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Hard Spheres in Vesicles: Curvature-Induced Forces and Particle-Induced Curvature
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We explore the interplay of membrane curvature and nonspecific binding due to excluded-volume
effects among colloidal particles inside lipid bilayer vesicles. We trapped submicron spheres of
two different sizes inside a pear-shaped, multilamellar vesicle and found the larger spheres to be
pinned to the vesicle’s surface and pushed in the direction of increasing curvature. A simple model
predicts that hard spheres can induce shape changes in flexible vesicles. The results demonstrate an
important relationship between the shape of a vesicle or pore and the arrangement of particles within it.
[S0031-9007(97)05124-7]

PACS numbers: 87.22.Bt, 05.20.-y, 82.65.Dp, 82.70.Dd

Entropic excluded-volume (depletion) effects are wellforce theory and illustrate a new mechanism for the size-
known to lead to phase separation in the bulk of colloidsdependent arrangement of particles within pores. We then
and emulsions consisting of large and small particles wittexplore theoretically some consequences of replacing the
short-range repulsive interactions [1—-6]. More recentlyrigid wall with a flexible one. The entropic curvature
attraction of the large particles to flat, hard walls [7,8] andeffects can overcome the membrane’s stiffness, leading to
repulsion from step edges [9] have been demonstrated i new mechanism for shape changes in vesicles.
binary hard-sphere mixtures. A key concept suggested in We first briefly review depletion effects in mixtures of
these papers is that the geometric features of the surfaeceicroscopic hard spheres of two different sizes. Moving
can create “entropic force fields” that trap, repel, or inducewo of the larger spheres toward one another does not
drift of the larger particles. This mechanism is not limited change their interaction energy (which is zero for hard
to suspensions of micron-sized particles; it may playspheres) but does increase the volume accessible to the
a role in “lock and key” steric interactions on smaller other particles (Fig. 2). The resulting gain in entropy
macromolecular length scales. For example, the shapeduces the free energy of the system(BY2)a ¢pskpT
of pores and liposomes inside cells is likely to affect the[11,12]. Here « is the ratio of large to small radii
behavior of macromolecules confined within them [10]. (R./Rs), ¢ is the small-sphere volume fraction, akgll

In this Letter, we present experimental results thais Boltzmann’s constant times the absolute temperature.
demonstrate new entropic effects at surfaces. In particulafhis simple result relies on the approximation that the
the behavior of particles confined within vesicles revealsmall spheres are a structureless ideal gas and that the
guantitatively the striking effect of membrane curvature.large-sphere volume fractios, is small. The reduction
We first discuss experiments probing the behavior of a@f free energy produces an “entropic force” that pushes the
microscopic sphere trapped inside a rigid, phospholipidarge spheres together. When the large sphere is moved
vesicle. Adding much smaller spheres to the mixtureto a flat wall, moreover, the overlap volume and the free-
changes the distribution of the larger sphere in a way thagénergy loss are approximately doubled [7]. In binary
depends on the curvature of the vesicle wall [see Figs. 1(lhard-sphere mixtures, these effects are known to drive
and 1(c)]. The results are consistent with the depletiorcrystallization of large spheres in the bulk [1,2,5] and at a

100%

FIG. 1. (a) Cartoon of the 600-nm thick slice through an SOPC vesicle imaged with an optical microscope. We measured the in-
plane positions of the larger colloidal sphere when it was in focus. (b)(color) Probability distribution of a singleu®2Bius
polystyrene sphere inside a vesicle (no small spheres). The white dashed line is the edge of the vesicle, and the colored points
indicate the number of timegV, the center of the sphere was observed in a bin located at a given point. There were 2000 events
and the bins wer@30 X 130 nm. The sphere simply diffused freely throughout all of the available space. (c)(color) Same as in
(b), but with a vesicle that also contained small sphedgs=€ 0.30, Ry = 0.042 um, @ = 5.7). There were 2300 events and the

bin size was 65 nm. The large sphere was clearly attracted to the vesicle wall, especially where the vesicle was most curved.
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center of mass (+0.08 um) when it appeared in the im-
aged slice. From these data, we used two techniques to
extractF(r). In the first, the number of time§ (r;) the
sphere appeared at a given bin locatex] defined the den-
sity distribution. Assuming that each measurement event
was independent of the othe§(r;) follows the Boltz-
mann distribution:N(r;) « exd —F(r;)/kgT]. Since a
FIG. 2. Description of depletion forces in a binary hard- Systematic error can arise if events are not completely inde-
sphere mixture. The centers of mass of the small spheres afendent (i.e., not separated by an infinite time), we waited
excluded from the hatched regions, within one radius of thea minimum of 0.6 s between measurements. During this
surface of the large sphere and of the walls. In (a), the volumgme the root mean square displacement wak3 um,
accessible to the small-sphere centéis,, is the total volume %grger than the 0.07—0.18m bin sizes. We also col-

