1=2
kB Tw h
ð1 þ qLÞ2
@P=@ w

1 þ q 2 R2

-1

þ Aq-m

ð4Þ

Experimental Part
Sample Preparation
DNA solutions were made from sodium salt
of double-stranded DNA (Sigma, salmon
testes, Mw ¼ 1.3 106) in 100 mM NaCl
solution. The percentage of G-C content
was 41.2%. The concentrations of the DNA
solutions were 1%, 2%, 3% and 6% w/w.
Gels were prepared by crosslinking
DNA solutions with ethyleneglycol digly
cidyl ether (2%) at pH ¼ 9.0 using tetra
methylethylenediamine (TEMED) to
adjust the pH.[29] Crosslinks were intro
duced at 3% and 6% w/w DNA concen
trations. After gelation, the gels were
washed with deionized water, and swollen
in 100 mM NaCl solution (nearly physio
logical condition). The concentration of the
CaCl2 in the equilibrium NaCl solution was
gradually increased from zero to 0.8 mM.
At greater CaCl2 concentration volume

Osmotic Pressure Measurements
DNA gels were equilibrated with poly(vinyl
pyrrolidone) solutions (molecular weight:
29 kDa) of known osmotic pressure using a
dialysis bag to prevent penetration of the
polymer into the network.[31,32] When
equilibrium was reached, the concentration
of both phases was measured. This proce
dure yields the dependence of P upon the
polymer volume fraction, w, for each gel.
Elastic Modulus Measurements
The shear moduli of the DNA gels were
determined by a TA.XT2I HR texture
analyzer (Stable Micro Systems, U.K.).
Uniaxial compression measurements were
made on cylindrical gel specimens (height
¼ diameter : 1 cm). Equilibrated gel
samples were rapidly transferred from the
dialysis bag into the apparatus, which
measures the compressive deformation
(precision: ± 0.001 mm) as a function of
an applied force (precision: ± 0.01 N). The
absence of sample volume change and
barrel distortion was conﬁrmed, and the
stress–strain isotherms were analyzed using
the relation
s ¼ G L - L-2
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where s is the nominal stress (force per unit
undeformed cross-section), G is the shear
modulus and L is the deformation ratio.[33]
The stress–strain data were determined in
the range of deformation ratio 0.7 < L < 1.
All measurements were carried out at
25.0 ± 0.1° C and at pH ¼ 7.

Results and Discussion
Figure 1a shows the SANS spectra for
solutions prepared with different DNA
concentrations in 100 mM NaCl. For clari
ty, the intensity of each successive curve is
shifted by a factor of 10 with increasing
DNA concentration. All the scattering
curves exhibit the same general features.
The power law behavior observed at low
values of q (< 0.08 Å-1) is characteristic of
scattering of large clusters.[34–37] Because of
the absence of a characteristic length scale,
such as a shoulder, the size of the clusters is
not resolved in the SANS measurements.
At low values of q the slope varies in the
range 3.1 < m < 3.4. Such a power-law
scattering is indicative of the fractal-like
behavior of the system. For scattering from
objects with fractal surface, the power law
exponent is –(6–Ds), where Ds is the fractal

dimension (2 < Ds < 3). Ds ¼ 2 represents
a smooth surface. The slope of the log-log
plot in Figure 1a yields 2.6 < Ds < 2.9.
At intermediate q a plateau region is
distinguishable, which is described by the
ﬁrst term in eq 4. The continuous curves
through the data points are the least squares
ﬁts to eq. 4.
Figure 1b shows the values of L and R
obtained from the ﬁts. The mesh size L
decreases with increasing DNA concentra
tion, with a slope of approximately -0.73 in
the double logarithmic representation. This
behavior can be attributed to increasing
overlap of the DNA strands with increasing
overall polymer concentration. It may be
recalled that, in scaling theory,[24] the
expected exponent for overlapping ﬂexible
polymer chains in excluded volume con
ditions is –3/4.
In Figure 2 the SANS curves of two
DNA gels are compared with those of the
corresponding uncrosslinked DNA solu
tions. The scattered intensity from the gels
exceeds that from the solutions. The
scattering curves of both the gels and
solutions can be reasonably well described
by eq. 4. The values of L and R obtained
from the ﬁts show that L is greater in the gel
than in the corresponding solution by

Figure 1.
a. SANS spectra of DNA solutions with cDNA ¼ 1, 2, 3, 6% w/w in 100 mM NaCl. Each curve is multiplied by a
factor of 10 with respect to the previous lower DNA concentration. b. Dependence of L and R on DNA
concentration in 100 mM NaCl. The triangles show the corresponding data for DNA gels at 3% and 6% w/w.
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Figure 2.
SANS curves for DNA solutions and gels. The
continuous curves through the data points are the
least squares ﬁts of eq. 4.

approximately 50% (Figure 1.b). This
ﬁnding is consistent with the increased
heterogeneity of the crosslinked systems.
Figure 3a shows the SANS spectra of a
6% DNA gel swollen in 100 mM NaCl
solutions with different calcium chloride
concentrations. In polyelectrolytes solu
tions and gels higher valence counterions
adsorb on the polymer backbone (Manning

condensation[38]). These ions may form
stable multiplet structures in which they
are shared between negatively charged
groups of the same or different macroanion.
The attractive interaction between neigh
boring chains favors molecular association
and leads to the formation of bundles or
branched structures. It is important to note
that alkaline earth metal ions are reversibly
associated with DNA chains, i.e., structure
formation in solution is an equilibrium
process.
At low q, the lack of signiﬁcant change in
intensity implies that calcium ions only
slightly affect the clusters. This ﬁnding
suggests that clustering is primarily caused
by hydrophobic interactions rather than
electrostatic attraction between the DNA
strands. At intermediate length scales,
however, the scattering intensity is signiﬁ
cantly enhanced and the slope becomes
steeper. In spite of the highly overlapping
condition of the DNA strands, for the gel
with the highest CaCl2 content the region in
which the scattering intensity varies as q-1
is clearly distinguishable. The shoulder
(around q : 0.1 Å-1) is shifted towards
lower values of q as the CaCl2 concentra
tion increases. At the highest values of q all
the curves tend to coincide, i.e., the local

