
Chin. Phys. B Vol. 24, No. 11 (2015) 118701

Decondensation behavior of DNA chains induced by
multivalent cations at high salt concentrations:
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Using molecular dynamics simulations and atomic force microscopy (AFM), we study the decondensation process of
DNA chains induced by multivalent cations at high salt concentrations in the presence of short cationic chains in solutions.
The typical simulation conformations of DNA chains with varying salt concentrations for multivalent cations imply that
the concentration of salt cations and the valence of multivalent cations have a strong influence on the process of DNA
decondensation. The DNA chains are condensed in the absence of salt or at low salt concentrations, and the compacted
conformations of DNA chains become loose when a number of cations and anions are added into the solution. It is explicitly
demonstrated that cations can overcompensate the bare charge of the DNA chains and weaken the attraction interactions
between the DNA chains and short cationic chains at high salt concentrations. The condensation-decondensation transi-
tions of DNA are also experimentally observed in mixing spermidine with λ -phage DNA at different concentrations of
NaCl/MgCl2 solutions.
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1. Introduction
It is well known that living cells naturally master the task

of condensing and de-condensing DNA at specific times, such
as in cell life cycles making the genetic code available for gene
expression,[1] as well as in storing the long DNA structure into
a compartment with dimensions on the order of microns.[2] In
the gene replication and delivery process, such DNA conden-
sation is an important mechanism for protecting the genetic
information from external forces. The details of the mecha-
nism of DNA condensation are helpful to us in understanding
how the DNA is organized into chromatin, as well as in the
development of gene delivery vehicles.[3,4]

In the DNA condensation process, DNA undergoes a
compact structure in the presence of various agents, such as
multivalent cations,[2,5,6] alcohol,[7,8] basic proteins,[9] neu-
tral crowding polymers,[10–13] cationic liposomes, and anti-
cancer drugs.[14] It is worth noting that the DNA condensa-
tion induced by multivalent cations is particularly interesting
because the process has many features in common with DNA
packaged in vivo.[15] This DNA condensation depends mainly
on the valence of the cations. For example, a hexagonal liq-
uid crystalline packaging of DNA has been observed in the
presence of polyamines and other multivalent cations.[16] The

helix–helix attraction can induce DNA condensation mediated
by multivalent ions.[17–19] The increase of the salt concen-
tration can strengthen the helix–helix attraction and shorten
the stable helix–helix separation distance.[18] Condensation is
required for efficient packing and protection of the genome.
However, to allow transcription, DNA must be decondensed
in part. Therefore, transitions between different degrees of
DNA compactization are involved in many biological pro-
cesses such as transcription,[20] gene silencing,[21] and viral
transfection.[22,23]

Decondensation of DNA is of significant importance in
gene therapy or drug delivery. An effective gene therapy
or drug delivery means the “packaging” of DNA by using
chemical agents including cationic polymers, multivalent ions,
and surfactants, as well as the effective control of DNA re-
lease in gene therapy or regulation.[24] Therefore, the re-
lease of DNA from DNA/surfactant or DNA/polymer com-
plexes, bearing significant importance as DNA condensa-
tion, has also received much attention.[25,26] Dias et al. re-
ported that anionic surfactants could be utilized to unfold
and release DNA molecules previously compacted by cationic
surfactants.[27] Studies have shown that the successful decom-
paction of DNA from the DNA/cationic surfactant complexes
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is β -cyclodextrin (β -CD) due to the high affinity between β -
CD and surfactants.[28] He et al. successfully achieved the
decondensation of DNA molecules by introducing triblock
copolymer (PEO)20–(PPO)70–(PEO)20 (P123), and it is found
that the release of the surfactant from the complex induced
by P123 turns DNA conformation from ψ-phase back to B-
form.[29]