T

minus the hatched regions. (b) When the large sphere mov . - .
to the wall, the excluded regions overlap, as shown in blacklected data over a period of 30—80 min, enough time for

andV,.. increases by this amount. The small spheres’ entropyhe sphere to explore all of the available space. We there-
therefore increases. (c) Because of the changing wall curvaturégre used the logarithm of the sphere’s distribution to ex-
tht=h size q;‘l the overllap dfhpends"c;n sphere postﬁlon.. Th? Lﬁrg@act the free energy.
igeﬁ;% \p(/algicr?n?vaes ?n(t)jri]c?atec? gﬁheoang'_m'ze € size ot the _The dynamics of the diffusing 0.23Zm spher_e pro-
vided the second way to measufér;), as described in

flat surface [1,7,13,14]. Furthermore, the shape of the walll6]. The region along the inner surface of the vesicle was
can lead to entropic forces in a specific directgdong the  divided into several equal-area bins. We considered only
wall. For example, the larger spheres are locally repelle@vents in which the center of the large sphere was within
from an edge cut into the wall [9] and attracted to a cornef.28 um of contact with the surface in consecutive frames
(i.e., where the “wall” meets the “floor”) [15]. If the wall (separated by a time). From our videotape, we counted
has constantly changing radius of curvature, these forcebe number of time$n;;(7)] the sphere was located in
are predicted to act everywhere along it [9]. As shownbin j at timet and in bini at timer + 7. The transition
in Fig. 2(c), when the large sphere is near the wall, theprobability matrixP;;(7) is given byN;;(7)/N(r;). The
overlap volume depends on the wall's curvature radiusmeasured matri®;; contains information about the equi-
The large sphere will therefore move in the directionlibrium state of the system. In particular, the eigenvec-
of increasing curvature to minimize the small spherestor (&) of P;; with unit eigenvalue is proportional to the
excluded volume. Boltzmann factoré; « exgd —F(r;)/kgT]. We obtained

To measure this surface entropic force, we have studiedonsistent results withr = 0.1, 0.2, and 0.3 s and with
the distribution and dynamics of microscopic nearly hardvarious bin sizes. This technique avoids fit parameters
spheres trapped inside rigid, pear-shaped vesicles. Thand possible systematic errors arising from the density-
vesicles were prepared from a phospholipid [1-stearoyl-2édistribution approach. It also avoids potential errors aris-
oleoyl-sn-glycero-3-phosphocholine (SOPC), Avanti Inc.,ing from a slow change in the shape of the vesicle, which
U.S.Al], dissolved in chloroform (25 mignL). After  could affect the distribution averaged over a long time but
evaporating the chloroform from 200L of SOPC solu- would not affect the short-time particle dynamics.
tion, we added 10QcL of salt water with charge-stabilized =~ We report here the results from two different samples.
polystyrene spheres (Seradyn, IN, U.S.A.) in suspensiorihe first “control” sample contained a solitary 0.2a1
The salt 0.01M NacCl) served to screen out electrostaticsphere (no small spheres) diffusing freely inside a vesicle.
forces over a distance of=5 nm, the Debye-Huckel The measured density distribution is shown in Fig. 1(b).
screening length [7]. Thus, our sample closely resemble@he sphere distribution is uniform: There is no significant
an ideal hard-sphere and hard-wall (HSHW) systeminteraction between the vesicle wall and the polystyrene
Rigid, multilamellar vesicles of diverse shapes and sizesphere, as expected due to the very short Debye-Huckel
immediately formed with colloidal spheres trapped in-screening length.
side. We injected the solution into a J0n-thick glass The behavior changed noticeably when small spheres
container for viewing under an optical microscopé(’x  were added to the interior of a vesicle. In Fig. 1(c),
objective with 1.30 numerical aperture, in transmissiorwe show the distribution of th&; = 0.237-um sphere
mode). We focused on vesicles that had spontaneousiy a binary mixture with ¢s = 0.3, Rs = 0.042 um
formed with thick walls of static, nonuniform curvature (o = 5.7). The distribution is highly nonuniform, with a
(i.e., “pear shaped”). Images of a planar slice, 600 nnrsignificantly higher probability of finding the large sphere
thick, through the center of these vesicles were capturedyithin about 0.28um of the surface. The apparent width
then later digitized [Fig. 1(a)]. of this “surface” region exceed®Rs due to uncertainties

