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Screening and Fundamental Length Scales in Semidilute Na-DNA Aqueous Solutions
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The fundamental length scales in semidilute Na-DNA aqueous solutions have been investigated by
dielectric spectroscopy. The low- and the high-frequency relaxation modes are studied in detail. The
length scale of the high-frequency relaxation mode at high DNA concentrations can be identified with the
de Gennes—Pfeuty—Dobrynin correlation length of polyelectrolytes in semidilute solution, whereas at low
DNA concentrations and in the low added salt limit the length scale shows an unusual exponent
reminiscent of semidilute polyelectrolyte chains with hydrophobic backbone. The length scale of the
low-frequency relaxation mode corresponds to a Gaussian chain composed of correlation blobs in the low
added salt limit, and to the Odijk-Skolnick-Fixman value of the single chain persistence length in the high

added salt limit.
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Charged polymers are ubiquitous in colloidal systems
and soft matter in general [1] and play a fundamental role
in determining the structure of various (macro)molecular
assemblies. Their most basic role is, however, played in the
biological context where they are an essential and funda-
mental component of the cellular environment and make
their mark in its every structural and functional aspect.
Because of their connectivity, stiffness, and strong electro-
static interactions, polyelectrolytes show a wide range of
complex behaviors, depending on concentration, added
salt, and valency of the counterions [2]. Deoxyribo-
nucleic acid (DNA) is, in many respects, a paradigm of a
stiff, highly charged polymer [3] where this complex be-
havior has been studied in great detail.

Electrostatic interactions for a single stiff polyelectro-
lyte chain such as DNA with monovalent counterions and
added salt in aqueous solutions are reasonably well under-
stood and are standardly approached via the Poisson-
Boltzmann (PB) theory that combines electrostatics with
statistical mechanics of mobile ionic species on a simpli-
fied mean-field level. The coupling between structure and
interactions in semidilute polyelectrolyte solutions com-
posed of many chains, their respective counterions, and
added salt is a more complicated matter and a theoretical
consensus is much less well established than in the case of
a single polyelectrolyte chain or solutions of neutral poly-
mers [2]. There are several fundamental concepts in the
theoretical understanding of either a single charged poly-
mer chain or semidilute solutions of many charged poly-

0031-9007/06/97(9)/098303(4)

098303-1

PACS numbers: 77.22.Gm, 82.39.Pj, 87.15.He

mer chains that will shed some light on the data that we
present in this contribution: the Manning-Oosawa (MO)
counterion condensation, the Odijk-Skolnick-Fixman
(OSF) electrostatic  persistence length, and the
de Gennes—Pfeuty—Dobrynin (dGPD) correlation length
of a polyelectrolyte solution.

In the framework of the MO counterion condensation
theory, as well as on the level of the PB equation [4] the
counterions accumulate in the condensed layer exactly to
such an extent that the effective charge density parameter,
n = zlg/b>1, is reduced to 1 [3], ie., the effective
separation between charges is increased from b to [p.
Here z is the valency of the counterion, b is the linear
charge spacing, and Iz is the Bjerrum length. If salt is
added to the system, the mobile salt ions screen electro-
static interactions between fixed charges along DNA. For
small enough fixed charge density, this screening is accu-
rately described by the linearized form of the PB equation
and is quantified by a screening or Debye length «~!
defined as k% = 8l gh, where n is the density of added
salt. Indeed, for monovalent salts both effects, ionic screen-
ing as well as counterion condensation, coexist.

Apart from being a charged polymer, DNA is also
molecularly rather stiff. The stiffness of a polymer chain
is usually described via its persistence length L, which,
according to the OSF theory [5], can be decomposed into a
structural (L) and electrostatic (L,) contribution as L, =
Lo+ L, = Lo + lp/(2bk)*, The usually accepted value of
Ly for DNA is about 500 A [3]. Assuming the MO con-
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densation one gets L, = L + 0.3241;! (in A), where I is
the ionic strength of the added salt (in M). The OSF result,
though it can be applied only at restrictive conditions,
appears to work well for monovalent counterions when
compared to experiments [6]. Conversely, in the regime
of no added salt and weak electrostatic screening, a semi-
flexible charged chain in a semidilute polyelectrolyte so-
lution behaves like a random walk of correlation blobs with
chain average size R « ¢~ %% [2].