It is noticed that multivalent cations play an important
role in controlling the morphologies of DNA chains in solu-
tions. Muthukumar et al. have determined the electrostatic
interactions screening in a salt solution based on the dou-
ble screening theory for multi-polyelectrolytes.[30,31] Hsiao et
al. have found the salt-induced collapse and re-expansion
of highly charged polyelectrolytes.[32] Aninalem et al. have
pointed out that the salt concentration has a strong influ-
ence on the aggregation structure of DNA/PAMAM dendrimer
complexes.[33] As salt concentrations have a strong influence
on the phase behaviors of DNA chains in solutions,[34,35] we
will investigate the decondensation behavior of DNA at vari-
ous concentrations of monovalent, divalent, and trivalent salt
cations in the presence of short cationic chains in solutions.
Based on the charge distributions around the DNA chains, we
provide a possible explanation for the simulation results. In
the meantime, similar results are observed experimentally for
λ -phage DNA mixing with spermidine in NaCl/MgCl2 solu-
tions. At high salt concentrations, cations can overcompensate
the bare charges of the DNA chains and weaken the attrac-
tion interactions between the DNA chains and short cationic
chains.

2. Computational and experimental methods
2.1. Simulation details

We employ the LAMMPS molecular dynamics
package[36] with Langevin dynamics in the NVT ensemble to
study the DNA decondensation induced by multivalent cations
in the presence of short cationic chains in solutions. Langevin
dynamics mimics the viscous aspect of a solvent, account-
ing for the stochastic effect of solvent and memory effect of
friction. The Langevin equation for particle 𝑖 is followed by

m𝑟i =−∇Ui(r)−mγ𝑟i +𝑅i(t), (1)

where all particles shared the same mass, m = 1, and U con-
tains the whole energy of the system (U = ULJ +UFENE +

Ubending +UCoul), which we will elaborate in the following
paragraphs. Here, 𝑅̄i(t) and γ are the white noise of the sol-
vent and friction coefficient, which satisfies the fluctuation-
dissipation theorem[37] 〈𝑅̄i(t)𝑅̄i(t ′)〉 = 6mγkBTδi jδ(t − t ′),
where kBT acts as thermal energy. The Coulomb interactions
are handled by the particle–particle particle–mesh (PPPM)
method[38–40] and all the simulation systems are preserved to

be of overall charge neutrality. In the simulation, we model
the DNA chains by employing the Kratky–Porod worm-like
chains,[41,42] which is widely used in simulations.[43,44] As a
coarse-grained model, we take local stiffness, long-range flex-
ibility, and electronegativity into consideration in the descrip-
tion of the behavior of a DNA molecule. In our coarse-grained
model, a DNA chain is made up of N = 200 monomers and
each monomer is charged negatively. The number of DNA
chains is 10. Meanwhile, each short cationic chain contains 8
monomers, both ends of the cationic short chain are +3 posi-
tively charged, and the number of short cationic chains is 350.
At first, DNA chains and short cationic chains are located ran-
domly in a periodic box 100σ × 100σ × 100σ , where σ rep-
resents the length unit. Then, various numbers of multivalent
cations and monovalent anions are added into the complex,
and the concentration of multivalent cations is used to repre-
sent the salt concentration, C+, which varies from 13 mM to
1253 mM, corresponding to the number of cations from 10 to
104. The simulation temperature is fixed at T = 1.0. The fric-
tion coefficient and the time step are γ = 1/τ and τ0= 0.001τ ,
respectively, where τ = (mσ2/ε)1/2 is the time unit, in which
ε acts as Lennard–Jones energy. Each simulation runs for a
minimum of 2×107 steps for the sake of equilibrium.

To prevent overlap between any two monomers, all
monomers interact with each other via a purely repulsive trun-
cated and shifted Lennard–Jones potential[45]

ULJ(ri j) =


4ε

[(
σi j

ri j

)12

−
(

σi j

ri j

)6

+
1
4

]
, ri j ≤ 21/6σi j,

0, ri j > 21/6σi j,

(2)

where ri j is the distance between the centers of any two
monomer centers, σi j = σ = 1, and ε = 1.0kBT , which rep-
resent the length scales, as well as the monomer diameter, and
Lennard–Jones energy between monomers i and j.

