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We adapt a scanning fluorescence correlation spectroscopy technique to measure the structure factor of

complex fluid systems and present the first measurements of the structure of semidilute solutions of long

DNA polymers. The measured structure factors exhibit screening effects which, as expected for semidilute

polymer solutions, grow stronger with increasing DNA concentration c. The measured concentration

dependence of the screening length � / c0:53�0:02 is unusual, but can be understood within the framework

of a marginal solutions theory for semiflexible polymers.
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In polymer physics we distinguish dilute solutions, in
which interactions between different chains are rare and
correlations in monomer positions, characterized by the
correlation function gðrÞ ¼ h�cð0Þ�cðrÞi of monomer den-
sity c, extend over a size of a polymer coil. At concen-
trations above polymer overlap concentration c�, the
polymer solution is in a semidilute regime, where colli-
sions between segments of different chains shield the
interactions between same chain monomers. Using a
mean-field approach Edwards showed [1] that this leads
to the screening of correlations in monomer positions with

characteristic length scaling as � / c�1=2. de Gennes and
co-workers [2,3] argued that for flexible polymers, the
mean-field theory gives incorrect �ðcÞ dependences, and
scaling arguments should be applied instead. These predict

� / c�3=4 in good solvents (in which monomer interac-
tions are repulsive) and � / c�1 in theta solvents (in which
attraction between monomers balances out their repulsive
interactions). The predictions for these two cases are sup-
ported by experiments [3–5].

The situation differs for semiflexible polymers even
though for contour lengths L and at spatial scales larger
than their persistence length Lp they appear as flexible.

Because of their large Lp, semiflexible coils occupy rela-

tively large volumes as compared to flexible chains of the
same length. The collisions between monomers in such
coils are rare and the effects of excluded volume interac-
tions are relatively weak. Yet, the excluded volume itself is
larger than zero. These conditions were termed marginal
by Schaeffer, Joanny, and Pincus (SJP) who predicted a
wide variety of different regimes in such solutions [6]. In
particular, SJP argue that because of the weakness of the
excluded volume interactions in marginal solutions, the
mean-field approach can be applied, and the Edwards

description of screening with � / c�1=2 should hold over
a wide range of concentrations in semidilute solutions of
long (L � Lp) semiflexible polymers. Remarkably,

although marginal solutions are intermediate between
good and theta solutions, the concentration dependence

of � in marginal solutions is predicted to be weaker than
in both of the other cases. In practice, the existence of this
generic regime remains rather controversial. Some groups

find � / c�1=2 type of scaling, while others do not [5–9].
All of these measurements were carried out on synthetic
polymers which have relatively small Lp and therefore,

possibly, a very short range of marginal behavior.
DNA, which has a large persistence length Lp � 50 nm,

should be an excellent model system to probe marginal
solutions theory. Indeed, the screening length in �-DNA
solutions has been assessed indirectly through the mea-
surements of the range of depletion interactions between
two colloidal particles resulting from the presence of DNA
[10,11]. The results are consistent with SJP predictions.
However, although there have been several studies of dense
solutions of rodlike DNA molecules [12], the structures of
semidilute solutions of long DNA polymers (with L �
Lp) have never been probed directly. Static light scattering

has been applied to study the structure of dilute solutions of
long DNA, but even in this case, it has been an experimen-
tal challenge because of strong scattering by dust particles
[17].
Here we develop a new approach based on scanning

fluorescence correlation spectroscopy (SFCS) [18–24],
which we adapt to structural measurements by introducing
a particular scanning pattern and an appropriate formalism.
The simplest way to understand our approach is to imagine
that DNA molecules are labeled uniformly along their
contour with fluorescent dyes and are ‘‘frozen’’ in space.
When such a sample is moved with a constant velocity ~v
through a confocal excitation volume, the inhomogeneous
spatial distribution of fluorophores results in fluctuations
�IemðtÞ ¼ Iem � hIemi in fluorescence emission Iem. Then,
the temporal correlation function GðtÞ ¼ h�Iemð0Þ�IemðtÞi
of fluorescence fluctuations reflects the spatial correlations
gðRÞ in fluorophore positions with R ¼ vt providing the
conversion from temporal to spatial scale. Because of the
final dimensions of the sampling volume, the measured
correlation function GðRÞ is, in fact, a convolution of a
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characteristic excitation-emission profile and of gðRÞ,
which makes it a ‘‘smeared’’ version of the latter. In
Fourier space the spatial correlations can be deconvoluted
from the sampling volume characteristics, leading to the
Fourier transform of gðRÞ, which is essentially the structure
factor SðqÞ of the labeled DNA. In this Letter, wewill focus
on the q dependence of the structure factor and thus wewill
normalize its amplitude according to Sðq ! 0Þ ¼ 1.

