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Coil-globule transition of a semiflexible polymer driven by the addition of spherical particles

Richard P. Sedr
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The phase behavior of a single large semiflexible polymer immersed in a suspension of spherical particles is
studied. All interactions are simple excluded volume interactions and the diameter of the spherical particles is
an order of magnitude larger than the diameter of the polymer. The spherical particles induce a quite long
ranged depletion attraction between the segments of the polymer and this induces a continuous coil-globule
transition in the polymer. This behavior gives an indication of the condensing effect of macromolecular
crowding on DNA.[S1063-651X98)02107-2

PACS numbds): 36.20-r, 61.25.Hq, 82.70.Dd

I. INTRODUCTION tween demixing and the vapor-liquid phase separation of a
pure substancgl—3,17. To do this we will Legendre trans-
Phase separation and partitioning driven by excluded volform [18] the Helmholtz free energy into a semigrand poten-
ume interactions have been well studied theoretiddlly8],  tial [17,19. This semigrand potential is then a function of
with the inspiration coming from experiments both on syn-the density of the polymer and the chemical potential of the
thetic colloidal system$2,3,9] and on biologically derived spheres. A chemical potential, like the temperature, is uni-
systems[10,11]. When excluded volume effects are domi- form throughout any system at equilibrium; it is a field vari-
nant the properties of a mixture are determined solely by th@ple not a density. So, the semigrand potential has the same
sizes and shapes of its components. For example, mixtures fifrm as the Helmholtz free energy of a polymer that interacts
long narrow rodlike particles and spheres have been showa interactions that are not solely excluded volume and so
to demix solely because of these differences in size angepend on temperature. Both depend on the density of poly-
shape[5,7]. The rodlike particles could be a minimal model ner and on a field variable: temperature in the case of a
of a semiflexible polymer or of a micelle, and the spheres,q\ymer with soft interactions, and the chemical potential of
could be small colloidal particles or even compact protein,, spheres for the polymer mixed with spheres. In particu-

molecule_s. But .'f the semiflexible polymer is very long thenIar, both thermodynamic functions can be expanded as a
even a single, isolated molecule can undergo phase transi-

tions [12—16, because it is then large enough, has enougr\{'”al series in the density of polymer with coefficients that

degrees of freedom, to be treated as a thermodynamic syste pend on temperature or chemical potential of the sphergs.
[12]. Here we study such a polymer, mixed with spheres, an ust as reducing the temperature of a polymer molecule with

see if the presence of the spheres can induce a phase trariiitractive interactions can make some of its virial coefficients

tion. We find that they can. When the concentration ofnegative, increasing the chemical potential of spheres drives
spheres exceeds a critical value the polymer molecule C0r§_ome_of the virial coefficients of the semig_rand potential of
tracts and expels the spherical particles. In effect the polymédf€ mixture of polymer and spheres negative. In both cases
molecule and the spheres are demixing. The mixture of man{pe effect is the same: the polymer contracts from the coil
short rodlike p0|ymers and Spheres demixed to form a phas@ate to the globular state. The spheres have in effect induced
with a high density of rodlike polymers but a low density of an attraction, often called a depletion attraction, between the
spheres(coexisting with one with high sphere density and segments of the polymer molecule.
low rod density and here the polymer contracts to form a  The interactions between the segments of a polymer mol-
dense globule with a high density of polymer but a low den-ecule determine its state. Note that we always consider a
sity of spheres. This dense phase of a polymer is referred tgingle, isolated polymer molecule. If the interactions be-
as the globular phasgl2—-16 and the contraction of the tween the polymer segments are repulsive, the good solvent
polymer is the coil-globule transition. regime, then the polymer exists as a swollen ¢bff]. The
In the work presented here, we will draw on existing theo-radius of gyration of the polymer, a measure of its size,
ries for the demixing of spheres and semiflexible polymersscales with the number of segmemtsas N*® (actually the
[7] and for the coil-globule transitiofii4,15. The theory for exponent is slightly less than 3[46]). So, the volume oc-
the mixture of spheres and semiflexible polymgr$is a  cupied by the polymer molecule scalesNt®. The exponent
straightforward virial expansion of the Helmholtz free en-is greater than one and so the average density of segments
ergy, truncated after the second virial coefficient terms. Ininside this volume tends to 0 &ktends to infinity. However,
the free energy expressions of REf] the two components if the interactions between the segments of the polymer are
of the mixture were treated symmetrically. While this is of sufficiently attractive, the poor solvent regime, the polymer
course perfectly valid, here we want to use the analogy beexists in a condensed state, the globular sfag14-18.
There the radius of gyration of the polymer scalesN&§
and so as\N tends to infinity the average density inside the
*Electronic address: sear@chem.ucla.edu polymer remains nonzero. The crossover from the radius of
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excluded-volume interaction. The center of a sphere cannot
‘ approach within D +Dg)/2 of the center line of the polymer.

