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Even though the persistence length LP of double-stranded DNA plays a pivotal role in cell biology and
nanotechnologies, its dependence on ionic strength I lacks a consensual description. Using a high-
throughput single-molecule technique and statistical physics modeling, we measure LP in the presence of
monovalent (Liþ, Naþ, Kþ) and divalent (Mg2þ, Ca2þ) metallic and alkyl ammonium ions, over a large
range 0.5 mM ≤ I ≤ 5 M. We show that linear Debye-Hückel-type theories do not describe even part of
these data. By contrast, the Netz-Orland and Trizac-Shen formulas, two approximate theories including
nonlinear electrostatic effects and the finite DNA radius, fit our data with divalent and monovalent ions,
respectively, over the whole I range. Furthermore, the metallic ion type does not influence LPðIÞ, in
contrast to alkyl ammonium monovalent ions at high I.

DOI: 10.1103/PhysRevLett.122.028102

The experimental and theoretical study of polyelectro-
lyte stiffness has been an active field of research in the
past 40 years [1–8] because its potential implications in
biology, biophysics, and biotechnologies are tremendous.
The diverse ionic conditions existing in the intracellular
surroundings, in terms of both ionic strength and ion
species [9–11], impact most of the biological macromole-
cules, particularly the double-stranded DNA (dsDNA),
which bears one of the highest negative linear density of
charges among biopolymers (2e− per base pair). In nano-
technological applications, salt conditions determine the
capacity of self-assembling of single-stranded DNA as well
as the mechanical properties of the resulting nanostructures
[12,13], e.g., DNA origami [14–17] or aptamers [18]. Even
though various fields of science are concerned, how ionic
conditions influence dsDNA stiffness remains controversial
from a physical perspective. Stiffness is quantified by the
bending persistence length LP, the tangent-tangent corre-
lation length, which has two contributions: a bare one,
L0
P ¼ K=ðkBTÞ, related to the bending modulusK [19], and

an electrostatic one associated with electrostatic repulsion
within the polyelectrolyte, which is partially screened as its
surrounding is enriched in counterions. As a result, LP
decreases when ion concentration grows; however, strong
discrepancies exist between various experimental results
obtained with different techniques [20,21], notably in
force-free conditions [20] or in stretching experiments
[7,22]. Furthermore, as discussed below, theoretical
approaches struggle with providing a consensual frame
embracing the whole range of ionic conditions.
Accurate experimental quantifications of these LP

changes are indeed nontrivial as the data analysis is not
usually straightforward [20]. Recently, we have established
a methodology based on high-throughput tethered particle

motion [HTTPM, see Fig. 1(a)], in which a high density
of individual dsDNA molecules are tethered to a micro-
patterned surface by one of their extremities, while the
other one is labeled with a submicrometer-sized nano-
particle [23]. Tracking the nanoparticles thus allows us the
monitoring of the conformational dynamics of single
dsDNA in almost force-free conditions [24]. Following a
procedure of analysis based on statistical physics modeling,
we established a rigorous method to retrieve LP from the
rms of the projected end-to-end distance of the tethered
particles, Rexptk [25], and quantify its decrease as a function
of the ionic strength, I ¼ 1

2

P
i z

2
i ci, with zi the valence (in

units of the elementary charge e) and ci the concentration
of ion i (see Fig. 1).
From a theoretical perspective, the popular Odijk-

Skolnick-Fixman (OSF) model [1,2] assimilates the poly-
electrolyte to an infinitely thin and rigid rod with a uniform
linear density of charges A−1 (¼ 6e=nm for dsDNAwhere e
is the elementary charge). The mobile ions, regarded as
pointlike, organize in space according to the Boltzmann
distribution, where the electrostatic potential is determined
by linearizing the mean-field Poisson-Boltzmann (PB)
equation, in the Debye-Hückel approximation valid for
low electrostatic potentials. The OSF theory leads to

LP ¼ L0
P þ lB

4A2κ2
; ð1Þ

where κ ¼ ð8πlBIÞ1=2 is the Debye parameter, and lB ¼
e2=ð4πεkBTÞ ≃ 0.7 nm at 20 °C in water is the Bjerrum
length. Because of the hypothesis of low electrostatic
potential, OSF theory is only valid for high I, typically
above 0.1 M. At low I, a correction to the OSF model was
proposed by Manning [3], where part of the ions condense
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along the DNA so that the distance between the unscreened
DNA elementary charges increases up to zlB. The resulting
OSF-Manning (OSFM) model leads to

