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Tuning of microcapsule adhesion by varying the capsule-wall thickness
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The adhesion area and topology of spherical hollow polyelectrolyte shells adhering to flat glass or
polyelectrolyte-covered glass surfaces are studied. Strong adhesion is found for anior&odioin
4-styrenesulfonajeterminated shells on cationic pdéthylene iming-covered glass, while no adhesion of
those shells on uncoated glass is found. The adhering shells are deformed and obtain a truncated sphere
topology with a circular adhesion disk. The radius of the adhesion disks can reach up to 50% of the shell radius
for shells of several tens of microns. The dependency of the size of adhesion areas on the capsule radius and
capsule wall thickness is also investigated. Remarkably, the size of the adhesion areas is found to depend
strongly on the wall thickness, which offers interesting perspectives for controlling capsule adhesion proper-
ties. A model based on the energy balance of deformation and wetting energies is presented that explains the
observed trends.
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[. INTRODUCTION sorbed layer, as shown by contact angle measurerf@tis
and (indirectly) by electrophoretic measurements on coated
In recent years, the importance of microcapsule systemeolloids [7] and coated flat surfacg8]. For recent reviews
for life-science applications in fields as diverse as medicinepn hollow polyelectrolyte shells, s¢®,10]. We limit our-
cosmetics, or food design has continuously increased. Geg€elves here to investigating shells made from failylamine
erally, microcapsules are used to encapsulate agents in ord@ydrochloride (PAH) and polysodium 4-styrenesulfonate
to have better control over release rates, which can eithdPSS since this system is the best characterized polyelectro-
mean to achieve a slower and more continuous release #fte multilayer (PEM) system(see[11] for an overview.
even, in the case of medical applications, to have targeted We present here direct measurements of the size of adhe-
release in certain parts of the body only. In most of the apsion areas of PEM shells on flat oppositely charged sub-
plications mentioned here, the adhesion of microcapsulestrates using reflection interference contrast microscopy
onto surfaces is essential for their function. Still, from a ba-{12,13 and fluorescence microscopy. It is found that shells
sic science point of view, the understanding of this process igdhering to solid substrates are significantly deformed due to
poor. The aim of this paper is to shed light on a particulartheir adhesive interactions leading to circular contact disks in
aspect of the adhesion process, the impact of the capsuld§e range of several microns diameter for shells of 10-30
compliance on the size of adhesion areas. pm diameter. The dependency of the adhesion area radius on
Polyelectrolyte multilayer capsules that were introducedhe shell radius and wall thickness is investigated. We dis-
by Donathet al.[1] are an ideal model system for studying cuss the observed dependences in terms of a simple model
microcapsule adhesion, since they can be produced with #at is based on the balance of surface interactions and me-
well-defined radius, wall thickness, and surface energy anghanical deformation energies.
all of those parameters can be varied over orders of magni-

tude. The capsules_ are made in a two-step process. In t_he first Il. EXPERIMENT
step, charged colloidal template particles are coated using the
layer-by-layer electrostatic self-assembly method that was Poly(sodium 4-styrenesulfongte (PSS, M

first introduced by Dech€l2]. A recent review of the field =70000 g/mo), poly(allylamine hydrochloride (PAH, M,

can be found i 3]. In the second step, the template particles=70 000 g/mol), and polgthylene iming (PEI, branched,

are dissolved under conditions that are not destroying th&,,=25000 g/mol) were purchased from Aldrich.

multilayer[1]. Provided the dissolution products can perme-Rhodamine B isothiocyanate was purchased from Fluka.

ate the multilayer, capsules with walls determined by thePoly(D, L lactide) (PLA, M,,=20000 g/mol) was obtained

original particle coating remain after the dissolution proce-from Boehringer Ingelheim. Dispersions of polystyrene latex

dure. particles with a diameter of 21(10.34 um (monodisperse,

In previous studies, it has been shown that the thicknes£0% in volume fractionwere purchased from microparticles

of the multilayers and thus of the capsule walls is linear inGmbH (Berlin).

the number of deposition steps, and single polyelectrolyte All chemicals were used without further purification ex-

layers can have thicknesses in the nanometer rgigds  cept for the PSS, which was dialyzed against watdr, (

well, the wetting properties are determined by the last adeutoff 14 000 g/mol and lyophilized prior to use. For all
experiments and for all cleaning steps, deionized water from
a Purelab Plus UV/UF systefitlga LabWater GmbHwith

* Author to whom correspondence should be addressed. Email ad conductivity of 0.055.S cmi ! was used.
dress: andreas.fery@mpikg-golm.mpg.de Rhodamine B isothiocyanate labeled PARBITC-PAH)
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was prepared as described[it¥]. PLA particles with a ra- 30.0 200.0 rm
dius between 5 and 2bm were fabricated according f@5].