We enforce the connectivity of adjacent monomers on
DNA chains via the finite nonlinear extensible elastic (FENE)
spring potential[46]

UFENE(ri j) =−
K
2

(
l0
σ

)2

ln

[
1−
(

ri j

l0

)2
]
, ri j < l0, (3)

where K refers to the spring constant, ri j is the distance be-
tween two adjacent monomers, and l0 works as the limit length
of a bond. These parameters are chosen to be K = 30kBT and
l0 = 1.5σ , which guarantee the local stiffness.

The bending rigidity of DNA chains is modeled by an an-
gle potential

Ubending = Kb(1+ cosφ), (4)

where φ is the angle between two adjacent bond vectors, and
Kb is the bending energy constant. Here, Kb = 20kBT is cho-
sen for long-range flexibility.

Multivalent cations may cause localized bending or dis-
tortion of the DNA. The Manning’s counter-ion condensing
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theory predicted that the DNA condensation occurs in the pres-
ence of multivalent cations when about 90% of the negative
charge of its backbone is neutralized.[47] Polyamines sper-
midine, spermine and multivalent cations hexammine cobalt
(III) are the most common cations used as condensing agents.
Polyamines and spermidine have an orderly morphology, and
they are relatively small molecules. Taking spermidine as
a reference, we model it as a short cationic chain. The
short cationic chains are capped with the positively trivalent
charge at both ends. As short cationic chains contain eight
monomers, the remaining six monomers are electrically neu-
tral. Moreover, short cationic chains also follow the poten-
tial equations (1)–(3) with ε ′→ ε , σ ′→ σ , K′→ K, l′0→ l0,
K′b → Kb, and θ → φ . These parameters are chosen to be
ε ′ = ε = 1.0kBT , K′ = K = 30kBT , l′0 = l0 = 1.5σ , and
K′b = Kb = 20kBT .

In our model, all the charged monomers and ions in the
system interact via electrostatic Coulomb interactions

UCoul =
qiq j

4πε0εrri j
, (5)

where ε0 is the permittivity of vacuum with relative dielec-
tric constant εr = 2.0, qi and q j are the charges on the two
monomers. The reason why we choose a relatively small di-
electric constant εr here is that there are the strong electrostatic
coulomb interactions between the charged monomers at the
relatively small dielectric constants and therefore, it needs few
charges in our simulation system. The decrease of dielectric
constant means the interaction between the charges, empha-
sizing the strength of the electrostatic interactions relative to
thermal fluctuations. Actually, dielectric constant just defines
the energy scale[48] which does not change the relationships
between the valences and the concentrations of cations and
the degree of DNA decondensation. Technically, if a relatively
large dielectric constant such as εr = 10, our simulation sys-
tem has to consist of many charges such as 5× 105 and our
computer ability restricts such a large simulation system.

2.2. Experimental details

Bacterial λ -phage DNA (0.5 µg/µL, 48500 bp) was pur-
chased from New England Biolabs and used without fur-
ther purification. The conductivity of the water is less than
1×10−6 Ω−1·cm−1after deionization and purification by a
Millipore system. Mica was cut into approximately 1 cm−2

square pieces and the surfaces were freshly cleaved. Spermi-
dine was dissolved in pure water to 1 mM before use. The
NaCl solution was prepared with crystal NaCl and pure water,
and two concentrations of 200 mM and 2 M are chosen, as
well as the MgCl2 solution.

The protocols for sample preparation are as follows. The
stock solution of 0.5 µg/µL λ -phage DNA was diluted to
2 ng/µL in the NaCl/MgCl2 solutions at different concentra-
tions. The solvent is 1×TE buffer, which is composed of

10 mM Tris-HCl+0.1 mM EDTA, pH 8.0. After 5 min of incu-
bation, 40 µL 1 mM spermidine was added into 160 µL DNA
solution with different concentrations of NaCl/MgCl2, and the
final concentrations of NaCl/MgCl2 are 0 (salt free), 1 mM,
100 mM, 500 mM, and 1 M, respectively. Sample solutions
were incubated and gently mechanical shaken at room temper-
ature for 3 min. A 20 µL liquid of the mixture was deposited
onto freshly cleaved mica and incubated for 5 min. Following
incubation, 100 µL Milli-Q water was used to wash the mica
surface five times to remove the free and excess molecules.
Soon after that, we used a gentle stream of nitrogen gas to dry
the mica.