Figure 3.
a. SANS response of 6% w/w DNA gels swollen in 100 mM NaCl solution containing different amounts of CaCl2.
The continuous curves through the data points are the least squares ﬁts of eq. 4. b shows the variation of L and
R as a function of the CaCl2 concentration in the equilibrium solution.
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chain geometry is not inﬂuenced by the
calcium ions.
The continuous lines through the data
points in Figure 3a are the least squares ﬁts
of eq. 4. The parameters obtained from the
ﬁts for L, R, m and Idyn(0) are listed in
Table 1. It can be seen that both L and the
intensity of the thermodynamic concentra
tion ﬂuctuations Idyn(0) increase with
increasing calcium chloride concentration.
The mesh size L increases strongly with the
calcium ion content, tending towards the
persistence length of the DNA (: 500 Å).
This ﬁnding is consistent with the general
behavior of phase separating polymer
solutions, where the spatial range of the
thermodynamic concentration ﬂuctuations
increases as the transition is approached.[24]
It can also be seen that R is practically
independent of the calcium chloride
concentration.
In the intermediate q range the scatter
ing intensity gradually increases with in
creasing calcium chloride content as the
volume transition is approached. Since in
this region the scattering intensity is of
thermodynamic origin, its enhancement
extends to the thermodynamic limit
(q!0), where Idyn(0) is deﬁned by
I dyn ð0Þ ¼

Dr2 kB Tw
ð@P=@wÞ

ð6Þ

The increased intensity reﬂects the
decrease of @P/@w with increasing calcium
chloride concentration.
To conﬁrm this picture we determined
Idyn(0) of the DNA gels from osmotic
swelling pressure measurements and shear
modulus measurements. The osmotic pres
sure Pcr of the crosslinked DNA was

Figure 4.
Osmotic pressure Pcr versus DNA volume fraction w
for gels swollen in 100 mM NaCl solution containing
different amounts of CaCl2.

estimated from eq. 7
P cr ¼ P sw þ G

ð7Þ

where Psw is the swelling pressure and G is
the shear modulus of the gel.
The effect of calcium chloride concen
tration on Pcr is illustrated in Figure 4. The
results show that Pcr gradually decreases
with increasing calcium chloride concentra
tion. Addition of 0.8 mM CaCl2 reduces Pcr
by almost an order of magnitude. At the
phase transition the osmotic pressure
vanishes.
The scattering intensity at q ¼ 0 caused
by thermodynamic concentration ﬂuctua
tions was calculated from the concentration
dependence of Pcr using eq. 6. The values
obtained for Idyn(0) from osmotic swelling
pressure measurements are displayed in the
last column of Table 1. These estimates are

Table 1.
Parameters from ﬁts of equation 4 to SANS spectra of 6% (w/w) DNA gels swollen in 100 mM NaCl
containing various amounts of CaCl2.
cCaC12/mM
0
0.2
0.4
0.6
0.8

L/Å

R/Å

16 ± 4
22 ± 6
37 ± 8
68 ± 16
90 ± 30

9.7 ± 1
9.2 ± 1
10.5 ± 1
9.6 ± 1
10.8 ± 1

m
3.2
3.2
3.2
3.2
3.2

±
±
±
±
±

0.1
0.1
0.1
0.1
0.1

Idyn(0)
(from SANS)/cm-1

I dyn ð0Þ½¼ Dr2 kB Tw=ð@P=wÞ�
(from osmotic data)/cm-1

0.52 ± 0.09
0.71 ± 0.15
1.21 ± 0.25
2.05 ± 0.42
3.13 ± 0.45

0.49 ± 0.1
0.69 ± 0.1
1.14 ± 0.2
2.17 ± 0.3
3.27 ± 0.4
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in good agreement with Idyn(0) derived
from the ﬁts to the SANS curves. Similar
agreement between osmotic and neutron
scattering results has been reported previ
ously for neutral polymer gels.[39–42]

Conclusion
The effect of calcium ions on the larger
scale structure of DNA solutions and gels is
investigated in near-physiological salt con
ditions by SANS. Analysis of the SANS
response reveals two characteristic length
scales, the mesh size L of the transient
network, and the cross-sectional radius R of
the DNA double helix. The mesh size
decreases with increasing DNA concentra
tion as L / c-0.73. This behavior is similar
to that of solutions of ﬂexible neutral
polymers, and indicates the loss of spatial
correlation as the DNA chains overlap. In
gels the mesh size is greater than in the
corresponding solutions by approximately
50%. The increase in L reﬂects the
increased heterogeneity of the crosslinked
system. The cross-sectional radius of the
DNA is practically independent of the
polymer concentration and the calcium
ion content, and is close to the value of
the DNA double helix (R : 10 Å). This
result implies that bundle formation is
negligible in the present DNA gels. With
increasing calcium chloride concentration
both L and the scattering intensity Idyn(0)
arising from thermodynamic concentration
ﬂuctuations increase. The latter ﬁnding is
the consequence of the reduction of the
osmotic modulus as the phase transition is
approached. The results of this study show
that changes in the ionic environment offer
a molecular level control of the interactions
between DNA strands and allow us to tune
the morphology of DNA-based assemblies.
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