The capsules were prepared accordinffl®], except that
the concentration of the PSS was 2 mg/mL. The shells pre-
pared in this study had different thicknesses measured by
SFM as reported in Sec. IV. In all cases, PSS was used as ¢
last layer, rendering the shells negatively charged.

The particles were dissolved with tetrahydrofurdmelF)
by washing the coated patrticles at least three times with THF
and afterwards three times with water to remove all the par-
ticle material and the THF, respectively.

The coverslips were cleaned by the RCA methHad]
prior to the PEI coating. For the coating, a drop of aqueous
PEI solution(3 mg/mL) was brought onto the glass. After ten
minutes, it was washed off and the glass was dried with a
nitrogen stream. The coverslips were used immediately after o 10.0 20.0 30.0
coating. i

100.0 nm

0.0 nm

FIG. 1. AFM image of a dried shell on mica. The drying process
ll. METHODS results in a collapse of the capsule, which shows a folded flat to-

The completeness of particle removal and the thickness cﬁography'
the capsule walls were determined by AFM imaging of cap- , . . .
sules dried on mica, using a Multimode Nanoscope IIIAthe §urfgce o_f the substrate as a.f|rst maximum in the'he|ght
AFM (Veeco Instruments GmbH, UnterschleiRhgim Tap- d!strlbutlon hlstogram.' Later maxima cprrespond to twice or
ping mode. Tapping mode silicon cantilevefdanosensors Nigher orders of two times the shell thickness.

NCH-W, NanoWorld Services GmbH, Erlangemith a The thicknesses scale linearly with the number of layers.
nominal spring constant of 31-50 Nthand resonance fre- This analysis resulted in an average thickness of one double
quency of 302—350 kHz were used. layer of 4.2 nm for the shells from the PLA templates and of

The optical microscope was a Zeiss Axiovert 2@@iss, 4.6 nm for the shells from the PS templates. The scattering of
Germany, which was used both in reflection interference the values was about 10%. The thickness values thus deter-
contrast (’RICM) and fluorescence mode. In RICM. the Mined are within the range reported in the literature for this
sample is illuminated with monochromatic light in reflection SyStem(between 2.6 nnp19] and 10 nm(20], depending on

geometry[12,13. Depending on the local distance betweenthfa details o_f preparationLater, the average values for the
the capsule wall and the glass surface, the reflected light i@lckhnesse§ ”]2 iaChhbﬁthh are #Sed' | |
interfering constructively or destructively. From the resulting | n€ radii of the shells from the PS templates were always

interference pattern, the shape of the capsule can be recopround 10.5um, which is identical to the radius of the tem-
structed using the method described[8]. An Hg-vapor plate particles. For shells made from the polydisperse PLA

lamp with a monochromatot576 nm) served as the light templates, the size distribution before and after remained the
source. A Zeiss Antiflex 63XNO 1.25 oil-immersion objec- same.

tive with suitable polarizers was used to avoid internal re- 1herefore, it can be assumed that if any swelling during

flections. The images were recorded with a Zeiss Axio-the dissolution of the particle had occurietd], it is at least

camHR  high-resolution monochromatic camera. The'eversible. The equatorial radius of the shells did also not
microscope setup could be easily switched between fluore€hange after the adhesion.
cence and RICM mode during the experiment, because the

monochromatic wavelength for the RICM was chosen iden- V. ADHESION EXPERIMENTS
tical to the excitation wavelength of the rhodamine dye. In o o
the experiment, a few microliters of the solution containing A. Qualitative description

the shells were deposited onto a thin glass slide. Fluores- Adhesion experiments were carried out by depositing a
cence microscopy was used to determine the radii of th@lroplet of water containing the negatively charged shells
shells and to control the overall capsule shape prior to thento the PEIl-coated glass slides. After a few minutes, the
measurement in order to sort out capsules that were dehells sedimented and started to touch the glass surface.
formed or otherwise damage@bout 30%. The adhesion Upon touching, the shells were found to stick to the PEI-

areas of the capsules were monitored with RICM. coated glass, while control experiments on cleaned non-
coated glass showed no sticking but Brownian motion of the
IV. RESULTS shells.