Formally, GðtÞ can be written as follows [25]:

GðtÞ /
Z

d~rd~r0Ið~rÞIð ~r0Þh�cð ~r; 0Þ�cð ~r0; tÞi /

/
Z

d ~qj~Ið ~qÞj2h�~c�ð ~q; 0Þ�~cð ~q; tÞi; (1)

where �cð~r; tÞ ¼ cð~r; tÞ � hci describes fluctuations in
concentration of labeled DNA segments, Ið~rÞ is the setup
excitation-detection profile, and ‘‘tilde’’ denotes spatial
Fourier transforms of the corresponding quantities. If
DNA are ‘‘frozen,’’ then the only changes in the spatial
distribution of labels arise from the sample motion through

the beam: �cð~r; tÞ ¼ �cð ~r� ~vt; 0Þ, and hence �~cð ~q; tÞ ¼
�~cð ~q; 0Þei ~q ~v t. Substituting this into Eq. (1) and changing

variables ~R ¼ ~vt, we obtain

~Gð ~qÞ / hj�~cð ~q; 0Þj2ij~Ið ~qÞj2 / Sð ~qÞj~Ið ~qÞj2; (2)

where we use the fact that for strongly labeled DNA the
correlations in dye positions hj�~cð ~q; 0Þj2ij reflect the struc-
ture factor SðqÞ of DNA polymers [26]. Thus, having
calibrated the instrumental characteristic j~Ið ~qÞj2 we can
determine SðqÞ from the Fourier transform of the measured

SFCS functions Gð ~RÞ by means of Eq. (2).
In practice, the demand for the sample to be frozen in

space is not strict. It is sufficient to scan the sample fast
enough so that a part of the system passing through the
confocal volume does not manage to change its state sig-
nificantly while illuminated. We move the sample at
�4 mm=s, which is the maximal speed in our setup, but
similar results were obtained even with speeds as low as
1 mm=s. We also found the effects of spontaneous DNA
motion on the SFCS results to be negligible for speeds
above �1 mm=s by simulating SFCS data using a theory
of semiflexible polymer dynamics [27]. Next, although the
formalism strictly applies to a constant velocity scan along
a straight line, this condition can be relaxed to a constant
speed scan along any trajectory whose curvature radius at
any point is much larger than the confocal volume size
( � 0:25 �m). We scan the sample in a lateral plane along
a path which can be pictured as an imperfect circle of
30 �m radius whose center orbits along another circle of
20 �m radius. Thus, the scan covers a large surface pre-
venting frequent revisiting of same positions and associ-
ated photobleaching and correlated noise.

The measurements are performed in a homebuilt con-
focal setup: 514 nm line (� 2 �W power before micro-
scope objective) of an Ar-ion laser is deflected by a dicroic

beam splitter (Q525, Chroma) into a high-power objective
lens (UPLAPO 60X1.2W, Olympus). The emission is col-
lected by the same objective, directed through a bandpass
filter (HQ565/80, Chroma) into a multimode optical fiber
(50 �m core) and is monitored by a fiber-coupled photon
counting avalanche photodiode (SPCM-AQR-15-FC
PerkinElmer) whose output is fed into a digital correlator
Flex2k-12Dx2 (Correlator.com). The sample is driven by a
flexure XYZ piezostage (Tritor 101, PiezoSystem Jena)
equipped with capacitive sensors allowing for precise
monitoring of stage position and speed. The analog volt-
ages controlling the stage motion and monitoring stage
positions were supplied by the data acquisition (DAQ)
board. The DAQ board also measured the output of the
position sensors. The stage was fed an analog signal pattern
which was specifically optimized to keep the speed con-
stant to within 1%–2% (standard deviation).
For all measurements presented here, we used solutions