LPðIÞ ¼ L0
P þ α2ðzÞ lB

4A2κ2
; ð2Þ

where the effective fraction of charges along the DNA
α ¼ A=ðzlBÞ depends on z. In order to embrace the
whole range of I explored experimentally, a model
developed by Netz and Orland (NO) [34] and adapted
in Ref. [20] is based on a variational approximation of
the full PB equation. This NO theory leads to a more
complicated effective charge αðz; κRDNAÞ that depends on
the DNA radius RDNA and grows with I. Finally, in 2016,
Trizac and Shen (TS) corrected the OSFM formula by
taking into account the first term in an expansion in
κRDNA of the electrostatic potential, and interpolating
between exact solutions of the PB equation (in the limits
of zero and high salt) for the effective charge of the DNA
ξeff , that also varies with κRDNA [35]. Valid only for
monovalent ions, it yields the same form as Eq. (2) with α
replaced by α ¼ ½ðAξeffÞ=lB�ð1þ κRDNAÞ1=2. Hence, the
TS formula differs from the NO one by the corrective
term and the expression of the effective charge (computed
variationally in the NO approach).
In Ref. [20], data were obtained following this HTTPM

procedure with Naþ and Mg2þ ranging from 10 mM to 3 M
and 0.3 M, respectively. The first three models were used to
fit the data. The OSF and OSFM models could not account
quantitatively for the whole experimental data set obtained
with Naþ or Mg2þ. For the range of I studied, a reasonable
scaling interpolation of the NO factor was α ∝ ðκRDNAÞβðzÞ,
where βðzÞ is an effective exponent. The NO approach
could then fit the Mg2þ data only, while the Manning
stretching model [36], which incorporates the internal
stretching of the polymer modified by ion screening,
succeeded in fitting the Naþ data only.
In this Letter, challenging further the existing theories

predicting LPðIÞ, we examine a 1201-bp dsDNA [26] (i) on
an extended range of I down to 0.5mMand up to 6M (under

well-controlled pH comprised between 7 and 7.3) and
(ii) with a variety of ions with different ion-specific
characteristics (such as radius or hydrophobicity), neglected
in all the existing theories [37] (see Fig. 1). We took much
care to evaluate the influence of a large set of biologically
and biotechnologically relevant ions: Liþ, Naþ, Kþ, tetra-
methyl ammonium TMAþ, tetraethyl ammonium TEAþ,
Mg2þ, Ca2þ, putrescine Put2þ [see Supplemental Material
(SM), Table I [26] ]. We confirm that neither the OSF theory
nor its Manning refinement (OSFM) describe even part of
the data. By contrast, the NO model and the TS one are
shown to fit accurately the data obtained with the chosen
divalent and monovalent ions, respectively, and up to
I ¼ 1 M, with reasonable values for the fitting parameters
L0
P andRDNA.We therefore demonstrate in this work that the

radii of metallic ions do not influence LP except in the case
of large alkyl ammonium monovalent ions, for which a
distinct L0

P at high salt is obtained.
To explore the influence of ions with this extended range

of I on Rexptk, we thoroughly considered the buffer
composition and the influence of pH, which is often
neglected. We became aware that, even at the usual
concentration of phosphate buffer, pH decreased when
ions were added (see SM Fig. 1 [26] and Ref. [38]). This
occurred moderately for monovalent ions but quite dra-
matically for divalent ions (for I > 0.5 M). Consequently,
instead of using a phosphate buffer, we chose a 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer at 1 mM pH 7.4, denoted zero-salt buffer (with a
minimum ionic strength of 0.5 mM). Using it, pH is
maintained between 7 and 7.3. The results obtained in the
presence of Naþ do not exhibit any fall at high I, as seen in
Ref. [20]; similarly, those obtained in the presence of Mg2þ

show a much less pronounced slope. This slower decrease
in Rexptk at high I is clearly correlated with the improved
pH stabilization obtained in the 1-mM HEPES buffer, as
we experimentally confirmed that acidic pH negatively
affected Rexptk (see SM Fig. 1 [26]).
We then supplemented the zero-salt buffer with mono-

valent metallic ions Liþ, Naþ, Kþ (ionic radii ranging from

(a) (b) (c)

