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Abstract. Osmotically induced deformations (invaginations) of polyelectrolyte capsules were observed in
poly(styrene sulfonate, sodium salt) (PSS) solution since PSS of Mw 70000 is excluded from the capsule
interior. It was found that there is a critical osmotic pressure difference at which the initial spherical
capsule shape becomes unstable and invaginations are formed. This critical osmotic pressure was obtained
as a function of the wall thickness and the capsule size. A theoretical model is provided which describes
the relationship between the critical osmotic pressure, the elasticity modulus, the capsule wall thickness,
and the capsule radius. The model was verified by measuring the invagination onset as a function of
particle radius and wall thickness. The elasticity modulus of the PSS/PAH (polyallylamine hydrochloride)
polyelectrolyte multilayer was measured as a function of wall thickness and capsule diameter. The modulus
ranges between 500 and 750 MPa, which indicates a relatively strongly interconnected polyelectrolyte
multilayer structure. With higher molecular weight PAH the elasticity modulus of the PSS/PAH multilayer

was slightly enhanced.

PACS. 46.32.+x Static buckling and instability — 68.60.Bs Mechanical and acoustical properties

1 Introduction

Nano- and micron-sized capsules are both of scientific and
technological interest because of their potential applica-
tions [1,2]. For example, biopolymers such as proteins,
enzymes or nuclear acid can be encapsulated, transported
and released afterwards.

Recently a novel type of nano- and micrometer-sized
hollow capsules has been prepared by the step-wise ad-
sorption of polyelectrolytes (PE) onto charged colloidal
templates, followed by decomposition of the templates [3].
The fabricated capsules have been characterized by scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), con-
focal laser scanning microscopy (CLSM), electrophoresis,
electrorotation, and single particle light scattering [3-5].
These investigations have revealed some properties of cap-
sules, e.g. the morphology both in the wet state and in the
dry state, the capsule size, the surface charge, the capac-
ity and the conductance etc. It has been shown that or-
ganic or inorganic materials can be precipitated inside the
capsules [6]. Polymerization reactions were conducted to
fabricate polymer filled capsules [7]. A solvent exchange
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protocol also yielded capsules filled with non-polar lig-
uids [8].

Preliminary research has demonstrated that capsules
composed of 10 layers of alternating PSS and PAH are sta-
ble in various chemical environments. They are permeable
for small polar molecules, but exclude polymers [9-11].
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One promising feature of these capsules is that vary-
ing thickness and composition of the walls the mechan-
ical properties can be tuned over a wide range. The
elasticity and mechanical stability of the capsules are
definitely important for a variety of practical applications.
For example, deformation and rupture of PE multilayer
capsules under shear stress may apparently limit the use
of these novel structures. At present, however, the me-
chanical properties of the capsules are not known.

The mechanical properties of cells and liposomes have
been successfully studied with the micropipette aspira-
tion technique [12,13]. Recently, this method was used
to investigate polymersomes, the crosslinked amphiphilic
polymer vesicles [14]. Concerning the application of the
micropipette aspiration technique for the investigation of
PE capsules, it has to be considered that the aspiration
force certainly depends on the hydraulic conductivity of
capsules. The capsules are highly permeable for water
and adhesive to charged substrates. Therefore, an osmotic
technique was introduced to measure the deformation of
a capsule population. Another advantage of the osmotic
technique is that, for example, in contrast to anisotropic
shear stress [15], isotropic osmotic pressure differences can
be conveniently applied for inducing deformation in a con-
trolled way. The capsule preparation is suspended into a
solution of medium molecular weight PSS. Intact capsules
(that means not permeable for PSS) deform as a result of
the osmotic pressure difference created, broken capsules,
i.e. capsules permeable for PSS keep their initial, mostly
spherical shape. It is conceivable that this approach can
be applied to other micro- and nanosized capsules as well.

2 Materials and methods

2.1 Materials

The source of chemicals are as follows: poly(styrene
sulfonate, sodium salt) (PSS, Mw 70000), and
poly(allylamine hydrochloride) (PAH) with Mw 8-
15 kD, and 50-65 kD, Aldrich; fluorescein isothiocyanate
labeled albumin (FITC-albumin, FITC 12 mol/mol albu-
min), Sigma; weakly crosslinked melamine formaldehyde
particles (MF-particles, different size), microparticles
GmbH, Germany. All chemicals were used as received.
The water was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher
than 18.2 M cm.

2.2 Methods
Capsule preparation

A membrane filtration technique was employed to consec-
utively adsorb PSS and PAH onto MF particles [16]. The
adsorption of polyelectrolyte (1 mg/ml) was conducted in
0.5 M NaCl solution for 5 min, followed by 3 washings
in HoO. Then the respective oppositely charged polyelec-
trolyte species was adsorbed. After the desired number of

layers was adsorbed the coated particles were treated in
HCI solution, pH = 1.1, to decompose the MF cores. The
produced MF oligomers and excess HCl were washed off
until a neutral pH was established by filtration with gentle
agitation. The outermost layer in this study is always the
positively charged PAH.