A multi-mode AFM (SPM-960, Shimdzu, Kyoto, Japan)
was used to perform the images in tapping-mode. All
AFM images shown in this paper were scanned at a size of
2 µm×2 µm with a speed of about 2 Hz. The images were de-
rived from the original data and flattened to improve the con-
trast grade.

3. Results and discussion
3.1. Simulations of DNA decondensation

Typical conformations of DNA chains at varying salt con-
centration for monovalent, divalent, and trivalent cations are
shown in Fig. 1, and three columns display the DNA decon-
densation for various salt cations. The first column exhibits
the changes of DNA/cationic chain complexes with increas-
ing the concentrations of monovalent cations. In the dilute
solution, the salt cation concentrations C+ are below 100 mM,
such as 13 mM (Fig. 1(a1)) and 63 mM (Fig. 1(b1)), DNA
chains keep the condensation state as the attractive interac-
tions between DNA and cationic chains is strong enough in
the complexes, and only a few discrete cationic chains are ob-
served. When C+ increases to C+ = 376 mM (Fig. 1(c1)), the
added monovalent cations can weaken the attractive interac-
tions between DNA chains and short cationic chains, which
can bring about the conformational changes of the complexes.
The condensed DNA becomes loose and more short cationic
chains get free of the condensed DNA, which can be regarded
as the beginning of the DNA decondensation for monova-
lent salt cations. Furthermore, the added cations can promote
the decondensation of DNA chains, as shown in Fig. 1(d1)
of C+ = 627 mM, resulting in more discrete cationic chains.
At high salt concentrations, like 1253 mM (Fig. 1(e1)), the
electrostatic interactions between the added cations and DNA
chains can no longer be ignored. Obviously, the DNA chains
stretch and short cationic chains are scattered in the simula-
tion box. For the second column, namely the case of divalent
salt cations, the conformations of DNA/cationic chain com-
plexes are almost the same as that of monovalent salt cations
at low salt concentrations, such as 13 mM (Fig. 1(a2)) and
63 mM (Fig. 1(b2)). With increasing the salt concentration,
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the intermediate states of the DNA decondensation process
can be clearly observed at the concentrations of C+ = 251 mM
(Fig. 1(c2)) and 377 mM (Fig. 1(d2)), and at a high salt con-
centration of C+ = 627 mM (Fig. 1(e2)), the distributions of
short cationic chains and DNA chains become uniform. Com-
pared with the results for monovalent and divalent salt cations,
trivalent salt cations greatly accelerate the process of DNA de-
condensation. The DNA chains are also aggregated at low con-
centrations with C+ < 125 mM (Fig. 1(c3)). The DNA struc-
ture looks loose, and the DNA chains are decondensed par-
tially and completely at the concentrations of C+ = 251 mM
(Fig. 1(d3)) and 377 mM (Fig. 1(e3)), respectively. Each DNA
chain is shown clearly, and the distributions of short cationic
chains and DNA chains are uniform. The DNA chains are
decondensed at high salt concentrations, and the valence of
salt cations affects the process of DNA decondensation. The
higher the valence of salt cation is, the easier the compact
DNA chains are decondensed.

(e3)

376 mM

(e1)

1253 mM

(e2)

627 mM

13 mM

(a1)

13 mM

(a2) (a3)

13 mM

(b1)
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(b3)

63 mM

(b2)

63 mM

(c1)

376 mM

(c2)

251 mM

(c3)

125 mM

(d2)

376 mM

(d3)

251 mM

(d1)

627 mM

M1+ M2+ M3+

Fig. 1. (color online) Typical conformations of DNA chains with varying
salt concentrations for various cations. From left to right, they are mono-
valent, divalent, and trivalent cations. Panels (a1)–(e1) correspond to M+,
panels (a2)–(e2) to M2+, panels (a3)–(e3) to M3+. The concentrations in-
crease from top to bottom.