FIG. 1. (a) Sketch of the tethered particle motion setup. The measured quantity is Rexptk. Right: Influence of the ionic strength on the
mean persistence length of a 1201-bp DNA for (b) monovalent and (c) divalent cations. Error bars are displayed, if not, they are smaller
than the symbol size, including vertical bars (see SM Table IV [26]).
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0.071 to 0.141 nm) and divalent metallic ions Mg2þ and
Ca2þ (ionic radii of 0.070 and 0.103 nm; see SM Table I
[26]). When I increases from 0.5 mM to 3 M, Rexptk
decreases by about 20% for both types of metallic ions (SM
Fig. 2 [26]). We notice a faster decrease for divalent ions. In
order to consider much larger ions, we carried out experi-
ments with three polyamines: TMAþ, TEAþ, and Put2þ (an
essential metabolite of many living organisms, e.g., found
at high concentration in E. coli [39]). TMAþ and TEAþ
have radii 3–4 times larger than those of the chosen metallic
monovalent ions. Put2þ size has not been characterized yet;
however, its radius likely exceeds that of the metallic ions.
Surprisingly, in the case of divalent ions, Rexptk values are
extremely similar for both metallic ions and Put2þ. In the
presence of TMAþ and TEAþ, they are significantly higher
than those obtained with metallic monovalent ions.
From Rexptk, we extracted LP using calibration curves

obtained by exact sampling simulation based on a statistical
physics model of DNA [20]. As expected, LP decreases
much faster when I increases in the presence of divalent ions
than in the presence of monovalent ions. Unexpectedly, the
data superimpose on a unique curve for the three diva-
lent ions [Fig. 1(c)] but not for the five monovalent ones
[Fig. 1(b)]. In addition, LP reaches a plateau above I ≈
50 mMfor the divalent ionswhile, in the case ofmonovalent
ions, only a shoulder at I ≈ 200 mM can be detected within
the continuously decreasing curve. Molecular dynamics
simulations examining the role of Naþ identified a similar
transitory plateau followed by a fall at high salt (SM Fig. 5

[26]) [21,40]. Moreover, we have measured that in the
presence of monovalent ions at I ≈ 150 mM, adding even
only 1-mM divalent ions leads to a significant decrease of
≈6 nm inLP (SMFig. 4 [26]). This demonstrates an additive
effect of monovalent and divalent ions at these biologically
relevant ion concentrations.
To determine which theory best describes our exper-

imental results, we performed fits with four equations
corresponding to the OSF, OSFM, NO, and TS models.
Fitting parameters are L0

P, and in addition, for NO and TS
models, RDNA. The fitting curves are displayed in detail in
Fig. 2 and fitting parameter values and standard deviation
of the residuals are given in SM Tables II and III [26]. Both
OSF and OSFM formulas yield very poor fits for the whole
I range (see SM [26]). Since the OSF formula is theoreti-
cally valid at high salt, we fitted the data for I ≥ 100 mM.
We observed discrepancies for monovalent ions, due to the
absence of saturation in the experimental data. For divalent
ions, the fit is correct but only for this small range of I. For
I ≤ 100 mM, fits of LP using the OSFM equation were
equivalently inadequate for monovalent and divalent ions.
We then employed the NO model on the entire I range,
excluding the very first points at low I that may be partially
biased due to possible plastic tube contamination (see SM
section “Material and methods” [26]) but could strongly
contribute to the fit due to their high LP value, exceeding
100 nm. For the divalent ions, we observed extremely good
adjustments of LPðIÞ by the NO fits (with 46 ≤ L0

P ≤
47 nm) with very good values of the standard deviation of

FIG. 2. Ionic strength dependence of LP for monovalent (top, red) and divalent (bottom, blue) ions with fitting curves corresponding to
OSF [LPðIÞ ¼ L0

P þ 0.559=I (nm), where I is expressed in mol/L and LP in nm; black line], OSFM (black dashed line), NO (dashed
lines), and TS (solid lines) theories. Insets are enlargements of the high I region. For monovalent ions, the NO model leads to
LP ¼ L0

P þ 0.404R0.490
DNA I

−0.755 (nm) [with α ¼ 0.635ðκRDNAÞ0.245 [20] ]. For divalent ions, it leads to LP ¼ L0
P þ 0.238R0.728

DNA I
−0.636

(nm) [with α ¼ 0.423ðκRDNAÞ0.364 [20] ]. Error bars are displayed, if not, they are smaller than the symbol size, including vertical bars
(see SM Table IV [26]).
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the residuals (see SM Table II [26]). For monovalent
ions, the NO fits seem reasonable at low salt (for
1 ≤ I ≤ 30 mM) but systematically overestimate LPðIÞ
at high salt. Moreover, the fitting values for RDNA are
small, only half the expected size of 1 nm. To circumvent
this discrepancy as well as the poor fitting at high salt, we
considered the TS analytical formula [35], which consid-
erably improved the LPðIÞ fit as observed in Fig. 2 (see SM
Table III [26]). Note that the fitted value L0

