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Abstract

When a particle is placed in a thin liquid film on a planar substrate, the liquid either climbs or descends the particle surface to satisfy its
wetting boundary condition. Analytical solutions for the film shape, the degree of particle immersion, and the downward force exerted by
the wetting meniscus on the particle are presented in the limit of small Bond number. When line tension is significant, multiple solutions for
the equilibrium meniscus position emerge. When the substrate is unyielding, a dewetting transition is predicted; that is, it is energetically
favorable for the particle to rest on top of the film rather than remain immersed in it. If the substrate can bend, the energy to drive this bending
is found in the limits of slow or rapid solid deflection. These results are significant in a wide array of disciplines, including controlled delivery
of drugs to pulmonary airways, the probing of liquid film/particle interface properties using particles affixed to AFM tips and the positioning
of small particles in thin films to create patterned media.

0 2005 Elsevier Inc. All rights reserved.

1. Introduction menisci form when particles are closer than the capillary
length, creating net forces between particles that drive them
A particle will enrobe itself in a fluid until its contact an-  toward each other. For small Bond numi® (the ratio of
gle boundary condition is satisfied. The partial wetting of gravitational forces to surface tension forces on the particle),
particles has been extensively studied because of its impor-the fluid interface becomes planar, and capillary interactions
tance in several applications, including froth flotation as a between particles vanighl].
means of recovering ore particlgls-3], the use of partially The situation of a single particle in a thin film has been
wetted particles to form or disrupt emulsiofs5], the use less studied. For the case of two free surfaces, spherical par-
of aerosol particles laden with drugs in particle-based drug ticles spanning the film have been used to infer film heights
delivery[6,7], and, more recently, the use of evaporating thin in a film-thinning apparatus by comparing the shape of the
films containing particles to create colloidal cryst@k interface inferred by interference fringes to the shape pre-
The configuration of spherical particles and their pair- dicted by integrating the Young—Laplace equatja4]. In
wise interaction at interfaces of infinitely deep fluids has contrast, pairs of particles in a thin liquid filf,15—18]have
been extensively studied ¢1.—5,9—13] The weight or buoy- been extensively studied to understand attractive interactions
ancy of the particles deflects the surfaces, which bend overcaused by the menisci between them. Even in the limit of
distances comparable to the capillary length. Asymmetric vanishingBo, these interactions remain finite when the film
thickness is less than the particle diameter. These forces are

- . exploited in techniques to create colloidal assemblies.
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face shape, the degree of submersion of the particle and the — 27 sing. sin(p. + 6) + Fn =0, (2a)

magnitude of the forces on the underlying solid surface are ay

derived. The effects of line tension are also considered. De-whereBo, the Bond number, is defined:

pending on its sign, line tension can either further submerge

or float particles. A discontinuous dewetting transition is Bo=

predicted for critical values of the (positive) line tension. 4

That is, for large enough line tensions, it is energetically fa- For significant Bond numbers, the gravitational terms must

vorable for the particle to rest on top of the film rather than be retained, as discussed in detail in referefitkand[10].

to immerse itself in it. This transition is discussed in com- However, for solid particles with radii less than millime-

parison to the discontinuous wetting transition predicted for ters in aqueous systeni8p « 1. Provided thaBo and the

particles at interfaces of deep fluid<]. productBol(ps — pv)/(pL — pv)] are small, the first term in

The wetting meniscus exerts a downward force on the EQ.(2a)can be neglected, and the force balance becomes:

particle. To estimate whether the particle can bend the un-

derlying substrate, an energy analysis is performed in the — = 27 sing. sin(g. + 6). (2c)

limits of slow or rapid substrate bending. Such substrate de- ] .

flection has been reported for small particles placed in thin Equation(2c) requires thatFy be as large as necessary

liquid films in the lung[6]. A brief discussion of the impli-  © balance the surface tension wetting force. Note that if

cations of these results in that context is presented. he were greater thanaz Fy would be zero, so the net
vertical surface tension force would also be zero requiring
180 =0 + ¢, for all 6, recovering the known solution of a

2. Theory flat interface for large film thicknessés,, > 2a).

(pL — pu)gaz. (2b)