Ill. THEORY

We only consider explicitly the globular state of a single
isolated polymer molecule in thd—oc limit. We also ne-
glect any variation in the density of polymer segments in the
globule; the volume approximation of Lifshitz and co-
workers[14,15. Then the globule is simply a bulk phase of

‘ volumeV in which theN polymer segments are distributed
‘ with a uniform densityp=N/V. Far from the coil-globule
transition and for largé this is reasonable, then the globule

FIG. 1. A schematic of our semiflexible polyméthe solid IS expected to resemble a drop of liquid—the density is uni-
CUI’VQ immersed in a suspension of spherical parti(ﬁbe shaded form except for a narrow interfacial region at the surface of
circles. the globule. It should be borne in mind that the assumptions

behind our free energy break down at the transition itself.
gyration scaling ad\®® to N3 marks the coil-globule tran- They provide an estimate of what density of colloidal par-
sition. ticles is required to induce a coil-globule transition of the

Motivation for studying the current model mixture is pro- Polymer but cannot say anything about the critical behavior
vided by an interest in the phase behavior of long DNA&at th_e_transmon. For a detailed study of the region of the
double helices. The DNA double helix is a semiflexible poly- transition, see Re{25] and references therein.
mer, its persistence lengfR0] is ~50 nm[21], which is 25 The starting point is a vmql expansion 'of'the Helmholtz
times its diameter of-2 nm. Our semiflexible polymer with free energyAq, of a globule, in theN— o limit. This free
only excluded volume interactions is a crude model of DNA€Nergy has had the free energy of the polymer in the ideal
in a good solvenf20,21]. Our model mixture is then a crude coil state subtracted off. The volunveenclosed by the glob-
but not unreasonable model of a long DNA molecule in aule includes solvent, which we do not treat explicitly, and
suspension of spherical particles, in the absence of any spgolloidal spheres. These spheres are at a depsityhich is
cific DNA—spherical-particle attraction. Thus, our results im-uniform within the globule. Thef14,20
ply that DNA can be condensed using colloidal spheres. As
far as we are aware this has not been attempted. However, b:p252+p5[|n ps— 11+ p2B5S+ppsBBS, (D)
there are a number of experimental techniques for condens- \Y
ing DNA, such as altering the solvent, adding polyvalent ,
salts, etc.: see Refi22,23 and references therein. However, Whereg=1/(kT), for T th_e_temperastgre anldSBoItzmann S
all these techniques produce a sudden collapse of the DNAONStant. The virial coefficienB,, B3® andB)* are the sec-
to a dense state in which the separation between adjacefifd Virial coefficients of the polymer-polymer, the sphere-
parts of the DNA is only a few nm and the DNA has hex- SPhere, and the polymer-sphere interactions, respectively.
agonal order. The collapse induced by the colloidal sphere¥/e have neglected the contribution of the momentum de-
is continuous and it is then possible to prepare a low densit@rees of freedom as they do not affect the phase behavior. It
isotropic globule of DNA. As far as we are aware this is the!S this which has caused the argument of the logarithm in Eqg.
only way of preparing a low density globule of a semiflex- (&N} to haV(_a @mensmns of inverse volume. In _the absenc_e of
ible polymer such as DNA. Our system may also be useful agolloid A is just equal to the first term on the right-hand side
a very crude model of the effect of “macromolecular crowd- of Ed. (1). This term gives the increase in free energy with

ing” on DNA actually in cells, see Ref§10,11,24 and ref-  density due to the excluded volume interactions. The entropy
erences therein. cost in compressing a coil into a globule with a finite density

p is not of orderN and so is not included in Eq1). The
virial coefficients are given by