of �-DNA [48 600 bp (base pairs)] labeled with EtBr in
10 mM phosphate pH 7.4 buffer with 137 mM NaCl,
2.7 mM KCl (PBS). Data in [28] were used to calculate
dye quantities in order to keep bound dye per bp ratio
constant at 1:5 for each DNA concentration. In this dye:
bp ratio range, DNA properties are rather insensitive to the
exact values of the ratio; such labeling does not change
DNA persistence length, although it extends DNA contour
length by �1:4 factor to L � 22 �m [28].
Typical SFCS correlation functions obtained from solu-

tions of �-DNA in 2–350 �g=mL concentration range are
presented in Fig. 1 versus R2. The screening effect can be
clearly observed: the correlation functions decay at shorter
distances with increasing concentration. At low concen-
trations the correlation curves nearly coincide, as expected
for dilute polymer solutions.
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FIG. 1 (color online). Normalized to 1 SFCS correlation func-
tions obtained from solutions of different �-DNA concentrations
(solid lines, right to left): 2.1, 5.5, 7.8, 14, 24, 47, 71, 217, and
354 �g=mL versus displacement R ¼ vt. Circles with a dashed
line represent the calibration of the excitation-emission profile of
the optical setup. The circles are SFCS measurements of Rh6G
fluorophores treated according to the left-hand side of Eq. (6)
and the dashed line is a Gaussian fit to the data.
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In order to extract SðqÞ from Eq. (2), we make a standard
assumption of a Gaussian confocal excitation-detection
profile [29]:

Ið ~rÞ ¼ I0 exp

�
� 2ðx2 þ y2Þ

w2
xy

� 2z2

!2w2
xy

�
; (3)

where wxy defines the width of the profile in the lateral XY

plane and ! is the aspect ratio of extent of the profile in
axial (Z) and lateral directions. We calibrate ! by fitting
static FCS correlation curves obtained from solutions of
diffusing small fluorescent carboxyrhodamine 6G (Rh6G)
molecules with [29]

Gdiff
0 ðtÞ ¼ A

�
1þ t

�

��1
�
1þ t

!2�

��1=2
; (4)

where � is the characteristic diffusion time across the
sampling volume and A is the correlation function ampli-
tude. Typically,!2 � 30. We deducewxy from comparison

of the correlation functions obtained from diffusing dye
molecules in static and scanning FCS modes. Since our
pattern of scanning is equivalent to linear constant speed
motion of the sample, the correlation functions Gdiff

v ðtÞ in
the scanning mode satisfy [19]

Gdiff
v ðtÞ ¼ Gdiff

0 ðtÞ exp
�
� ðvtÞ2
w2

xyð1þ t=�Þ
�
: (5)

From the comparison of Eqs. (4) and (5) one can see that
for t � !2�

�
Gdiff

v ðtÞ
Gdiff

0 ðtÞ
�
A=Gdiff

0
ðtÞ ¼ exp

�
�ðvtÞ2

w2
xy

�
: (6)

Indeed, the plot of the experimentally measured left-hand
side of Eq. (6) versus R2 ¼ ðvtÞ2 is almost a perfect
Gaussian with wxy � 0:25 �m (Fig. 1). Direct mapping

of the sampling volume by scanning fluorescent 50 nm
beads gives similar values of wxy. However, directly mea-

sured Ið ~rÞ is too noisy to extract ~Ið ~qÞ reliably.
Because of the spherical symmetry of Sð ~qÞ, it is enough

to perform scans in the lateral plane only in order to
determine Gð ~qÞ and solve Eq. (2). To a very good approxi-
mation, Sð ~qÞ can be obtained by assuming !2 ! 1, in

which case j~Ið ~qÞj2 and ~Gð ~qÞj are nonzero in lateral direc-

tions only. Then, ~GðqÞ can be obtained from the measured

GðRÞ by means of Fourier-Bessel transform and SðqÞ /
~GðqÞ expðw2

xyq
2=4Þ. This result serves as a starting point in

an iterative procedure which takes into account final!2. At
each iteration the expected GðRÞ is calculated from Ið~rÞ
and from SðqÞ obtained at the previous iteration, and the
difference between the expected and measured GðRÞ is
used to obtain corrections for SðqÞ. The starting approxi-
mation is, in fact, so good that it is enough to perform one-
step iteration to bring about convergence.