In order to investigate the decondensation processes of
DNA chains in more detail, we calculate the average persis-
tence length of DNA chains 〈LP〉, the mean-square radius of
gyration of DNA chains 〈R2

G〉, and the shape factor of DNA
chains 〈δ 〉 to characterize the statistical properties of DNA
chains. In Fig. 2(a), we plot 〈LP〉 as a function of salt cation
concentrations C+ for various multivalent cations. The per-
sistence length is employed to characterize the polymers. It is
defined as the average sum of the projections of all bonds j≥ i
on bond i in an infinitely long chain.[49] It is given by

LP = d
u

∑
i=1

cosθi, (6)

where angle θi is between a vector that is tangent to the poly-
mer at position i and position i−1, and d represents the length
of each monomer of DNA chains. The persistence length of
DNA chains is always used to characterize bending stiffness
of DNA chains. Here, the values of 〈LP〉 can also be used to
describe the degree of DNA condensation, and three profiles
all increase monotonically with increasing salt cation concen-
trations C+. However, the slopes of these lines are different
and the slope is the largest one for trivalent cations at low con-
centrations. The fact that the value of 〈LP〉 increases sharply
at low cation concentrations of C+ < 152 mM for trivalent
cations shows that the added trivalent cations can accelerate
greatly the speed of decondensation for DNA chains at low
salt concentrations. Meanwhile, the profile increases slowly
at high salt concentrations C+ > 276 mM, which indicates
that DNA chains get close to the decondensation equilibrium
states. The profiles of divalent salt cations share a similar trend
to monovalent ones. The decondensation characteristics of
DNA chains can also be confirmed by the mean-square radius
of gyration of DNA 〈R2

G〉, as shown in Fig. 2(b). The val-
ues of 〈R2

G〉, for divalent and trivalent cations increase sharply
at low salt concentrations and slowly at high salt concentra-
tions. However, the value of 〈R2

G〉, for monovalent salt cations
increases smoothly with increasing salt cation concentrations.
We also introduce shape factor 〈δ 〉[50,51] to describe the struc-
ture of condensed DNA, followed by

〈δ 〉= 1−3
〈

L2
1L2

2 +L2
2L2

3 +L2
1L2

3

(L2
1 +L2

2 +L2
3)

2

〉
, (7)

where L2
1, L2

2, and L2
3 are three eigenvalues of diagonal matrix

of radius of gyration tensor. The shape factor varies from 0
(sphere) to 1 (rod). Therefore, three monotonic increases in
the shape factor of DNA 〈δ 〉 in Fig. 2(c) can also prove that
the more the multivalent salt cations are in the solution, the
looser the structure of condensed DNA chains is. Moreover,
at the same salt concentration region, the higher the valence of
salt cation is, the faster the speed of DNA decondensation is.
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Fig. 2. (color online) (a) Average persistence length of DNA 〈LP〉, (b)
mean-square radius of gyration of DNA 〈R2

G〉, and (c) the shape fac-
tor of DNA 〈δ 〉 as a function of cation concentrations C+ for various
cations.

In order to explore the correlation positions between DNA
chains and other charged monomers, we calculate the pair
correlation functions of DNA–DNA pairs g(r)DNA, DNA–
chain (cationic chain) pairs g(r)chain, and DNA–cation pairs
g(r)cation for various salt cations, and the results for two cation
concentrations of 63 mM and 376 mM are shown in Figs. 3(a)–
3(b), respectively. In Fig. 3(a), we plot the pair correlation
function g(r)DNA of the pairs of one DNA monomer and an-
other monomer from other DNA chains as a function of the
distance between these two monomers, which can display di-
rectly the degree of DNA decondensation. At low cation con-
centration, there exists a peak for each curve. These peaks are
located at r = 8σ , which is close to the length of short cationic
chains, and the heights of the peaks are related to the degree

of DNA decondensation. As all the DNA chains are charged
negatively, there exists the strong repulsive interactions be-
tween these DNA chains, and DNA chains do not keep close
to each other. DNA chains are aggregated only through adding
short cationic chains to the solutions, and the minimum dis-
tance between two DNA chains is close to the length of short
cationic chains, therefore, all the peaks are located at r = 8σ .
The black curve with the highest peak implies that the DNA
chains are condensed and the conformations are compact at a
concentration of 63 mM for monovalent cations. However, at
high cation concentration such as 376 mM, the peaks in the
curves disappear completely for trivalent cations and the dis-
tribution of DNA chains for trivalent cations is uniform and the
decondensation of DNA chains occurs. The pair correlation
functions of DNA–chain (cationic chain) pairs g(r)chain can