Il. MODEL
The polymer is modeled by a homogeneous cylindrical Bz=%P2D,
elastic filament[20]. The filament follows a continuous
curve in space; see Fig. 1. The filament bends and flexes 5
during thermal motion but it has a certain amount of rigidity, B;s:_WDS, )
measured by its persistence lendtH20]. A piece of poly- 3 °°

mer shorter than the persistence length only bends by a small
amount due to thermal motion, it behaves almost like a rigid
rod. The polymer has a hard core of diamdderthat is the
center line of the polymer cannot approach witbirof itself.
The po|ymer isN persistence |engths |ong; in our calcula- Bgs is the second virial coefficient of hard Spheres of diam-
tions we will always consider the limit df—o. eterDs. The above expression f@b° is the volume a rigid
The colloidal spheres are modeled by hard spheres with eylinder of diameteD excludes to a sphere of diametf2g.
diameter D,. The polymer-sphere interaction is also anEquation(2) for B5® therefore neglects the curvature of the

T
Bj*=2 P(D+Dy)?
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polymer, but so long aB>D the polymer curves gently on 0.075 n 0.103
a length scale oD4 and this approximation is a mild one. /
The second virial coefficient of the polymer-polymer inter-
actionsB, is obtained by splitting the polymer into segments
of length less thar® but much larger tha®d and then as-
suming that these interact as rigid rd@§]. Consider a poly-
mer of lengthL, we split it up intoL/I _segments of Iength P' 0070
The excluded volume of two cylinders of length is
(m/4)1?D if I>D. So, the volume excluded to one segment
by the others is £/4)LID, and this times the number of
segmentd./I gives the total excluded volumesr(4)L?D.
Dividing this total excluded volume by and realizing that
L/P=N we see that we have obtained the first term in Eq.
. 0.9%%.00 005 010 o1 %

The volumeV occupied by the globule is within a much
larger volume of colloidal suspension, which acts as a reser-
voir of colloid, thus fixing its chemical potential. The density  FIG. 2. Plots of the reduced pressyre= 8pB, of a globule as
of the colloidal spheres is different inside and outside of aa function of¢, at constant,. The solid curve(plotted on the left
globule, thus it is more convenient to work with not the hand pressure scalis for z,=0.5, and the dashed curgglotted on
density of the spheres but their chemical potential, which ighe right hand scajes for z;=1.
of course always uniform. The coil-globule transition is then
brought about by increasing the chemical potential of thevherezs=exp(BugB;74 is a reduced activity of the colloid.
spheres(This is completely analogous to inducing a coil- The volume fractiongs of an ideal gas of colloidal spheres
globule transition by reducing the temperatufghe chemi-  in the absence of polymer is equalp, in the presence of
cal potentialBus is equal to the derivative of the free energy excluded volume interactiongs<zs. Note that Eq(6) ex-

0.102

0.101

of Eq. (1) with respect top: presseg)y as a function ok, notzg. To calculate) as a
function of z; we have to solve EdY7) for ¢ at the specified
Bus=In ps+2p B3+ pB5S. (3)  value ofz,. This can be done numerically. The presspiraf

the globule can be obtained by taking the derivativegf,
Under conditions of fixegp and ug the correct thermody- Eq. (6), with respect to/.
namic potential is not the Helmholtz free energy but a semi-

grand potential), defined by[18] IV. RESULTS AND DISCUSSION

%: ﬁ_p e (4) A mixture is specified by the values of the three length

v ovo e scales:D, P, andDg. All interactions are athermal and so

) . the only energy scale ikT. Phase behavior is solely deter-
Using Egs.(1) and(3) this becomes mined by dimensionless ratios and the only dimensionless