2.1. Force balance on the particle 2:2. The film interface shape
The shape of the fluid interface is determined by the

A spherical particle of radius placed on a planar support Young—Laplace equation in cylindrical coordinates:

covered with a thin liquid film of far-field thicknegs, < 2a

will enrobe itself in liquid to satisfy its contact angfeto (P = )8 () — hog) = — h’

form a wetting anglep. (which locates the 3-phase contact o= PLIE *© 1+ (h)2)3/2

line) as shown irFig. 1 A vertical force balance on the par- 1 n }
Y,

. . i O
ticle yields: . m

4 4 (oL — pv) 3 where the primes indicate derivatives lofwith respect to
3748 (s =) — — [2_ 3Cosp. +COS ¢ the radial coordinate. For smaflo, (7')2 < 1, so Eq.(3)
can be simplified by approximating the denominators on the
(he —hoo) right-hand side as unity. The equation is then recast in di-
- 3T S|n2 ¢C)i| }

(3)

mensionless form according to:

+ 2may sing. sin(p. +6) — Fy =0, (1) G(f)ZM’ ;:L, ﬁ:i, (43)
where p; (i = s, L,v) denote densities, with subscript ) a ) L ] a
L andv referring to the solid particle, the liquid film and WhereL. is a capillary length, defined as:
the surrounding vapor phases, respectively, andenotes %
the surface tension. In Eql), the first term contains the  Lc= A—pg (4b)
forces exerted by gravity on the particle (including buoy- , . )
ant forces exerted by the fluid which intersects the sphere at© Yi€ld @ modified Bessel equation:
heightz. = a(1 — cosg.)); the second term is the surface , G
tension force exerted along the wetted perimeter (of length G+ I G=0 ()
2masing.); and the third termFy is the magnitude of the

. . subject to two boundary conditions:
upward normal force exerted by the underlying solid on the | 4

particle at the wetted pole. This equation can be recast in lim G =0, (6a)
non-dimensional form to become: e o

G(F = singpcv/Bo) = he — hog. (6b)
4 — 1
ZaBo| 2Py _ = [2 — 3cosp, Thus, the final expression for the shape of the liquid—gas in-
3 poL—py 4 .

terface is:

(hc - hoo) . N A~ /’Al . — ﬁ
+00§’¢c—3451n2¢c)ﬂ h(F) = hoo + ———=>—Ko(F), 7
a ( ) o] Ko(singom/%) 0( ) ( )
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(b)

Fig. 1. (a) Particle of radiug and densityp situated in a thin liquid film of thickneds~, and densityp; on a planar substrate. A vapor phase of density
is above the liquid. To satisfy the contact anglehe fluid climbs the particle to a height with a wetting anglep. at the contact line. (b) Forces acting on
a particle situated in a thin film of liquidf, is the particle weightF'z is the buoyant forceFst is the force exerted by the meniscus angl is the normal
reaction force exerted by the substrate on the particle.

whereh, =1 — cosy. and Ko denotes the modified Bessel of line tension, mechanical equilibrium at the 3-phase con-

function of order zero. tact line requires that the Young equation be satisfied:
The slope of Eq(7) can be used to find tap ~ v, the
angle made by the interface with the horizontal. coSfp = Ysv— VsL’ (11)
. 4
dh : . . .
Y= —\/Bo? wherey; (i = sv,sL) is the interfacial energy of the solid
" 1/Bosing. surface, with subscripts sv and sL referring to the solid—
VBO(he — hoo) ] vapor and solid—liquid interfaces respectively, ands the
= Ko(\/B_—osin;O)Kl(v Bosing). (8) surface tension of the liquid—vapor interface introduced in

- . Eq. (1). In Eq. (11), the contact anglép is introduced to
whereK denotes the modified Bessel function of order one. refer to the contact angle when line tension effects are negli-

The angley can be related to the contact angle by: gible.
Let X denote a dimensionless line tension,

Y =180— ¢, — 6. 9)
o
Combining Egs(8) and (9) = va’ (12)
Vi Bo(ﬁc - fzoo) . whereo is the line tension. When line tension is important,
0o =180-6 = gy K1(YBOsINGe). (10} he modified Young equation governs the contact afgg
In principle, Eqg.(10) allows us to find the degree of im- cOSf = cosfp — ¥ cotg,., (13)

mersion of a particle in a thin film as a function of the contact

angle¢, the Bond numbeBo, and the far-field film thick-  whered is the contact angle including the effects of line ten-
ness,h, all of which would be known quantities in an  sion, which differs fromgy for fixed o for particles with
experiment. However, because E0) is a transcendental  small radii. (One can imagine measurifig on very large
equation, solving foip. given 6, Bo and i is not con-  particles made of the material of interest. The line tension
venient. It is convenient to specifi$o, ¢, hoc and solve s fixed by intermolecular interactions along the three-phase
afterwards for the contact angleconsistent with those pa-  contact line. Thusjg ando can be treated as the material pa-
rameters and slopes using E@0). ThereafterFy can be  rameters in the problem. However, the mechanical response
determined from Eq(2c). In performing these calculations,  of the system is determined By defined in Eq(13), which
polynomial expansions are used to approximate the modi-indeed reduces @ when X is negligible.)