We quantified the behavior of the mixture by measuringn the particle positions and, possibly, due to a slight tilt
its free energyF(r) as a function of the position of a sphere of the vesicle wall away from vertical.
of radiusR; = 0.237 um. First, using NIH Image soft- We measured the average number of times the large
ware, we determined the in-plane position of the sphere’sphere appeared in each bin within 026 of the
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surface and the average number per bin in the bulk. Wwvall using our images of the vesicle. In Fig. 3, we plot the
defined the natural logarithm of the ratio of these numberfree energy as a function of wall curvature radiRs.
as Fy/(kgT), a measure of the average strength of theThe free energy decreased by approximatelyz7T when

depletion attraction. We foundly = (2.2 = 0.5)kpT. the curvature radius decreased from 20 t@rd. For
Theoretically, Fy = In fﬁfo'zg KM dr/0.28 um] X  comparison to our results, we used the simple depletion-

e V/kT \wherer is the distance from the large-sphere force model described above [Fig. 2(c)] to calculate the
center to the wall and (r) is given by the depletion force free energy as a function of wall curvature (assuming

model. Although the vesicle wall was curved, we can@ locally spherical wall): F(Rc) = —PsVovertap (Rc).
predict a lower bound of, by assuming the wall is flat, Here Ps is the small-particle osmotic pressure (from the
in which case ideal-gas law) and¥,er1ap (R¢) is the size of the excluded-
—ksTbs volume overlap. The large sphere was assumed to touch
V(r) = ———(r — R, — 2Rs)*(r + 2R, + Rs). the vesicle wall. The theory, represented by the solid
s line in Fig. 3, is consistent with the experimental results.

(1) For both plots, the free energy was set to 0 in the limit

Putting in the numbers gives a theoretical predictionof @ large curvature radius (flat wall). Since we could
of Fo = 1.97kzT. Here we have neglected thermal only measureR¢ in the image plane, we assumed that this
fluctuations in the shape of the vesicle wall and residua®lso determined the out-of-plane curvature. This approxi-
electrostatic repulsion. Constraining the large sphere tg1ation probably explains the scatter in our data points.
lie 5 nm away from the wall, for example, reduces So far we have shown that curvature ofigid wall
the predicted result td.45kzT. The 0.7kzT difference induces forces on the large spheres in binary particle mix-
from our measured result is likely due to the curvaturetures. To conclude this Letter, we consider theoretically
of the wall, which would enhance the observéd as @ binary hard-sphere mixture in the presencdl@tible
discussed in the following paragraph. These results ar@alls. This extra degree of freedom introduces a com-
consistent with recent calculations showing that the idealPetition between depletion and curvature energy that can
gas approximation accurately predicts the depletion welProduce a variety of new phenomena. For example, we
depth at contact (although it misses the relatively weakeéXpect that under some circumstances, the membrane will
long-range depletion repulsion) [17]. spontaneously bend around the large sphere (Fig. 4). We
The distribution in Fig. 1(c) demonstrates a higheranticipate that these effects will be observable and that
large-sphere occupation where the vesicle surface is mot#derstanding this mechanism will be essential to predict
curved. From the sphere dynamics, we obtained the totdhe behavior of unilamellar phospholipid vesicles contain-
free energy as a function of sphere position when it was ing particles of different sizes.
near the surface. The inset in Fig. 3 shows the measured The membrane will spontaneously envelop the large
F as a function of the position along the perimeter. sphere only if the resulting total free energy change
The slope of this curve reveals a maximum force ofiS negative. Our experiment indicates that the membrane-
20 X 107N pushing the large sphere along the wall.particle interactions are very short ranged, so we use the

We also determined the curvature radius at points along theard-sphere and hard-wall approximations. We therefore
divide the full free energy into two terms, one represent-

ing the net adhesion induced by the colloidal spheres, the

0.5 ' ' ' ' other the vesicle’'s bending energy:= F.qn + Fues.
o+ The experiment described above shows that for rigid
¢ ¢ membranesF,q, can be well described by the depletion-
Fon .05+ g 1+ force model. For flexible membranes we must add a new
- & Uit P “ . -
<< > contribution toF,qn, to account for the “steric repulsion
L q1+] 5 é -1 ...-"'“« J effect [18,19]. ForRs < R; we may approximate the
+ 2 1
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FIG. 3. The total free energy of the binary mixtuFe when 0o p©0o0 (o) OO 000 O

the large (0.237+m) sphere was at the vesicle wallF is

plotted in units ofkzT as a function of the wall curvature FIG. 4. Cartoon demonstrating how hard spheres can induce
radiusRc. The symbols represent measurements and the lina change in the shape of a vesicle. (a) When the membrane
represents the results of the calculation described in the texis flat, the excluded-volume overlap is minimized and the
(Inset) F/kpT vs positions along the perimeter of the vesicle. curvature energy is zero. (b) When the vesicle envelops
The origin (s = 0) is located at the lower left of the vesicle the large sphere, the curvature energy increases, but so does
shown in Fig. 1(c). the excluded-volume overlap (hatched region).
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