The normalized to unity structure factors obtained from
the measured GðRÞ are presented in Fig. 2. At the lowest

measured concentrations c < 4 �g=mL the structure fac-
tors can be fit very well (Fig. 2) with the Debye expression
for ideal polymers:

S0ðqÞ ¼ 2

ðqRgÞ4
ðe�q2R2

g � 1þ q2R2
gÞ; (7)

giving the gyration radius of DNA coil Rg ¼ 0:64�
0:02 �m. The quality of the fit is remarkable and points
to the weak excluded volume effects as expected for DNA
coils [30]. The Rg value itself points to �5% expansion

with respect to the size of an ideal semiflexible chain of
22 �m contour length and Lp ¼ 50 nm. For unperturbed

�-DNA with Rg � 0:5 �m, the overlap concentration of

c� � 20–30 �g=mL has been measured [10,31]. Since
c� / M=R3

g (where M is polymer molecular weight), for

our samples we expect c� � 10–15 �g=mL. Indeed SFCS
correlation functions start to change their shape appreci-
ably in this range of concentrations (Fig. 1).
In order to extract the screening length �, we fit SðqÞ

with the expression [6]

SðqÞ ¼ B

�
1þ 2�2

R2
gS0ðqÞ

��1
; (8)

where S0ðqÞ and Rg are, respectively, the structure factor

and gyration radius of DNA in dilute solutions, and B and �
are the fitting parameters. As S0ðqÞ we used the structure
factor measured at c < 4 �g=mL, which was normalized
to unity for q ! 0 and the corresponding Rg. The fits are

presented in Fig. 2 together with the data, and the obtained
dependence of � on base pair concentration c is shown in
Fig. 3.
The best power law fit to the concentration dependence

of � gives � / c0:53�0:02, which is close to Edwards’ and
SJP’s predictions. Furthermore, ��2 vs c dependence is
close to linear (Fig. 3, inset), and from its slope the
effective hard-core diameter d of DNA can be estimated.
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FIG. 2 (color online). Symbols represent measured structure
factors SðqÞ for solutions of different DNA concentrations (left
to right): 2.1, 7.8, 24, 47, 71, 217, and 354 �g=mL. The leftmost
line is fit to SðqÞ of dilute solution (c ¼ 2:1 �g=mL) with Debye
expression Eq. (7). Other lines are fits to the data in semidilute
regime using Eq. (8).
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Following SJP theory [6] (and correcting for the missing
factors): ��2 ¼ 3�dc=ð2nÞ, where c is DNA concentration
expressed as a number of base pairs per unit volume and n
is the number of base pairs in a segment of length Lp (n �
105 for DNA extended by 1.4 factor). From the slope of the
line in the inset of Fig. 3 we estimate d ¼ 3:5� 0:2 nm.
This number appears reasonable as it roughly corresponds
to the diameter of DNA double helix (2 nm) taken together
with the associated Debye-Huckel layer (2� 0:8 nm in
PBS buffer).

To conclude, we develop a new approach to measure the
structure of DNA solutions based on fluorescent labeling
and SFCS and present the first measurements of structure
factors of semidilute solutions of long DNA polymers. We
observe screening effects with the characteristic length
scaling as � / c0:53�0:02 with DNA concentration consis-
tent with Edwards’ theory of polymer screening and with
SJP’s theory of marginal solutions. We note that although
in this work we used only the random labeling of DNA, it is
in combination with specific fluorescent labeling that our
experimental approach has the greatest promise and could,
in principle, assess many interesting structural features of
DNA and other polymer solutions.
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FIG. 3 (color online). Concentration dependence of the screen-
ing length �. Symbols are data points, solid line is the best power
law fit � / c0:53. Inset: Same data plotted as ��2 vs c. Line is the
best linear fit to the data. From its slope the effective hard-core
diameter of DNA is estimated to be �4 nm.
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