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Entropic Colloidal Interactions in Concentrated DNA Solutions
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We explore the entropic interactions between a pair of micron-sized colloidal spheres in DNA
solutions. By confining the particles in a line-scanned optical tweezer, we directly measured the
functional form of the interaction potential with suh@7 resolution in samples where the spheres
and the polymer coils were of comparable size. The potential is well described by the Asakura-Oosawa
depletion model even in the semidilute regime where DNA coils overlap strongly. Its range and depth
increase with increasing concentration in a manner consistent with a crossover from a dilute solution of
Gaussian coils to the weakly fluctuating semidilute regime dominated by two-point collisions which is
unique to semiflexible polymers. [S0031-9007(98)07491-2]

PACS numbers: 87.15.Da, 05.20.-y, 61.25.Hq, 82.70.Dd

Colloidal suspensions and polymer solutions are two When the polymer concentration is increased above the
classic soft materials that have been the focus of decadesitical overlap concentrationC*, entanglement effects
of study, and yet their properties when mixed togethebecome important. In this semidilute regime the polymer
are still only poorly understood. These colloid-polymeris characterized by a correlation lengghrather than by
mixtures exhibit a rich phase behavior which is not onlyR,. The length scal& may be thought of as the average
of fundamental interest [1—10] but also of relevance tospatial distance between two neighboring entanglement
systems as diverse as motor oils and frozen desserfgoints. Equivalently¢ describes the mean size of a
The structural and dynamical properties of these compleXblob” within which a section of the polymer chain still
fluids ultimately depend on the microscopic interactionsbehaves as an independent coil. If the polymer-colloid
between the suspension constituents. We present thieteraction is repulsive, a polymer depleted “correlation
first direct measurement of the functional form of thecavity” with a thickness proportional tg [10,11] [see
depletion interaction between two colloidal spheres in &ig. 1(b)] develops around each sphere, and a depletion
nonadsorbing polymer background. attraction still occurs.

Our measurements probe the variations in depth and We used a model colloid-polymer mixture to probe
range of the potential as a function of polymer concenthese interactions as a function of polymer concentration.
tration, spanning the dilute region where individual coilsThe polymer in our experiments is bacteriophage lambda
are noninteracting to the semidilute regime where they beDNA (A-DNA; New England Biolabs Inc.), which is
come entangled. Unlike other force measurements [3,5monodisperse and has B wm contour length. The
our experiments probe a previously unexplored regimehort, cohesive single-stranded ends were first filled
where colloid and polymer sizes are comparable. We findh using DNA Polymerase 1 [12] to prevent circular-
that the traditional hard-sphere depletion potential [8,9]Jzation and dimerization of the chains. The samples
for dilute solutions still applies and that it can be extendedvere then resuspended in a standé®dmM TE buffer
into the entangled region by rescaling the effective size of
the polymer coils. We obtain quantitative measurements
of the polymers’ osmotic pressure and correlation length
above and below the overlap concentration.

A dilute polymer solution can be modeled as idral
gas of hard spheres [8] with a mean size given by the
radius of gyration of the individual polymer coils. Un-
like hard spheres, polymers in solution can interpenetrate,
significantly reducing any effects due to liquid structure.
The experimental situation is depicted in Fig. 1(a). The
centers of the polymer “spheres” are excluded from a
region of thicknessk, surrounding the colloidal par-
ticles. When the “depletion zones” surrounding the two

spheres overlap, the total volume accessible to the polyIEIG. 1. Polymer depletion in the (a) dilute and (b) semidilute

mer increases, leading t(,) a.gain in. the system emroWegimes. The depletion region is shaded in grey, and the
This produces an attractive interaction between the tW@atched region corresponds to the increase in volume accessible