fied Bessel functionsfo andK; [19]. (Alternatively, simple Inserting the expression fat from Egs.(10) into (13)
asymptotic approximations in the limit of small argument gjves:

x could be adopted, for whickp(x) = —C + In(x/2)[1 +

0(x?/4)], K1(x) =1/x + 0((x/2)In(x/2)).) costo .
=t co{(wc ++/Bo(h — hoo))
2.3. Line tension
Kl(\/B—OSin(pc) 1
For large wetting peripheries, line tension effects are typ- x KO(JB_C)sinwc)] cotg, (14)

ically negligible, and the analysis given above suffices to
describe a particle in a thin film. However, for smaller parti- Equation(14) provides an implicit relationship for the effect
cle radii, line tension can become important. In the absenceof line tension on modifying the contact line positign
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3. Resultsand discussion
3.1. Interface shape and forces exerted on the substrate

Fig. 2a shows the interface shaﬁef) for Bo= 10"
and ho, = 0.3 for several values of the contact angle
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with a planar interface so thatis satisfied. Then, the in-
terface does not deflect, agghat = 180° — 6. For thinner
films, the interface must bend upward to satisfy its contact
angle boundary condition (i.ey; > 0), so¢. decreases. It

is interesting to note that perfect wetting of a particle cannot
be achieved for film thickness less than the particle diame-

This figure also captures the dependence of the interfaceter. Even whert =0, there is a maximum value f@fmax

shape on the Bond numb&o implicitly in that the ra-
dial coordinate is scaled by the capillary lendth so that;
r =r/L. = (r/a)~/Bo. IncreasingBo decreases the length

that is less tham. This bound occurs because fog, < 2,
the interface must bend to wet the particleyse- 0. Since
0 + ¢c + ¢ = 1807, the maximum wetting anglg.max is

scaleL. over which the meniscus approaches its planar as- determined bypcmax = 180° — v/ (¢cmax, o, B0). This im-

ymptote. For smalBo, a particle deflects the interface over

plicit equation for¢.vax defines the intercepts iRig. 3 at

distances orders of magnitude larger than the particle itself.? = 0. Similarly, when6 = 180, there is no finite thick-
The effects of varying the contact angle are also reported inness for the film for whichg. is zero; in order to try
Fig. 2 The interface intersects the particle with a planar sur- 0 dewet the sphere, the interface deflects downward, and

face foro = 135. To satisfy contact angles lower than that
value, the interface deflects upwards (e.g., ot 45, the

¥ < 0. Thus, there is a minimum value fg. defined by
demin = —V (PeMin, h100), defining the values fap. in Fig. 3

fluid climbs the sphere to establish a contact line positioned atf = 180°.

at¢. = 1234); for contact angles greater than this value, it
bends downwards (e.g., fér= 180, the meniscus descends
along the sphere to locate the contact angtg.at 10.3). In

In Fig. 4a, the forceFy is shown as a function of con-
tact angle for varioush.. The greater the deflection of the
interface, the greater is the magnitude of the force. For the

Fig. 20, the interface shape close to the particle is shown. In C&Se where the interface remains perfectly planar fie =
this case, both axial and radial coordinates are scaled withfloofiat)s Fi iS Z€ro. Foris, < hoofiat, the wetting meniscus

the particle radiug.

In Fig. 3, the angle defining the degree of submersion of
the particleg. is plotted as a function of for various val-
ues offi... Consider the behavior at some fixed value of

If foo = hoofiat = 1+ cos9, the film intersects the particle

Fig. 2. The interface shape for a particle in a film with, = 0.3 and
Bo= 1 x 10 for various values ob. (a) / is scaled with the particle
radius,r is scaled withL .. (b) Close-up of interfaces near particle surface;
both axes are scaled with the particle radius.

pulls the particle down onto the surface afg > 0. For
casedio > Moofiat, the non- wetting meniscus pulls the parti-
cle away from the solid. This configuration is only possible
if the solid exerts a downward, attractive forég < 0. In
Fig. 4b, the magnitude oFy is shown to increase witBo

for hs = 0.3, since the greater Bo, the greater is the sur-
face deflection.