P ¼ 41 nm is the
same for the three metallic ions and slightly smaller than
the divalent’s one (fitted with a different theory), and RDNA
is almost constant, between 0.85 and 1 nm. The strong
agreement at high I comes from the precise expression of
ξeff at large ionic strength [41]. The NO variational theory,
on the other hand, looks for the optimized formula
αðκRDNAÞ for the whole I range, at the expense of this
high precision for large I, where its limiting behavior is, by
construction, the OSF formula. For the TMAþ and TEAþ
ions the value of L0

P is slightly higher (51 and 47 nm,
respectively), which could be correlated to their large size
(see SM Table I [26]).
On the basis of the TS theory, we can also explore the

combined effects of the temperature T and the ionic
strength I on LP on structurally intact dsDNA. In a previous
work, the effect of the temperature has been measured
experimentally at fixed physiological salt conditions, I ¼
160 mM [42]. It has been shown that LP decreases as 1=T
as expected from the simple formula valid for neutral
wormlike chains L0

P ¼ K=ðkBTÞ. However, not only the
bare persistence length L0

P but also the electrostatic con-
tribution depends on T, since entropic effects control the
ionic screening of the dsDNA. Hence, using our fitting
values obtained at T ¼ 20 °C, we plotted LPðTÞ for various
I in Fig. 3. We observed that for I ≥ 100 mM, the
electrostatic contribution is small as compared to L0

P.
Therefore, we observe a 1=T law with a shift of the curve
to lower values when I increases. For I < 4 mM, however,
we predict a striking reversal with LP increasing with T.

New experiments exploring the dependence of the LP as a
function of T and I are therefore needed to check further the
theoretical TS approach.
No influence of the size or the nature of the ions was seen

as the curves obtained with the three divalent ions and the
three metallic monovalent ions superimposed in two unique
curves. This complete superimposition prevents us from
considering as significant the slight changes of dsDNA
radius derived from the fits. The independence of the ionic-
strength variation of LP with the ion size and our fitted
values for RDNA ≈ 1 nm are in good agreement with the
experimental results of Gebala and co-workers [43]. They
showed that the atmosphere occupancy around dsDNA by
monovalent ions did not depend on the ion size across the
monovalent metallic ions except for Liþ [43], which only
led to a slight reduction as compared to the other mono-
valent metallic ions. These two distinct approaches thus
support the same view of an identical behavior for various
metallic monovalent ions with different sizes. Therefore, in
timescales of seconds, the differences in the ion binding
sites along the DNA tube [44] and residence times [45]
measured between Naþ and Kþ using molecular dynamic
simulations of tens of nanoseconds fade away.
Concerning alkyl ammonium ions, their significantly

higher L0
P suggests that their 3–4 times wider ion size

precludes a sufficiently large density of ions close to
dsDNA to completely screen the electrostatic interactions,
even at large I. The capacity of these ions to easily
dehydrate and consequently enter the dsDNA grooves,
as predicted by molecular dynamic simulations [46], is
insufficient to screen the dsDNA charges. Hydrated diva-
lent metallic ions such as Mg2þ were predicted to exhibit a
much more localized distribution than Naþ and Kþ and to
spend long resident times of a few nanoseconds within the
dsDNA tube [45]; yet, we did not measure any impact on
the fitted RDNA value. Surprisingly, Put2þ behaves as
metallic divalent ions in spite of its long linear structure.
This is at odds with what was found to describe thermal
DNA denaturation in the presence of Put2þ [39,47].
The great efficiency of NO and TS theories comes from

the consideration of nonlinear electrostatic terms and of the
finite radius of dsDNA. It suggests that they could also be
valid for other polyelectrolytes. For hyaluronic acid in the
presence of Naþ in stretching experiments with magnetic
tweezers [49], LP decreases following LP ¼ L0

P þ const ×
I−δ with δ ¼ 0.65 at low salt to be compared with our value
of 0.75, while L0

P is about 10 times shorter than the dsDNA
one, and the charge density is 6 times smaller. The use of
NO and TS theories to finely model the flexibility of
biopolymers such as single-stranded RNA [50] or chro-
matin fibers should be extremely useful for the elucidation
of gene expression and 3D organization of chromosomes
[51] and for the control of the shape of nucleic acid
nanostructures [52].

We acknowledge Philippe Rousseau (LMGM, CBI,
Toulouse) for the DNA samples.

FIG. 3. Theoretical prediction of the influence of the temper-
ature T on LP for monovalent ions and I ¼ 0.001, 0.004, 0.01,
0.1, 1 M from top to bottom. The dashed curve is the infinite I
limit showing the nonelectrostatic contribution L0

P ¼ K=ðkBTÞ.
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