The third important concept is the dGPD correlation
length ¢ or the mesh size of the semidilute polyelectrolyte
solution [7]. Above the semidilute overlap concentration
(c* [2]) the polyelectrolyte chains maintain their highly
extended conformation up to the scale of &, while on larger
scales the chains are random walks [7]. In semidilute
polyelectrolyte solutions & scales as ¢~ %> and is expected
to be proportional to the screening length due to both free
DNA counterions and added salt ions [2]. This correlation
length divides the semidilute polyelectrolyte solution into
decorrelated volumes of size &°.

In an attempt to test the fundamental concepts describ-
ing the behavior of semidilute polyelectrolyte solutions we
have undertaken an investigation of dielectric relaxation
properties of Na-DNA aqueous solutions [8] that covers a
broad range of DNA and added salt concentrations. A
detailed account of the experiment will be published else-
where [9].

Figure 1 shows the frequency dependent imaginary part
of the dielectric function for solutions with selected DNA
concentrations. The results for pure water [10] DNA solu-
tions are shown in panel (a), while results for DNA solu-
tions with added salt of ionic strength /I, = 1 mM are
shown in panel (b). The observed dielectric response is
complex [11] and the data can only be successfully fitted to
a formula representing the sum of two Havriliak-Negami
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FIG. 1. Double logarithmic plot of the frequency dependence

of the imaginary part of the dielectric function (¢") at T =
25 °C of (a) pure water [10] DNA solutions (for DNA concen-
trations al-a4: 2.5, 0.4, 0.1, 0.0125 mg/mL) and (b) DNA
solutions with added salt /, = 1 mM (for DNA concentrations
bl-b4: 0.83, 0.5, 0.31, 0.125 mg/mL). The full lines are fits to
the sum of two HN (see main text) forms; the dashed lines
represent the single HN form.

(iwTy)' ™). The fit to the HN functions allows us to extract
the corresponding mean relaxation time 7, for each of the
relaxation curves. The main features of this response, for
pure water DNA solutions, as well as for DNA solutions
with added salt, are two broad modes, whose amplitude
and position in frequency depend on the DNA concentra-
tion. In the remainder of this Letter, we will refer to these
modes as the high-frequency (HF), within frequency range
0.1 MHz < 75! <15 MHz, and low-frequency (LF)
mode, within frequency range 0.5 kHz < 75! <70 kHz,
respectively. The parameter 1 — «, which describes the
symmetrical broadening of the relaxation time distribution
function, is concentration independent and similar for both
modes 1 — a = 0.8.

Since the counterion displacement is controlled by dif-
fusion, the dielectric response is basically characterized by
the mean relaxation time 7, « L?>/D;,, where L is the
associated length scale, and Dj, is the diffusion constant
of counterions which is sufficiently well approximated by
the diffusion constant of bulk ions [11,13]. We discuss
possible assignments for these relaxation modes inside
the framework of the theoretical approaches for polariza-
tion response of charged biopolymers in solution [11].

Our first important result concerns the characteristic
length of the HF mode. For pure water DNA solutions
the characteristic length Ly increases with decreasing
DNA concentration following the power law Lyg * cp3
down to a crossover concentration c., ~ 0.6 mg/mL, at
which point it gives way to a less rapid concentration
dependence characterized by Lyg * cpa® (main panel of
Fig. 2). The power law behavior Lyg  cpfa above cq,
suggests that the dGPD semidilute solution correlation
length ¢ [2] can be identified as the characteristic length
scale of the HF mode at no salt conditions. On the other
hand, in the regime below c,, Lyr displays a behavior that
is quite unusual for semidilute solutions. It appears as
though at low DNA concentrations local conformational
fluctuations partially expose the hydrophobic core of DNA
so that the correlation length scales as cpia°, as is the case
for a solution of charged chains with hydrophobic cores
[2]. On the other hand this scaling form is also typical for
the average distance between chains, but in the dilute
regime [2].