3.2. Line tension effects

Line tension can change the equilibrium wetting config-
uration significantly. In order to place our results in context,
the behavior of a sphere in a deep fluid studied in detail by
Aveyard and Clin{12] is briefly described. For this case,
the interface must remain planar for the force balance to
be satisfied, sp. = 180° — 6. Solving Eq.(13) for 6 as a
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Fig. 3. Angle of intersection with particl¢. as a function of contact angle
@ for varioush for fixedBo= 1 x 1076, ¢ depends only weakly ohis
because of smaBo.



J. Fiegel et al. / Journal of Colloid and Interface Science 291 (2005) 507-514 511

254

AN Bo value

2.0 4

1.0
E'v/ay

0.5 -

0.0

-0.5 -

Fig. 4. (a) Forceg'y exerted by solid surface on particle as a function of contact ahfpe varioushe for fixed Bo= 1 x 1076, (b) Fy as a function of
contact angl® for variousBo for fixed i = 0.3.

function of X' for fixed 6p = 70° yields the results shown in  calculated as:

Fig. 5a. Over an extended range bf there are multiple so- . . .

lutions for@; the continuous loop fof shown in the lower ~ AA" =A"(9c2) — A% (¢c1)

left-hand side of the graph, and another branch of solutions =(YsL — YsAAsL + YAALy

shown above that loop which becomes the sole solution at + 2ac (Singez — SiNge1), (16)
large X. There is another possible configuration for a par-

ticle in a deep fluid: it can undergo a wetting transition and Where AAg is the change in wetted surface area of the
be pulled under the liquid surface. An energy analysis can SPhere:

be used to ascertain which of these solutions are stable. The 2

stable configurations, described in detai[12], are shown Adsl =2ma"(COSpc1 — COSpc2). 7

as the bold lines iffig. 5a. As X increases, the contact line  andAA,y is the change in area of the liquid—-vapor interface,
reduces slightly (i.eq decreases). At a critical value for the ~Which is given by:

line tensionXyet the particle abruptly undergoes a wetting asinge2

o : : 1/2
transition. (While these authors did not comment on the up- dn\? s
per branch of solutions in their study, their results remain Adry = 2n / {1+ (d_r) } rdr (182)
unaltered, since the upper branch is not stable when com- asingcl
pared to the immersed particle.) which in the limit of smallBo becomes:

In contrast, a particle situated in a thin film on a solid sup-

port that remains planar cannot immerse itself completely AALv ~ ”az[smz @c1 — Sir? @e2]. (18Db)
in the fluid. This situation is considered fig. 5. The Inserting these statements into Ed.6) and rearranging
solid lines correspond ths, = 0.1, 6o = 70, and the dashed  yjg|qgs:
curves are simply the results Kg. 5a, repeated for com- .
parison. Equatior{14) yields multiple solutions fop as a Ao = AA
function of X, which differ from the deep fluid case because ma?y
of the finite slope of the interfacg. While the particle can- = —2C0¥5-0(COSP.1 — COSYc2)
not be immersed beneath the film, it can be expelled from + [sin2<pcl _ sinchcz] + 2X[siNgez — Singe]. (19)

it. Thus, another possible configuration is a particle resting ] ) ] ] .

on top of the film. (The energy of the point of contact of If Ax is negative, the change in contact Img position from

the sphere on the plane is neglected.) An energy analysis?c1 10 ¢c2 decreases the free energy, and so is favored.

is constructed to ascertain which configuration is stable. At~ Comparing the various solutions, the stable configura-

constantT” and P, the Helmholtz free energg* of a par- tions are indicated py the bold lines .mg. 5. As 2 in-

tially wetted particle in a thin film can be calculated as: creases from zerd) first decreases slightly, then jumps to
zero (which, recall, does not correspond to particle immer-