0 20 40 60 80 100

0

2

4

6

8
(a) 

g
↼r

↽ D
N
A

r 

63 mM, M1+

63 mM, M2+

63 mM, M3+

376 mM, M1+

376 mM, M2+

376 mM, M3+

0 20 40 60 80 100

0

3

6

9

12

15

18
(b) 

r

g
↼r

↽ c
h
a
in

0 20 40 60 80 100

0

3

6

9

12

15

18
(c)

r 

g
↼r

↽ c
a
ti
o
n

63 mM, M1+

63 mM, M2+

63 mM, M3+

376 mM, M1+

376 mM, M2+

376 mM, M3+

63 mM, M1+

63 mM, M2+

63 mM, M3+

376 mM, M1+

376 mM, M2+

376 mM, M3+

Fig. 3. (color online) Pair correlation functions of (a) DNA–DNA pairs
g(r)DNA, (b) DNA–chain pairs g(r)chain, and (c) DNA–cation pairs g(r)cation
for various cations at two cation concentrations of 63 mM and 376 mM, re-
spectively.
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describe directly the distribution of short cationic chains
around the DNA chains, and the results are shown in Fig. 3(b).
The fact that the sharp peaks are all located at r = 1σ in
Fig. 3(b) at low salt concentrations suggests that short cationic
chains are connected directly with DNA chains due to the
strong attractive electrostatic interactions. At high salt con-
centrations, the peaks disappear gradually and short cationic
chains are away from DNA chains, especially for trivalent
cations. As the attractive electrostatic interactions between
cationic short chains and DNA chains are weak enough at high
salt concentrations, the DNA decondensations take place, es-
pecially for trivalent cations. Meanwhile, the peaks in Fig. 3(c)
suggest that salt cations are aggregated around DNA chains
for high valence cations. When the valence of salt cations in-
creases, the heights of the peaks increase, which is contrary to
the results in Figs. 3(a) and 3(b), and this means that the num-
ber of short cationic chains around DNA chains increases ac-
cordingly. In the meantime, the heights of the peaks decrease
when the cation concentrations increase, which are in agree-
ment with the results of salt cations around the dendrimers.[52]

In conclusion, the pair correlation functions of DNA–DNA
pairs and DNA–cationic pairs confirm directly that cation salt
concentrations and cation valence affect the decondensation
structures of DNA chains.

Researchers have attributed the decondensation mech-
anism to ionic overcompensation[53,54] or anion incomplete
dissociation,[55] in the previous similar studies of deconden-
sation behavior for DNA,[53] single-stranded nucleic acid[54]

and single-stranded DNA.[55] Inspired by the three regimes
of DNA concentration on monovalent salt concentration pro-
posed by Raspaud el al.,[56] we focused on the competition be-
tween the cationic chain and added salt ions. Therefore, in or-
der to investigate the reason why the decondensation of DNA
chains can occur at high salt concentrations, we calculate the
effective charge distributions around DNA chains. We define
a wormlike tube around a DNA chain, consisting of N tubes
of radius r centered at the bond, and monitor the integrated
charge distribution Qint(r) within this tube at various cation
concentrations for trivalent cations. The results are shown
in Fig. 4(a), and the total charges include the DNA chains,
multivalent cations, and anions (counter-ions). The maximum
values of Qint(r) increase with increasing the salt cation con-
centration. At a high salt concentration of C+ = 376 mM for
trivalent cations, the integrated charge rises and reaches the
maximum at r = 3σ . Although the curve falls down smoothly
at this concentration, the values of integrated charges are still
larger than −1.0. This means that there are some net positive
charges in the tube around the DNA chains, while at a low salt
concentration such as C+ = 13 mM for trivalent cations, the
integrated charge Qint(r) rises a little and achieves the max-
imum at r = 2σ . Then Qint(r) decreases quickly for r > 3.0
and is close to −4.0 at r = 8.0, which means that there are