For this system, the dominating role of the electrostatic

In Fig. 1, an image of a dried shell on mica is shown. A(double layer interactions under our conditions has been
statistical height analysis of the images can be done afteshown by Zeta-potential measuremefds22] and surface
background corrections by flattening or by line fits, to giveforces apparatus measuremef@8] in which quantitative
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FIG. 2. (a) A typical RICM image of an adhering shellp) the corresponding shape reconstruction, énda sketch of the truncated
sphere geometry.

agreement of the long-range forces with DLVO theory pre-tact area is lower than the apparent contact area that is cal-
dictions was shown. Finally, we also have carried out colloi-culated based on this radius.

dal probe atomic force microscopy measuremeld], In order to determine the dependency of the adhesion ra-
which also show quantitative agreement of long-range interdius on the radius of the shells made from the PLA tem-
actions with DLVO and pH sensitivity of the adhesion force plates, we took a polydisperse sample of the shells and
that can be explained by the dependency of the degree dirought them onto a PEI-coated coverslip. Then, the radius
dissociation of the involved polyelectrolytes on pH. Thus, itof the adhesion area and the radius of the shell were mea-
can be assumed that electrostatic interactions are responsildared for each shell. The result for a constant wall thickness
for the observed adhesion. of 25.4 nm is shown in Fig. 3.

Figure 2a) shows a typical RICM image of an adhering  As one can see clearly, the radius of the adhesion area
shell. The adhesion area can be seen as a gray area in irereases with increasing shell radius. The scattering of the
flected light, which becomes darker with increasing thick-data is due to different reasons. First, it can be attributed to
ness. Figure ) shows the corresponding shape reconstructhe scattering in the shell thicknesses. Secondly, it may also
tion using the method described [ih8] in comparison to a be due to deviations of the adhesion area from the spherical
truncated sphere fit using the shell radius that was obtaineshape as discussed above. The fits to the data will be ex-
from fluorescence microscopy measurements of the equatplained below.
rial diameter of the shell. Good agreement between the data After varying the size of the shells, the influence of the
and the fit is found, which suggests that the shells are adhethickness of the shells has been studied by taking shells from
ing in truncated sphere geometry as sketched in Fig. 2 the monodisperse PS templates of four different wall thick-
Deviations from the ideal cases are discussed below.

The shape of the shells’ contact area on the substrate is 5-0:-------u-------u---.---.---.---l,-- T
usually circular. About 30% of the shells were not taken into , s f — small deformation fit AL
account in the evaluation, since they showed strong devia- [ ~ large deformation fit / ]
tions from the spherical shagmdentationy most likely due 40F 3

to mechanical stresses during the preparations prior to theg i
adhesion process. For large adhesion areas, deviations fror‘i‘ 35F
the circular shape of the adhesion areas are getting increasa :
ingly more important. Nevertheless, the difference between S
the radius of the circumference and the radius of the blggestm
circle fitting completely into the adhesion zompsee Fig.
2(a)] remained smaller than 20% in all cases. The interme-
diate of those two radii was taken as the adhesion radius. F
The adhesion areas are not homogeneously colored, buo 15F
show some variation in gray scale, which indicates that the, 3 :
membrane is not adhering perfectly flat to the substrate but® 10 F
that there is a microscopic corrugation of the contact area. s
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For one batch of shells, buckling in the contact areas was 05 3
found (see Fig. 6, which will be discussed in detail below, 1] T = e P U P U PEVE T PEUE TR TR
and those capsules were not taken into account for evaluatior 0 2 4 6 8 10 12 14 16 18 20

of the adhesion areas. In the following, the radius of the
adhesion area as indicated in Figaj2is used as a measure
of the extent of shell deformation due to the adhesion forces FIG. 3. The radius of the adhesion area plotted vs the radius of
and to calculate the apparent contact area. However, as ethe shells for 25.4-nm thickne$$2 layers of PAH/PSSon a PEI-
plained below, care must be taken since the microscopic cortoated coverslip.

shell radius [um]
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FIG. 5. Shell in weak and strong deformation regime.