FITC-albumin labeled capsules

Equal amounts of capsule solution and FITC-albumin so-
lution (1 mg/ml) were mixed together, and stored at 4 °C
at least for 2 hours. The suspension was centrifuged at
4000 rpm (1145 g, Sigma 3K30 Laboratory Centrifuges)
and washed 3 times in H,O to remove the excess FITC-
albumin.

Critical transition PSS concentration

The solution of FITC labeled capsules was mixed with
an equal amount of PSS solution of different concentra-
tions. Confocal laser scanning microscopy (CLSM) was
employed to determine the number of deformed and un-
deformed capsules. The total number of capsules counted
for each PSS concentration was at least 200. The deforma-
tion ratio was defined as the number of deformed capsules
divided by the total number of capsules. The critical PSS
concentration was defined as the concentration necessary
to induce the invagination of 50% of the intact capsules.

Confocal Laser Scanning Microscopy (CLSM)

Confocal micrographs were taken with an inverted confo-
cal laser scanning microscope from Leica, equipped with a
100x oil immersion objective. The samples were mounted
with nail lacquer. This prevented the evaporation of wa-
ter. Thus the PSS concentration remained constant during
the counting procedure.

Osmotic pressure

The osmotic pressure of the PSS solutions was measured
by means of vapor pressure reduction with a Vapor Pres-
sure Osmometer, No. A0280, Knauer. Thus, the osmotic
pressure for a given PSS concentration is read from the
calibration curve (Fig. 1).

3 Theory

A general model describing the deformation of polyelec-
trolyte capsules is reasonably complicated since it includes
elastic as well as plastic deformations. But the images of
the deformed polyelectrolyte capsules provided further be-
low show that in many cases the capsules change their
shape without a prior microscopically detectable stretch-
ing. Especially, at the initial moment, the deformations
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Fig. 1. Osmotic pressure calibration curve.

may be considered as elastic. The experiments have shown
that there is a rather well defined threshold pressure (crit-
ical pressure) difference above which the capsules loose
their spherical shapes. A shape transformation from a
convex spherical shape to a concave cup-like shape takes
place. The problem of relating the critical pressure to the
mechanical properties of this curved thin layer was solved
in [17,18]. Following the deformation of elastic bodies is
given by two constants, K-the compression modulus, and
p-the elasticity modulus.

The capsules loose their stability and, hence, sponta-
neously change the shape when the work performed by the

external pressure
A= / / ph,dS
G

is equal to the deformation energy
E&H
U= / ——dl
o R\/ 3(1 — 02)
where p is the external pressure, h,, is the component of
the bending field perpendicular to the surface of the cap-
sule, G is the area of deformation, «y is the meridian curve
along the area of deformation, A is the component of the
bending field perpendicular to v on the surface,
_ 9Ku
3K +p

(1)

(2)

is Young’s modulus,
3K —2p
7T 26K + )
is Poisson’s ratio, d is the thickness of capsule wall, and R
is the radius of the capsule. The geometrical equality (3)

for the deformation volume transforms the area integral
into a contour integral

Vz// hndS:E/hLdl.
G 2 0%

Finally, comparing (1) and (2) by using (3), the critical
pressure is found

Pf%(%)z'

(3)

(4)

Thus, the critical pressure difference between the capsule
interior and the bulk required for deformation induction
is proportional to the square of thickness of the capsule
wall § and is inversely proportional to the square of the
capsule radius (for more details, see [18]). As far as the
capsule wall stretching can be considered small, it follows
that K > p, and (4) can be rewritten in terms of the

elasticity modulus
5\ 2
PC = 4 — .
(%)

Equation (5) will be used below for obtaining the elasticity
of the capsule walls from the experimental data of capsule
deformation.

()

4 Results and discussion

FITC-albumin was selected as a fluorescence label, since,
as shown in Figure 2a, it adsorbed on capsules with ei-
ther PAH (Fig. 2a) or PSS (images are not shown) as
the top layer. This occurred regardless of the presence
of bulk polyelectrolytes, because of the zwitterionic na-
ture of albumin. Low molecular weight fluorescent polar
dyes, such as 6-carboxyfluorescein (6-CF), showed a dif-
ferent behavior. 6-CF adsorbed only on positively charged
capsules. After PSS was added to the bulk solution con-
taining these capsules, 6-CF desorbed and the capsule flu-
orescence largely decreased. The visualization of capsules
is then very difficult. Another important advantage of al-
bumin is that it may prevent PSS adsorption to occur.
The thickness of the capsule wall as well as the polyelec-
trolyte concentration remain constant. The disadvantage
of FITC-albumin could be that it might have some effect
on the elasticity of the capsule wall.