ratios that can be defined are then those between lengths. The
ﬁ_Q@J: 28— p.— p2BSS (5) mixture’s phase behavior is determined by two dimension-
V 27 PsTPsbz - less ratios of lengths, we choo8¢D andD./D. The per-

sistence length of DNA is around 50 nm or 25 times its
We now go over to reduced units. Two reduced densities argiameter of 2 nnj21]. So, we seP/D=25. The ratioD¢/D
defined: {=pB, and ¢s=psB,/4. For semiflexible chains s set equal to 15 for our calculations. This value is chosen as
with P>D the isotropic-nematic transition occurs betweenye estimatgsee belowthat for values oD¢/D of order 10
an isotropic phase witlf=3.29 and a nematic phase with the continuous coil-globule transition is not preempted by a
{=4.19[20]. ¢s is the volume fraction of colloid. Hard collapse to a dense hexagonal globule. We will return to this
spheres solidify at a volume fraction close to one-half. Wepoint when we discuss our results.
have given the reduced densities at which semiflexible poly- At equilibrium the pressure is uniform, which means that
mers and spheres order as they give a good idea of the defi-must be the same inside the globule as in the surrounding
sities at which interactions are significant. For densitiescolloidal suspension. A stable globule is then only possible if
much less that those given for the transitions the polymer ots pressure equals the pressure of the surrounding suspen-
fluid of spheres is close to ideal. Then in reduced units, Edsion, which is given by thé=0 limit of the pressure derived
(5 is from Q. Local stability also requires that at that valueZof
the pressure is an increasing functionfof
B—%:g— Eﬁ(1+4¢ ) 6) In Fig. 2 we have plotted pressure-density plots at two
N 2 ¢ s values ofzg, 0.5, and 1. At the smaller value af the pres-
sure is a monotonically increasing function of the density of
and Eq.(3) is the polymer and so no phase with nonzérae., no globular
phase, is stable. Az;=0.5 the polymer exists as a coil.
¢ @) However, forz,=1 the pressure first decreases, goes through
' a minimum, and then increases. So, here the coil state is

D D
In z;=In ¢s+8pst+ P 1+ D
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FIG. 3. The density of the globulé as a function of the col- FIG. 4. The density of the colloidal spherég outside(solid

loid's activity z,. The density goes to O at the coil-globule transi- CUrve and inside(dashed curveas a function of the colloid’s ac-
tion, which is atzs=0.515. tivity z,.