more counter-ions (anions) in the tube around the DNA chain.
In fact, the charges of short cationic chains are not included in
calculating the integrated charge distribution Qint(r) because
our aim is to calculate the attraction interactions between all
the charges near the DNA chains and the short cationic chains.
A large negative value of Qint(r) means a strong attractive
interaction between short cationic chains and DNA chains
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Fig. 4. (color online) (a) The integrated charge distribution Qint(r) within
a tube of radius r around a DNA, and (b) the local charge density distri-
bution profiles Qeff(r) at various cation concentrations for trivalent cations.
(c) The illustration showing that the changes of neighboring charges around
DNA chains are induced by cations and anions when multivalent cations are
added into the complexes. Two insets below are the corresponding simula-
tion snapshots.
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because the charges of short cationic chains are not included
in calculating the value of Qint(r). As plotted in Fig. 4(b),
the local charge density distribution profiles Qeff(r) at vari-
ous cation concentrations for trivalent cations can represent
the charges on a shell whose radius is from r to r+ dr (here,
dr = 0.2). Obviously, some local regions around DNA are
positively charged within 1σ < r < 3σ at high cation concen-
trations and within 1σ < r < 2σ at low cation concentrations.
The height of peaks at high concentration is higher than that
at low concentration. Figure 4(c) gives an illustration about
the changes of neighboring charges around DNA induced by
cations when multivalent cations are added into the complexes.
Two insets below are the corresponding simulation snapshots
at a low salt concentration (C+ = 13 mM) and a high salt con-
centration (C+ = 376 mM). When a few cations and anions are
added into the complex, the net charges near to DNA chains
are negative, see the curve for 13 mM in Fig. 4(b), there exists
strong attractive interactions between short cationic chains and
DNA chains, and the DNA chains are aggregated through short
cationic chains, see the left figure of Fig. 4(c). When the salt
concentrations increase, more cations and anions are added
into the complexes, some short cationic chains are replaced by
some cations. Some cations are located near to DNA chains
and some local regions around DNA are positively charged,
the attractive interactions between short cationic chains and
DNA chains decreases deeply and some short cationic chains
are away from the DNA chains. The decondensations of DNA
chains take place at high salt concentrations, especially for
trivalent cations. The simulation snapshots also show the pro-
cess of DNA decondensation clearly. It is explicitly demon-
strated that cations can overcompensate the bare charge of the
DNA chains and weaken the attraction interactions between
the DNA chains and short cationic chains at high salt concen-
trations.

3.2. DNA decondensation in NaCl/MgCl2 solutions

The typical AFM images of DNA–spermidine complexes
in different solutions with varying salt concentrations are
shown in Fig. 5. The top row refers to the NaCl solution,
and the bottom one is in the MgCl2 solution, and the salt con-
centration increases from 0 to 1 M. In the salt free solution,
DNA chains are folded and condensed, as shown in Figs. 5(a1)
and 5(b1). A high-resolution inset in Fig. 5(a1) captured from
the salt free solution exhibits some details of the condensed
structure. The bright cores are circled by layers of DNA seg-
ments. Unlike the typical toroidal condensates observed in ex-
tremely dilute solution,[57] these disk-like or flower-like con-
densates are observed, especially in the high-resolution inset,
which agree well with the results of Ye et al.[58] and Wang
et al.[59] As the luminance of AFM images can represent the
height of DNA condensates, the white spots in the images are
the precipitations of condensed DNA. In the NaCl solution,