In order to establish a contact area, the microcapsule has
to deform, as is sketched in Fig(c2, and this deformation is

radius adhesion arear_, [um]

1F ,_l_f“\; accompanied by an energy cdSte. The first important
i small deformation fit ] point here is that the PEM shells are highly permeable to the
[—— large deformation fit —x—1] solvent and also for low molecular weight molecules on the

[ JErra— AT TN time scale of the measuremdmthich is several minutes up
0 5 10 15 20 25 30 35 to 1 h) [25]. In contrast to the case of vesicles or cells, the
shell thickness h [nm] volume enclosed in the capsule is not kept constant by os-
motic pressure. In other words, there are no membrane ten-
FIG. 4. Plot of the adhesion areas vs the shell thickness fosions due to volume constraint. Consequently, in terms of
monodisperse 1@m shells. The adhesion area of the 33-nm-thick energy cost for the deformation, the shells can be treated as
shells shown in the diagram just indicates the upper limit for the“empty.”

adhesion area. The problem of a force acting on an elastic shell of a
given thickness can be treated using a continuum mechanics
nesses and measuring the adhesion &Fan 4). approach[26—28. Qualitatively, there are two different re-

Each point represents the average adhesion area of at leggines of deformation. As sketched in Fig. 5, for weak forces,
ten shells. The adhesion area increases with decreasing shiie deformation remains local, upon reaching a critical force,
thickness, since the shell becomes more flexible, as will béhe shell buckles, and the main energy contribution now
discussed in detail below. For the 19-nm-thick shells, adhestems from the ringlike region in which the curvature of the
sion radii of up to half the shell radii could be found, shell is reversed. Although in our situation the additional
whereas the adhesion area for most of the 33-nm-thick shellsdhesion forces acting can prevent the buckling, the main
was not detectable. However, these shells were still adheringeformation in this case is still located in the ringlike region
to the surface, which could be seen by their deformation, asf strong bending such that the buckled shell can serve as an
well as by the fact that they were not moving in Brownian approximation for the adhering shell cg29,30.
motion. The broken and full lines are theoretical predictions For both scenarios, the deformation energy can be written
that will be discussed in the following. in an analytical form{a proportionality constant that is of the

order of 1 containing the Poisson number of the wall mate-
VI. DISCUSSION rial is omitted for simplicity,

In general, the size of the contact area of colloidal par- 5
ticles on adhesive surfaces is governed by the balance of E . Eh A2
energy costs for the mechanical deformations that are neces- gefsmall™ foR ™~
sary for establishing the contact zone and the energy gain
due to the work of adhesion. Since in our case adhesion areas
have dimensions of several microns, the energy daig,
due to establishing the capsule-substrate contact can be de-
scribed by a simple contact potential approach,

E h5/2
E ~ A3/2
def,large 12374R .

Here E denotes the Young modulus of the wall matertal,
the wall thicknessR the radius of the shell, antl the inden-
tation. From the extent of the deformations that are occurring
in the system, it is not straightforward to decide which theory

as to be applied, since one is close to the transition point
between the weak and strong deformation regime. Therefore,
both cases will be considered in the following.

E.q=27RAy As a result of both surface forces and mechanical proper-
ties, the indentatiod will adjust such that the total energy of

for R>A. the system is minimal. Thus, the equation

2
Eada= mRGanY,

where R,qp, is the radius of the contact disk andis the
(negative energy gain per contact area. For the case of
truncated sphere of radiuR and indentationA [see Fig.
2(c)], this can be written as
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FIG. 6. Typical RICM pictures of adhering shells of 8, 10, and 14 layers wall thickness. Whereas the 8-layer shell exhibits a round and
homogeneous adhesion area, the 10-layer shell already starts to buckle, which can be seen by the discontinuous adhesion area. The adhesic
area of the other 14-layer shell is hardly detectable. The black area and the white fringes indicate the strong deformation.

F discussed in Sec.)llis direct evidence of these microscopic
—x (Eadit Ege) =0 deviations from the perfectly flat contact. Thus, since we
have calculated the adhesion energies assuming a flat con-
allows us to resolve for the indentatiah Using again the tact, these adhesion energies are effective adhesion energies
geometrical relatiorR,q~\2RA for the adhesion radius, and a flat contact of the same surfaces would yield higher
one finds for the small and large deformation the following@dhesion energies.

expressions: Viewing the facts that surface energies obtained from both
models from radius and thickness dependency are matching

2\127R3y and that as well the absolute value obtained from the small

Radh,sma= \/ — =5 deformation model is the same as the one obtained by an

Eh independent method, the small deformation model seems

P clearly to better account for the data. I_-Iowever, _regarding thg
R — /2R 4x12%7R%y shape of the adhesion zones for the different thicknesses, this

adh,large 3ERZ | picture is questioned, as can be seen in Fig. 6.