unstable and the polymer exists at a density given by th@ematic transition ofpure semiflexible chains is at a re-
condition that its pressure equals the pressurg=dd. Note  duced pressur@’= gpB,=26 [20], much higher than the
that zs can easily be converted into the density of colloid in Pressure of the transition we have found; see Fig. 2. There is
the suspension outside the globule using #€0 limit of no possibility of a dense nematic or hexagonal globule form-
Eq. (7). ing at this density of the colloid; the pressure inside any such
As the chemical potential of the spheres is increased th@lobule would be much higher than the pressure of the col-
slope of the pressure versgscurve at{=0 goes continu- loidal suspension outside. Note that this conclusion relies on
ously to zero and then becomes negative. This corresponde spheres being large, i.e., on the rddig/D being large.
to a continuous coil- g|0bu|e transition. This is seen in F|g 3, At fixed volume fraction of the colloidal SuspenS|0n its pres-
where we show the density of the globule as a function,of ~ sure varies a® °. For values oD of the order ofD the
As the transition is approached from above, i.e., high valuesituation is very different. A suspension of spheres of this
of z5, the density of the globule goes continuously to zeroSize can easily be at a pressure equal to the pressure of a
The slope of the pressure curve &0 is given by the dense(pure nematic or hexagonal phase of the polymer. In
coefficient of the term linear irf in the Q,—the second addition, the overlap of the excluded volumes of two poly-
virial coefficient term inQ4. The transition is at the point Mer segments only occurs when the two segments are close,
when this second virial coefficient equals 0. There the thirgvithin Dg~D of each other. By excluded volumes we mean
virial coefficient is positive and so th@, of Eq. (6) has the  the volumes of space excluded by the polymer segments to
same form as the free energy studied by de Gefiheg6.  the spheregl]. Thus the attraction is now short ranged, its
We have found a continuous coil-globule transition forrange is much less thad and we expect a first order transi-
our semiflexible polymer. However, experiments on DNAtion, as in Ref[28].
[23,22 show a first order transition, as does a theory for Finally, in Fig. 4 we show the colloid density inside and
polymers of long rigid segments with short ranged attrac-outside the globule, as a function nf. We see that for the
tions[28]. The reason for the difference is that the colloidal values of the parameteRYD andD,/D that we have taken,
spheres induce a depletion attraction with a rand,. This & volume fraction of colloid a little more than 0.15 is re-
is not much shorter than the polymer’s persistence length, ifivired to induce the coil-globule transition. The colloid den-
contrast to the attraction in both the DNA in the experimentsSity outside the globule is just that of a fluid of hard spheres
[23,27 and the model of Ref,28]. When the range of the at that value ofzs, within the second virial coefficient ap-
attraction is much less than the persistence length, then thgoximation. It therefore increases agincreases. The col-
higher order virial coefficients are already negative when thdoid density inside the globule, however, decreases;as-
second virial coefficient becomes negatf28,27. The free  creases, due to the increasing polymer density of the globule.
energy is then not of the form considered by de Gennes and
others [12—-16,26, and the continuous transition is pre-
empted by a first order transition to a dense globule with at
least nematic ordering. Thus, we predict that if the coil- We have studied a system of a large, isolated semiflexible
globule transition of DNA is induced not by altering the polymer molecule in a suspension of spherical particles of
quality of the solvent or adding polyvalent ions but by mix- diameter an order of magnitude larger than the diameter of
ing in a colloidal suspension the transition will be continu-the polymer but much much less than the radius of gyration
ous, not first order. of the polymer. The solvent for the polymer was good so we
Equation(6) for () is only valid when the polymer is in found that at low densities of the spheres the polymer was a
the isotropic phase. We now check that the transition preswollen coil. However, as the density of spheres was in-
dicted with this potential is not preempted by a transition tocreased beyond a certain point the polymer underwent a coil-
a dense ordered phase. This is easy to do as the isotropiglobule transition. The polymer molecule and the spheres

V. CONCLUSION
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“demixed”: the polymer contracted to form a dense phasebrought about by a&hort rangedattraction, i.e., two DNA
(Fig. 9 partially expelling the spherd§ig. 4). The driving  helices only attract each other when they are a few nm apart.
force for the coil-globule transition is the same as that for theAs discussed by the author in Ref27,28, the dramatic
demixing into two bulk phases of long rodlike particles andcollapse to a dense ordered phase is then not surprising, see
spherical particle$7]: the excluded volume interaction be- also Refs[30—32. The depletion attraction between poly-
tween the spheres and rods is large and this greatly reduceser segments due to the presence of the spheréanis
the volume available to the particles. The reduction in vol-ranged the range is not of ordéd but of orderDg, which is
ume greatly reduces the translational and rotational entropsgin order of magnitude larger. It is this difference in range
in phases that have high densities of both rods and spheretat is changing the coil-globule transition from discontinu-
favoring demixing into two phases, each with a high densityous to continuous. Thus adding colloidal particles of size
of one component but a low density of the other. ~20 nm or larger to DNA may produce a continuous col-
The coil-globule transition we have found is continuous.lapse of the DNA. Such a continuous collapse has not yet
Although flexible polymers such as polystyrefig5,29 been seen, as far as the author is aware.
show a continuous coil-globule transition, for DNA the tran-
sition is discontinuou$22,23. The E_)NA coil suddenly c_ol- ACKNOWLEDGMENTS
lapses to form a dense globule with hexagonal ordering. In
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