The capsule wall is permeable for the solvent H-2O,
but impermeable for polymers of a higher molecular
weight [11]. When the osmotic pressure in the bulk is
larger than in the interior, the solvent is squeezed out pro-
vided the elastic restoring forces do not compensate the
arising hydrostatic pressure difference. Indeed, Figure 2b
shows that unbroken capsules undergo a shape transition
from spherical into a cup shape at a certain critical PSS
concentration range. At still higher PSS concentration, the
capsules shrink further (Fig. 2¢), and at very high PSS
concentration the capsules do not have a noticeable inter-
nal volume (Fig. 2d). Broken capsules are easily distin-
guished by the absence of shrinking. In such capsules PSS
can equilibrate through sufficiently large pores. Hence, os-
motic shrinkage is also a powerful method to distinguish
unbroken capsules from broken ones. It is worthwhile to
note that it is largely the PSS counterion concentration,
which is responsible for the created osmotic pressure dif-
ference. The contribution of the polymer itself is very
small due to the colligative nature of the osmotic pressure.
For example, a 7 wt% PSS solution would correspond to
1 mM. This, according to the van’t Hoff’s law yields a pres-
sure of IT = RT'C = 2.5 kPa. Hence, only polyelectrolytes
are suitable for inducing large enough osmotic pressure
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Fig. 2. The deformation of polyelectrolyte capsules consisting of 10 layers of PSS/PAH as a function of the PSS (Mw 70 000)
bulk concentration. The insets are higher magnification of the corresponding images. (a) Control, (b) 2.5 wt% PSS, (c) 5 wt%

PSS, and (d) 10 wt% PSS. Capsule radius 2 pm.

differences. They combine exclusion with a high concen-
tration of osmotically active species, e.g. counterions. As
indicated in the theory part, the critical pressure depends
on the wall material, the thickness of the capsule wall and
the size of the capsules.

The mechanical properties of the capsules may be
slightly different due to some inhomogeneity of the prepa-
ration. The onset of deformation itself is an instability
phenomenon and, hence, subject to some arbitrariness.
Therefore, instead of a sharp transition point one would
expect a concentration region, where the invagination
starts. Hence, to obtain the mean critical osmotic pres-
sure for a defined capsule preparation, the percentage of
deformed capsules was measured as a function of the PSS

concentrations. The critical pressure can then be obtained
from the 50% transition point, as shown in Figure 3.

To qualitatively verify the validity of equation (5) for
the capsules under consideration, first, the number of ad-
sorbed polyelectrolyte layers was varied while keeping the
radius constant. It was shown earlier that the thickness
of the wall increases proportionally with the layer num-
ber [4,5]. Figure 3 shows clearly that along with the
increase of the capsule wall thickness the critical deforma-
tion pressure (PSS concentration) also increased. A typ-
ical sigmoidal shape of the deformation vs. PSS concen-
tration curve is obtained. Most capsules do not invaginate
at low PSS concentrations. At lower polyelectrolyte con-
centrations the osmotic pressure is not large enough to
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Fig. 3. Percentage of deformed capsules as a function of the
PSS concentration. Capsule radius 2 pm. Number of layers
given in the inset. The left axis is employed for the filled sym-
bols (e and m), and the right axis, the open symbols (o and 0).
The crosses indicate the critical transition points.

overcome the elastic restoring force of the capsule walls.
At high PSS concentrations all capsules, except broken
ones, are deformed. Therefore the deformation-PSS con-
centration curves observe two plateaus. An exception was
capsules with only 6 layers. Their deformation ratio satu-
rated at 25%. This is explained by the fact that the thin
capsule wall consisting of only 6 layers is probably perme-
able for PSS, Mw 70 000.