spheres. to the polymers.
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(10 mM tris-HCI, 0.1 mM EDTA (ethylenediaminetetra- P(r) « exp[—U(r)/kgT], whereU(r) is the free energy,
acetic acid),pH = 8.0). In this buffer, \-DNA has a kg is the Boltzmann constant, arid is the temperature.
persistence length &0 nm [13] and a radius of gyration, We measure the interaction free energy by taking the
measured by light scattering, ok, = 500 nm [14]. natural logarithm of the equilibrium probability distri-
At this salt concentration, the Debye-Hiickel screeningpoution of the two-sphere separations. In addition to the
length is=3 nm so that the range of electrostatic inter- contributions from the entropic interactions we wish to
actions is much smaller than the entropic length scalestudy, the measured free energy contains contributions
we probe. from the bare interaction of the hard spheres and from
Our experiments on solutions aFDNA were carried small optical tweezer-induced interactions. The DNA-free
out in concentrations ranging frotto 300 wg/ml (the  measurement enables us to independently determine these
overlap concentration is expected to Be&-50 wg/mi background forces since the optical properties of the DNA
[15]). A very small volume fraction#£10~7) of nega- solution, which determine our trap characteristics, do not
tively charged silica spheres of diamete25 = 0.05 um  change noticeably over the range of concentrations used.
(Bangs Laboratories Inc.) added to the DNA serve as ouWe isolate the entropic interactions due to the DNA by
probe test spheres. The samples are then loaded intosabtracting off this background potential, which we model
20 wl microchamber formed by sealing a microscope slidewith a smooth polynomial fit outside the repulsive core
to a No. 1.5 coverslip with a Parafilm spacer, immediately region.
prior to data collection. The resulting potentials for all measured DNA concen-
We viewed the samples using a Zeiss Axiovert 135trations are displayed in Fig. 2. We adopt the Asakura-
inverted optical microscope with 400X (NA = 1.4)  Oosawa (AO) depletion model to interpret our data. The
oil-immersion objective. By focusing about 50 mW of AO potential [8] between two spheres of diameatgisepa-
near-infrared ligh{A = 1054 nm) with this objective, we rated by a distance, in a dilute solution can be expanded
formed an optical tweezer [16]. A galvanometer-drivento yield
steering mirror in the light path made it possible to scan . T 2, 1 3
the laser focus at 180 Hz along a line in the focal plane. U) = ~» 7 [oA(r = od)" + 50 = oX)T] (1)
Unable to follow the trap, the colloidal spheres respond to
the time-averaged optical field, diffusing freely along the
line while being strongly confined in the two perpendicular
directions. This confinement to the focal plane is key
to our ability to equate the spheres’ three-dimensional
separation with the measured in-plane separation. Slowing
the scan rate near the middle of the line draws each sphere
there with a nearly harmonic optical force, speeding data
collection while producing an easily subtracted effective
pair interaction. Bidirectional scanning also ensures that
small “kicks” [16] imparted by the trap nearly cancel out.
Typically we trapped two silica spheres on the line
focused3 um from the chamber wall. This distance
was chosen to minimize both wall effects and out of
plane particle motion due to weakening of the trap by
spherical aberration. We carefully regulated the sphere-
wall separation and laser power during the course of the
experiment to keep trapping characteristics constant. The
motion of the beads was imaged with a CCD camera
(Hitachi, model KP-M1U) and recorded with a computer-
controlled S-VHS video deck. After collecting roughly
30 min of tape for a single pair of beads in DNA, the
experiment was repeated immediately with a DNA-free
buffer sample that served as a control measurement. The p
resulting 50000 video frames were then digitized, and L !
corrected for pixel-to-pixel gain variations on the CCD
chip. We located the centroids of the silica spheres in each
frame with an algorithm that approximately corrects for theFIG. 2. The interaction potential between tw@5 um silica
overlap of the diffraction blurred images [17]. spheres, in (a) the dilute and (b) the semidilute regions. The

- - dimensionless potential/ (r)/kgT is plotted as a function of
The probability, P(r), of finding the two spheres e interparticle distance. The open circles represent actual

with centers separated by is related to the free en- data points, and the solid lines are fits to the AO model, as
ergy of the system through the Boltzmann relation,described in the text.

mg/ml

Interaction Potential, U(r)/k 5T
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foroc = r = o + 2R, wherell, is the polymer osmotic In region (VI) the polymer osmotic pressure and the
pressureR, is the effective hard-sphere radius that de-correlation length can be described by mean-field theory
scribes the polymer, antl =1 + 2R, /0. [11,19] and are given byl ,/kpT = BNesznf, and ¢ =

As the concentration is increased into the semidilutqp(6BNeffnp)fl/2_ For semiflexible polymers with >
regime, the potential wells get deeper and the range con- a concentration increase results in a transition from
tracts dramatically. In semidilute solutions the intersphergjilute swollen chains to the strongly fluctuating semidilute
potential is predicted [10] (within the Derjaguin approxi- region (IV) and then to the weakly fluctuating region (VI).
mation, i.e.,c > 7 ¢) to be However, whery < 1 (but not too small), there is a direct
crossover from Gaussian chains to the weakly fluctuating
region (VI) with increasing concentration. As we shall
see, our data yield =~ 0.25 and provide strong evidence
for the latter crossover.