A* = yoL AsL + YevAsy + ¥ ALy + 274 Sing,o (15) sion, but rather t@.max = 1483°). Thereafter increases
until a critical valueXgewes for which the particle is expelled

in dimensional form. (In Eq(15), all terms associated with ~ from the film in a dewetting transition. Note that this dewet-

the gravitational potential energy have been neglected in theting transition is predicted for a system that favors wetting

limit of small Bo.) The areas of the various interfaces are rep- in the absence of line tension. Fig. &c, the correspond-

resented by\; (i =sL, sy, Lv). If the location of the contact  ing graph of stable, is shown. This behavior is typical for

line changes frony.1 to ¢.2, the change in energy can be 6y < 85°. For larger values, the continuous loop of solutions
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Fig. 5. (a). Contact angle as a function of line tensio&' for 65 = 70° for a particle in a deep fluid (valid fotoo > 2.0). Stable solutions are shown by the
bold solid line. The critical value for line tension for wetting 35vet. (b) Solid curves: contact angieas a function of line tensiol’ for 6g = 70° for a
particle in thin film with/io = 0.1. Dashed curves: resultshig. 5a, repeated for comparison. Bold curves: stable solutions. The critical value for line tension
for dewetting isZgewer (C) Stablep. for 6y = 70° for a particle in thin film withi.o, = 0.1. (d) Contact anglé as a function of line tensio® for 6g = 110°.
Dashed curve: a particle in a planar interface (validftf&{ > 2.0). Solid curve: a particle in thin film withoo = 0.1. Bold curves: stable solutions.

180

terminates at the dewetting transition. The dashed curve in-

160 /_/ dicates the envelopEgewetValues for this transition.
140_P// ---------------

120 J/ 3.3. Flexible substrate

100 -

The preceding analysis can lend some insight into the
more complex problem in which the substrate on which the
particle rests is flexible and is subject to bending by the par-
ticle. The force exerted by the particle on the solid surface
is —Fy, determined by the analysis described above for a
. given free surface configuration. The energy made available
! by wetting the particle to deflect the substrate can also be

estimated. In making this estimate, the ability of the sub-
Fig. 6. A graph summarizing the stable contact amgdss a function of line - gyrate to exert a restoring force is neglected. Amendments to
tensionX for variouséy (the intercept for each curve) for fixéd, = 0.1 . . .
Each curve terminates dlgee; Dashed curve: the envelope Bleweras t'he' analysis to include the§e effects are'stralghtforward. Two
a function ofdg. limits for substrate deflection are considered below for the
case of a particle placed in a thin film of a given thickness
with a given contact angle.

80 4

60 -

is inverted. Stable solutions fer follow the lowest branch
of the curve, and jump to the dewetting transition at a critical 3.3.1. Slow substrate deflection
value for X', as shown irFig. 5d. Consider a particle placed on a thin film with, = 0.1

A graph summarizing the stable contact angle solutions and® = 70 in the absence of line tension. If the solid surface
0 vs X as a function of)y (the intercept on the vertical axis deflects slowly compared to the rate at which the meniscus
for each curve) fohs = 0.1 is shown inFig. 6. Each curve adjusts itself to maintain an equilibrium configuration, the
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Fig. 7. Energy profileAa(180C°, ¢.) = a (¢ = 180°) — a(¢.) as a func-
tion of X for fixed 6g = 70° and ieo = 0.1. For X = 0, Aa = —0.025,

the difference between the circle and square of Yhe- O curve. Recall
Swet = 0.25 and Xgewet= 0.58. Case (i): circle oz = 0.2 (X < Zet)
curve: 6 = 67.1° and ¢, = 1035°. Square: a planar interface intersect-
ing the particle withd = 64.2° and ¢, = 1158°. Case (ii): ¥ = 0.4
(Zwet < X < Xgewep Circle: 6 =8.2°, ¢. = 1483°. Case (jii): X = 0.6

(¥ > Xgewed initial state:¢. = 0° on the ¥ = 0.6 curve. Final state:

¢ = 180°. The activation energy barrier is given by the difference between
the maximum in the free energy and the initial state.

initial state will be that of a particle with a fluid interface
configuration in equilibrium with a film of far-field thickness
heo = 0.1. In the final state, the particle will be immersed
to a depth d on the axis of revolution so that the fluid in-
terface is flat, andFy = 0 (i.e., fioo + dx = 1 + COSH =

1.34 and¢. = 110 for the example discussed here). Using
Eqg.(19)to calculate the change of energy in these two states,
Aa = —0.025, indicating energy in the amoun0@5r y a?

is made available to deflect the substrate.
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film in equilibrium with this value of¥ (i.e.,6 = 8.2°,

¢. = 1483°, indicated by a circle on the curve in
Fig. 7), while the final state corresponds to a completely
immersed particleg. = 180°). The energy liberated in
immersing the particle ine = —0.246, with no acti-
vation energy barrier to this immersion being provided
by the patrticle.