In the case of 1 mM added salt the dGPD behavior of
Lyr remains unchanged as long as the concentration of
intrinsic counterions c;, (proportional to cpya) is larger
than the concentration of bulk added salt ions 2/, (main
panel of Fig. 2). Data at lower DNA concentrations could
point to a leveling off of Lyr close to the value of the
Debye length appropriate for this added salt concentration.
This statement should be made cautiously since the data
are unfortunately much less reliable exactly at low DNA
concentrations. (see error bars in Fig. 2). Two sets of
additional data (inset of Fig. 2) for two representative
DNA concentrations with varying added salt also reveal
that Lyr does not vary with /; in most of the measured
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FIG. 2. Main panel: Characteristic length of the HF mode
(Lygp) for pure water DNA solutions (open squares) and for
DNA solutions with added salt I, = 1 mM (full squares) as a
function of DNA concentration (cpya)- The full line is a fit to the
power law Lyg % cp>3® and o cp22 for cpna smaller and larger
than ¢, ~ 0.6 mg/mL, respectively. Inset: Lyr for DNA solu-
tions with added salt (I;) for two representative DNA con-
centrations: cpya = 0.05 mg/mL (diamonds) and cpya =
0.5 mg/mL (full triangles, open and open inverse triangles).
Different symbols refer to different protocols of sample prepa-
ration [9]. The full line denotes the Debye screening length « !
for the studied range of added salt.

range of added salt. The accuracy of the data again be-
comes much less reliable due to the progressive merging of
the HF and LF modes when one approaches the regime,
where Lyr becomes apparently larger than the nominal
Debye length at that salt concentration.

The second important result concerns the LF mode. For
pure water DNA solutions the characteristic length L;g
increases with decreasing DNA concentration in almost
three decades wide concentration range (open inverse tri-
angles in the main panel of Fig. 3) following the power law
Lip = cpe2=0%4 This dependence is consistent with a
scaling picture, where electrostatic interactions are
screened by other chains and counterions to such extent,
that the DNA polyelectrolyte chain behaves as a random
walk of correlation blobs with a size * ¢ 3> [2]. For DNA
solutions with added salt, I, = 1 mM (full inverse tri-
angles in Fig. 3), the measured L;p coincides with the
characteristic length found in the salt-free case only in
the regime of DNA concentrations where the concentration
of intrinsic counterions c;, (proportional to cpyp) is larger
than the concentration of bulk added salt ions 2/. In the
opposite case the measured Ly starts to deviate from the
line Ly « cp2? and decreases to attain a value of about
500 A at small enough DNA concentrations at which it
finally saturates.

The details of the dependence of L;r on added salt ionic
strength I, is shown in the inset of Fig. 3 for two DNA
concentrations. The observed data can be fit to the OSF
behavior [5] which means that L in the finite added salt
regime could be interpreted as the DNA persistence length.
From the fit we deduce that L, =480 A and a =
0.09 AM. While the value of L, close to 500 A is in
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FIG. 3. Main panel: Characteristic length of the LF mode
(Lyg) for pure water DNA solutions (open inverse triangles)
and for DNA solutions with added salt /, = 1 mM (full inverse
triangles) as a function of DNA concentration (cpna). The full
line is a fit to the power law Lip o« cppa’ =%, Inset: Ly for
DNA solutions with varying ionic strength of added salt (/) for
cpna = 0.05 mg/mL (diamonds) and for cpya = 0.5 mg/mL
(full triangles, open, and open inverse triangles). Different
symbols refer to different protocols of sample preparation [9].
The full line is a fit to the expression L, = Lo + al; ' with L, =