O =-1," " [r = (¢ + 7P (2)
foroc =r = o + w¢. The potentiald/(r) andU(r) are
identical to lowest order ifir — (o + 2R,,)] in the limit In the dilute solution the effective polymer radigs,
o > 2R, providedR, is identified with(7/2)¢. Inthe  should equal the radius of gyration of the polym&t,
semidilute regime, the third-order term is small, and theand the fitted osmotic pressure should depend linearly on
AO model is nearly identical td/(r). The AO model DNA concentrationn, (i.e., II, = n,kgT). The first
therefore provides a good description of the potential irthree data points in Figs. 3(a) and 3(b) correspond to the
the dilute as well as the semidilute regime. The success of
the AO model in the semidilute solution can be understood
as due to the background fluid resembling a system of
uncorrelated blobs of size proportionalgo

We fit our measured potentials with Eq. (1) (shown in
Fig. 2 as solid lines), treatintl, andR,,, as free parame-
ters. Since our method only determines the potential up to
an undetermined additive offset, we shift the curves verti-
cally so that the potential at long range is zero.

To understand the concentration dependendd pand
R, we briefly review some polymer theory [11,18]. A
polymer of lengthL and persistence length, can be
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viewed as a chain wittNe;r = L/21, links. Semiflex-

ible polymers have persistence lengths that are larger than
the link diametewrl, and they are characterized by a rigid-
ity parameterp = 21,/d > 1 (for DNA, p = 50). Ina

0 solvent, a polymer chain is described by a random walk
with Gaussian statistics and has an end-to-end separation
Ridea1 = 2N;f/lep. The strength of self-avoiding interac-
tions away from this point can be characterized by the sec-
ond virial coefficientB ~ dlgr, where 7 is the solvent
quality. Ast increases from zero, there is a crossover from
ideal behavior withR ~ Nelf/f2 to swollen behavior with

R ~ Nii atz = 23/2m)2NYiB/13 ~ 1. The virial
expansion for the pressuié, at small polymer coil con-
centrationy,, is given byll , /kgT = n, + BNesznf,.

As link concentrationc = pN¢n, is increased, three
distinct semidilute regimes emerge in semiflexible poly-
mers. These regimes are distinguished by the depen-
dence of the correlation length and osmotic pressure on

effective size , ( um), R,
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\)
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IG.3. In (a) we present the scaling behavior of the
osmotic pressure vs the concentration. The vertical axis
representsIl/kgT, and the horizontal axis is concentra-
tion in units of number density. Similarly in (b) the
filled circles represent the fit paramet®, [we have used

& = (2/m)R, in the semidilute regime] in microns, plot-
ted against different polymer concentrations. The solid
lines represent fits to mean-field theory predictions and
are described in detail in the text. In both graph$ ~
(4m/3)R,* =~ 1.0 um~3 marks the crossover from the dilute
to the semidilute regime.

concentration. The three regimes, labeled, respectivel
IV, VI, and V in Refs. [11,19], are the strongly fluctu-
ating regime (IV) in whichll, ~ 73/4p3/4c(cd?)*/* and
&~ d(ed)3*77Y4p~1/4 a weakly fluctuating regime
dominated by pairwise contacts (VI) witi, ~ d*7c?
and & ~ dp'27712(cd?) 712, and a weakly fluctuating
regime (V) dominated by triple contacts wifh, ~ d°c?
andé ~ dp'/?(cd®)~". Region IV is normally referred to
as the semidilute regime in flexible polymers.
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parameters of the dilute regime. The measured effectivpairwise contacts that is unique to semiflexible polymers.
diameter ofl.1 £ 0.2 uwm is independent of concentration The technique we have demonstrated provides an effective
and agrees well with light scattering measurementRfor way of probing colloidal interactions in complex fluids
[14] in similar buffers. The osmotic pressure displays aand opens up possibilities for future investigation of the
nearly linear behavior, although the measured prefactor gfolymer fluctuation spectrum.
0.5 = 0.3 obtained for this fit deviates from the expected We thank P.D. Kaplan, V. Trappe, R. Kamien,
hard-sphere value of unity. The relatively large error forM. Triantafillou, and D. Weitz for their helpful discus-
the parameters in the dilute limit is a result of the shallowsions. We also thank Elizabeth Geiger for help in DNA
well depth of the interaction curves, whose long rangesample preparation. Support for this work was provided
also tends to increase the uncertainty in determining theioy the NSF Grant No. DMR 96-23441 and MRSEC
vertical offset. Alternatively this discrepancy could be dueGrant No. DMR 96-32598.
to the nonspherical nature of the polymer coils or polymer-
polymer interactions as suggested in Refs. [4] and [7].
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