(iif) ConsiderX = 0.6, forwhichX > Xyewet For this case,
the initial state consists of a particle that has been ex-
pelled from the thin film (corresponding ¢ = 0° on
the X' = 0.6 curve inFig. 7), while the final state con-
sists of a particle submerged in the fluid (corresponding
to ¢, = 180> on the same curve). The energy differ-
ence between the final and initial statedig = —1.31.

The free energy activation energy barrier between these
states is evidentiRig. 7. The free energy firstincreases
as¢. increases from zero, then decreases. The height of
the maximum in free energy above the initial state de-
fines the activation free energy barri&it ;¢ = 0.265.
(This can be understood in approximate terms by con-
sidering the transient state in which a hole is created
in the liquid—vapor interface (with a free energy de-
crease of-1 in scaled form) while the perimeter of that
hole increases the free energy b¥ Zwith a free en-
ergy increase of 1.2), thus creating an energy barrier of
roughly 0.2.) For all¥ > Xgewes the initial and final
states remain the same as those described in the case
above. The energy liberated by immersing the particle
increases linearly with c@g, and the activation energy
barrier increases linearly with, as the cost of the tran-
sient state increases.

Line tension effects can be included. Consider the case3.3.2. Rapid substrate deflection

of 6o = 70°, hoo = 0.1, and refer to the energy profile
Aa(m, ¢:) = a(p. = ) — a(¢.) reported inFig. 7. Recall
that for 9g = 70°, Xwet = 0.25 and Xgewet= 0.58. Three
cases must be considered, discussed individually below.

(i) Consider X' = 0.2, for which ¥ < Xet. The parti-
cle rests initially in a thin film of thicknesso, = 0.1,
0 =67.1° and¢. = 1035°, indicated by a circle on the
curve inFig. 7. (These values correspond to a stable so-
lution of Egs.(13) and (14) as shown inFig. 5b and
5¢). The final state on a planar fluid interface requires
0 =63.9° and¢, = 116.1°, indicated by the square on
the curve. (These values correspond to a solution of
modified Young equation fa¥, and the assumption of a
planar interface fop,..) The change in energy between
these two states i&\a = —0.024. Since the energy
decreases monotonically between the initial and final
states, there is no energy barrier to this process. If the
energy liberated by immersing the particle is sufficient
to bend the underlying substrate, it will spontaneously
do so.

(i) ConsiderX = 0.4, for which Xyet < X < Xgewet FOr
this case, the initial state consists of a particle in a thin

If the substrate deflects rapidly compared to the rate of
capillary rise, the energy made available by immersing the
particle to deflect the substrate can be estimated by consid-
ering the energy between an initial state of a particle sitting
in a planar interface of uniform thicknegs, = 0.1 with
contact angle 70(a configuration that is not in equilibrium)
and a final state of a planar interface with film thickness 1.34
in equilibrium with the contact anglé. The energy differ-
ence between these two states can be found (i$8jdo be
Aa = —1.75. The effects of line tension can be estimated by
allowing X to alter the initial value foty according to the
modified Young equation, and considering the free energy to
cross a planar interface. This analysis has been presented in
Fig. 7 of Aveyard and Clin{12], who consider a range &
values and who also comment on the free energy activation
barriers.

3.4. Bending of flexible membranes by particles

Particles placed in thin liquid films above pulmonary ep-
ithelial cell layers have been observed to deflect the cells
beneath them. The constitutive response of the cellular layer
must be known to determine whether the energy provided by
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immersing the particle can perform the work needed to bend
the cellular layer. The simplest estimate of the wdrkre-

J. Fiegel et al. / Journal of Colloid and Interface Science 291 (2005) 507-514

meniscus on the particle can deflect the substrate. Estimates
for the energy provided by wetting the particle to bend the

quired to deflect a membrane can be obtained by consideringsurface are provided, including the effects of line tension.

the product of a membrane tensier{of typical magnitude
on the order of 1-10 mpm for lipid bilayers[21]) times

the expansion area of the cells required to embed the parti-

cle in them, which is comparable to the surface area of the

particles,
W ~ tdmd?, (20)

while the energy liberated by immersing the particles is
given by:
AA* ~ Aayma?, (21)

whereA« is the energy liberated in dimensionless form, dis-
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