For eight layers, a flat adhesion area terminated by a rim

The radiusR and the thicknes have been measured as in which the shell is strongly bent is clearly visible and thus
described in Sec. IV. The Young modulus of the shell matethe large deformation model should be applicatdee the
rial has been independently determined by Gab32 and  sketch in Fig. 5. The gradual flattening predicted for small
by us[33] to be in the range of 1.5-2 GPa. Thus, the onlydeformations is found only for the adhesion areas for 14
unknown parameter is the adhesion energy. Fitting the radiugayers where a flat adhesion area is not detectable with the
dependency in Fig. 3, we find that the small deformationresolution of the setui§0.5 um), so in this case the small
model agrees better with the experimental data, while it isleformation model should be applicable. The 10-layer shells
not reproducing the pronounced thickness effect that is founghow a special behavior, since in this case some of the con-
in the thickness dependendyig. 4). Here, the strong defor- tact areas were not flat, but showed large dimples with
mation model is in better agreement. Looking at the absolutgolygon-shaped edges. This could be interpreted as a transi-
values of the adhesion energy, we find for the small defortion state from adhesion-induced small deformations to large
mation modely=0.28+0.02 mJn? from the radius and deformations. Therefore, the large deformation model de-
0.26-0.07 mJm?2 from the thickness dependency fit. The scribes the behavior of the thin shells and the small deforma-
strong deformation model yields 0.026.002 and 0.027 tion model describes the behavior of thick shells better. Stud-
+0.003 mJm?, respectively. These values are of the samées using finite-element analysis to treat the deformation
order of magnitude as found [84]. We have done indepen- problem are on the way.
dent measuremenf&4] using colloidal probe AFM to esti- The main shortcoming of the model is that friction be-
mate the adhesion energies between PSS-terminated multiween the capsule and the substrate is neglected. Due to en-
layers and PAH-terminated multilayers from pull-off forces, tanglements, however, it is to be expected that the capsule
which yielded adhesion energies between 0.2 and 0.&nd the surface cannot slide without friction, which would
mJ m 2. give rise to additional stretching and thus additional energy

In all of those cases, it has to be considered that theseost for the deformations. The mechanical cost of the folds
values ofy are effective surface energies that depend on thevithin the contact area is neglected as well. Both simplifica-
roughness of the surfacg35]. In the case of rough surfaces tions result in an underestimation of the energy necessary to
adhering to each other, the contact area is decreased duedeform the shell, which is reflected in the low apparent in-
the microscopic corrugations. The variation in gray scale interaction energies. It cannot be excluded that in extreme
the RICM images of the contact areas that we have fqaad cases the PEI layer desorbs from the glass surface.
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VIl. CONCLUSION AND SUMMARY An important finding is the strong dependency of the adhe-

We have investigated the adhesion of hollow shells ofSion area on the shell thickness, since this opens interesting

defined thickness made from polyelectrolyte multilayers toh erspectives for control of the adhesive properties. Rather

. g - _“than changing the wetting properties of shells to increase or
o sbetales, Adhesion can be iggeres by lecostt Mecease aahesin,one can design shlls to have a corar
g ddhesion strength simply by controlling their dimensions, in

charged capsules to_ po_smvely charged substrates. We fin articular the thickness and radius, as has been demonstrated
that shells are adhering in truncated sphere geometry and we

could measure the radius of the contact disk for shells be- - This renders the system much more versatile than clas-

) . sical colloidal particles for controlling adhesion. Recent re-
tswhzﬁg \?v:rr;dVSa?fg;l. v%(r)\itlgtthheergs:gascgndr(t)hZrttkigkgfe?r?eog;he?lSUItS on the mechanics of actin-decorated vesicles, where
: prop ! %uckling behavior of the membranes is found as e8],
were not changed and the size of the adhesion areas w

i . . ; ﬁggest that concepts like those described above can also be
monitored as a function of those parameters. Using a smplge
energy minimization, the dependency could be explained b

levant for cell adhesion, although this is beyond the scope
the competition of mechanical deformation energies and ad-

f the present study.
hesion energies. The mechanical deformation energies of the
shells were described using Landau theory for elastic shells.
It is possible to predict the scaling of the adhesion radius We would like to thank U. Schwarz and H. Mwald
Ragn With shell thicknessh and radiusR depending on the for discussions and A. Heilig for shell thickness measure-
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