the white spots are broken a little into smaller ones and the
condensed DNA chains are still kept as a whole when the salt
concentration increases to 10−2 M, as shown in Fig. 5(a2).
However, when the concentration increases further by one or-
der of magnitude, the condensed DNA chains are broken into
some small clusters as shown in Fig. 5(a3), and these clusters
go on dividing into smaller ones and parts of the single DNA
chain could be observed from the AFM images (see Fig. 5(a4))
when the NaCl concentrations keep increasing. In Fig. 5(a5),
in which the salt concentration increases to 1 M/L, we can ob-
serve that most of the DNA chains are distinguished with few
extremely small white spots and the DNA chains are decon-
densated completely. The changes of the second row follow
the trend of the first one. Compared with the morphologies of
DNA chains in NaCl solution, the decondensation behaviors
of DNA chains in MgCl2 solution also occur at high concen-
tration. However, it is an obvious difference that when the
MgCl2 concentration increases to 1 M, the DNA chains are
distributed more homogeneously and each DNA chain is ob-
served more clearly by comparison with the DNA chains at the
same concentration in NaCl solution, as shown in Fig. 5(b5).
A similar transition of single DNA molecules was reported by
Andreia et al.,[26] in which an isolated DNA chain was ob-
served, and from the AFM images obtained by other studies,
we found DNA chains extending through the mica. However,
they achieved that by altering the size of cations[60] or increas-
ing the Zn2+ concentration.[61] In order to know the confor-
mational differences of DNA chains between two solutions
at the same concentration, we monitor the mean diameter of
DNA condensations at varying salt concentrations in NaCl and
MgCl2 solutions, as shown in Fig. 5(b), which can be roughly
measured through the plotting scale and the spots in AFM im-
ages. The mean diameter of the condensed DNA is related to
the degree of DNA decondensation. Two curves start at the
same point and decrease with increasing the salt concentra-
tion. Compared with the profile of 〈D〉 in NaCl solution, the
curve of 〈D〉 in MgCl2 solution falls fast at low concentrations.
At high concentrations, two profiles tend to be consistent. It
is obvious that the average diameter of the DNA condensation
in NaCl solution is always larger than that in MgCl2 solution,
and the DNA decondensations occur more easily in MgCl2 so-
lution than in NaCl solution, which qualitatively agrees well
with our simulation. In a word, the decondensations of DNA
chains in DNA–spermidine complexes can be induced by mul-
tivalent cations such as Na+ or Mg2+, and the degree of DNA
decondensations depends on the salt cation concentration as
well as the valence of cations. The higher the concentration is,
the more obvious the DNA decondensation is, and the higher
the valence of salt multivalent cations is, the easier the DNA
decondensation occurs.
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Fig. 5. (color online) Typical images showing the conformations of DNA–spermidine complexes in different solutions with varying salt concentrations.
Panels (a1)–(a5) correspond to the NaCl solution, and panels (b1)–(b5) are in the MgCl2 solution. From left to right, the concentrations increase from 0
to 1 M. (c) The mean diameter 〈D〉 of DNA condensates as a function of salt concentrations in NaCl and MgCl2 solutions.

4. Conclusions
The process of DNA decondensation induced by multi-

valent cations is investigated using molecule dynamics. The
typical conformations of DNA chains with varying salt con-
centrations for multivalent cations imply that the concentra-
tion of salt cations and the valence of multivalent cations
have a strong influence on the behaviors of DNA deconden-
sation. The behavior of DNA decondensation occurs eas-
ier at high salt concentrations, especially for the trivalent
cations. The further study of the pair correlation functions
and charge distributions around DNA chains reveals that the
short cationic chains are replaced by the added cations near
to the DNA chains and the cations can overcompensate the
bare charge of the DNA chains and weaken the attraction in-
teractions between the DNA chains and short cationic chains
at high salt concentrations. The experiments about λ -phage
DNA chains mixed with spermidine at varying concentra-
tions of NaCl/MgCl2 solutions show that the behaviors of
DNA decondensations also occur at high salt concentrations
in NaCl/MgCl2 solutions. The AFM images of morphologies
of DNA/spermidine complexes illustrate the aggregated DNA
chains are decondensated gradually when the salt concentra-
tions increase from 0 mM to 1 M as well as the DNA decon-
densation behavior occurring easier in MgCl2 solution than in
NaCl solution. This investigation can help us understand bio-
logical phenomena and applications such as gene delivery.
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