480 A and a = 0.09 AM.

accordance with standard expectations for DNA structural
persistence length [3], the value of the coefficient a differs
from the OSF expectation a = 0.324 AM. A different
value (a = 0.8 AM) is also found in measurements of
DNA elastic properties [6]. In an attempt to reconcile these
values, we have rescaled the characteristic length of the LF
mode as 2.5 L;r — Ly in order to collapse the behavior
from dielectric and elastic experiments onto a single curve
(Fig. 4) [14]. The fit to the OSF expression of this new
rescaled version of L; g and of Lp from DNA pulling data
gave Ly = 530 A and a = 0.69 A. The difference in the
measured and theoretically expected value of the coeffi-
cient a of the OSF form for the persistence length signals a
different effective linear charge density and is consistent
also with other experiments that provide a value for the
effective charge density different from the MO counterion
condensation theory prediction [15].
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FIG. 4. Characteristic length of the LF mode, rescaled as 2.5
Ly — L;g (L data are from Fig. 3) are shown together with
data from pulling of DNA (open circles) taken from Ref. [6]. The
full line is a fit to OSF theory with Ly =530 A and a =
0.69 AM.
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Our next important result concerns the issue of the
respective roles of intrinsic DNA counterions and ions
from the added salt in ionic screening. It is noteworthy
that the OSF model applies as long as the ionic strength of
added salt is larger than the concentration of the intrinsic
counterions. The data for cpya = 0.05 and 0.5 mg/mL
deviate from the OSF behavior for /; < 0.03 mM and for
I, < 0.3 mM, respectively. At these low added salt values
(21, <0.4c¢;,), we expect that the intrinsic counterions
become dominant in determining the behavior of L and
indeed it attains the same value as in pure water DNA
solutions (see the main panel of Fig. 3). As already noted,
in this limit DNA polyelectrolyte chain behaves as a ran-
dom walk of correlation blobs with a chain size * cp23>.
Our data thus seem to indicate that for the LF mode the
characteristic length in our system in the low added salt
limit is given by the average size of the chain, i.e., DNA
polyelectrolyte chain behaves as a Gaussian chain with a
size o cppi2 [2], and with added salt goes smoothly into the
OSF form of the persistence length (see the inset of Fig. 3).
This means that when salt is added to the system the role of
screening is transferred from other chains and counterions,
thus from DNA as its own salt, to the added salt ions and
thus emerges as the OSF value of the persistence length.
Very similar conclusions have been reached also by Record
[16] while analyzing T4 and T7 phage DNA denaturation.
He observed that in this system too the screening depends
not only on added salt concentration, but also, and more
importantly, on the concentration of intrinsic DNA coun-
terions—on the DNA as its own salt.

In conclusion, our results demonstrate that there are
three fundamental length scales that determine the dielec-
tric response of a semidilute DNA solution [9]: the OSF
salt-dependent persistence length of a single polyelectro-
lyte chain, the size of the chain in the salt-free polyelec-
trolyte solution and the dGPD semidilute solution corre-
lation length. The first two length scales are important for
the low-frequency response, while the last length scale is
important for the high-frequency response. Our results for
semidilute DNA solutions quantitatively coincide with the
dGPD theoretical prediction describing the concentration
dependence of the correlation length of semidilute solu-
tions with flexible chains as o ¢~ %3, Moreover, they con-
firm the prediction of Odijk [17] that the same scaling law
should be valid for semiflexible DNA polymers in semi-
dilute solutions as well. Our data also seem to indicate that
once the added salt becomes larger than the concentration
of DNA intrinsic counterions, the high-frequency charac-
teristic length, rather than scaling as the semidilute solu-
tion correlation length, levels off at a value close to the
corresponding Debye length. More systematic experiments
are needed to assess the possible added salt dependence in
this regime of salt concentrations. In the limit of low DNA
concentrations and low added salt, the semidilute solution
correlation length smoothly crosses over to a less rapid
scaling as ¢~ %33 probably reflecting the appearance of

locally fluctuating regions with exposed hydrophobic
cores. The OSF prediction for the persistence length as a
function of added salt ionic strength is also verified in the
high added salt limit giving very good agreement with
DNA pulling data. Finally, in the limit of low added salt
the characteristic length scale smoothly merges with the
average size of the polyelectrolyte chain where electro-
static interactions are screened by other chains and coun-
terions, where thus DNA acts as its own salt.
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