It has to be mentioned that increasing the capsule wall
thickness, it becomes more and more difficult to prepare
intact capsules, because the products of core decomposi-
tion cannot leave fast enough through the capsule walls.
The resulting osmotic pressure difference breaks the cap-
sules. For this reason with increasing layer thickness a
smaller and smaller percentage of potentially deformable
capsules is found. For example, when the layer number in-
creases from 10 to 16 the content of capsules responding to
the osmotic pressure decreases from 80% to 40%, and de-
creases even further to 15% and 13% for 20 and 24 layers,
respectively. It should be noted that some capsules in the
control were already deformed, e.g. in the cases of 10 and
24 layers. This deformation percentage should not con-
tribute to the osmotic pressure induced capsule deforma-
tion. Therefore, a three tangent evaluation technique was
used to estimate the critical PSS concentration (CPC).
The procedure is schematically illustrated in Figure 4. One
can deduce that the midpoint can be determined with an
accuracy of 10% giving the accuracy of P.. The following
CPCs were found: 3.7, 6.25, 9.6 and 12.75 wt% for 10,
16, 20 and 24 PSS/PAH layers (PAH Mw 8-15 kD), re-
spectively. From AFM measurements and single particle
light scattering it is known that the thickness of a double
layer of PSS/PAH is approximately 4 nm [4,5]. Accord-
ing to the osmotic pressure calibration curve P, is found.
Theoretically, it should depend linearly on the square of
layer thickness, 2 (Eq. (5)). This prediction is indeed con-
firmed by the experiment (Fig. 5) demonstrating that the
continuum mechanics approach is also applicable to poly-
electrolyte multilayers of a thickness of the order of only
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Fig. 4. Percentage of deformed capsules as a function of the
PSS concentration. 10 layer PSSPAH, PAH Mw 50-65 kD, cap-
sule radius 2 pm. The straight lines illustrate how the critical
PSS concentration was obtained. It was defined as the 50%
increase of the second straight line corresponding to the defor-
mation of 50% of the PSS excluding capsule population.
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Fig. 5. Critical osmotic pressure as a function of the square
of the thickness of the capsule wall. Capsule radius 2 pm.

10 nm. The slope in Figure 4 is 4.99 x 102° Nm~*. The
radius R was measured by CLSM. It equals 2 x 1076 m.
Therefore the elasticity modulus of the PSS/PAH capsule
wall was estimated as p = 4.99 x 10%° R? /4 ~ 500 MPa.

Equation (5) predicts an inverse dependence of the
critical pressure difference on the square of the particle
radius. To further verify the applicability of the macro-
scopic continuum approach the radius was varied keeping
layer thickness and layer composition constant. Figure 6
shows the percentage of deformed capsules as a function
of the PSS concentration for three different capsule radii.
It is obvious that with decreasing radius higher osmotic
pressure differences are necessary to induce capsule defor-
mation. The CPCs were found as 0.71, 2.4 and 3.05 wt%
for capsules with a radius of 4.3, 2.35 and 2.0 pm, re-
spectively. Figure 7 shows that the critical osmotic pres-
sure depended linearly on the inverse of the capsule radius
square. This further proved equation (5). It follows that
4162 = 8.76 x 10~" N. So another estimate for the elastic-
ity modulus p of 550 MPa is obtained for the PSS/PAH
multilayer. This value is close to 500 MPa independently
estimated above.

When a higher molecular weight PAH (Mw 50-65 kD)
was used, the elasticity modulus estimated from the
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Fig. 6. Percentage of deformed capsules in dependence on the
capsule radius. 10 layers PSS/PAH.
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Fig. 7. Critical osmotic pressure in dependence on the inverse
of the capsule radius square. 10 layers PSS/PAH.

critical pressure increased to 750 MPa (Fig. 4). It was con-
cluded that the elasticity modulus slightly increased with
increasing molecular weight of at least one of the polyelec-
trolyte layer components. At the present state of knowl-
edge one can only speculate that with increasing molecular
weight of PAH a more symmetric situation with regard to
the PSS molecular weight is achieved. This could lead to
a small increase of the elasticity modulus.

The results demonstrated that the PSS/PAH capsule
walls represent a quite rigid material comparable to other
plastic bulk materials. For instance, polycarbonate, chlo-
rinated polyvinyl chloride, medium impact acrylonitrile-
butadiene-styrene copolymer and cast rigid epoxy resin
have an elasticity modulus of 490, 560, 500-580 and 650—
780 Mpa [19], respectively. The numerous interactions be-
tween the polyanionic and polycationic groups SO; and
NHZ are presumably responsible for the stiffness of the
polyelectrolyte multilayer structure.

5 Conclusions

In this work we used the fact that polyelectrolyte capsules
with walls as thin as a few nm can be made imperme-
able for polyelectrolytes and that that wall thickness and

capsule diameter can be varied systematically. Thus, os-
motic pressure differences between the capsule interior and
the bulk can be established and deformations observed. It
was found that there is a critical pressure difference which
induce a shape transition from spherical shape to a cup
shape and this transition occurs at a well-defined pressure
difference P..

A theoretical model is provided which describes the
dependence of this critical osmotic pressure P, on the
elasticity modulus of the multilayer and the geometric pa-
rameters of the capsule. The validity of the model is ex-
perimentally verified. This demonstrates the applicability
of the macroscopic continuum mechanics approach to mi-
cron sized polyelectrolyte multilayer capsules. The elastic-
ity modulus for the two-dimensional PSS/PAH polyelec-
trolyte complex obtained in this study was 500-750 MPa.
It slightly depends on the molecular weight of PAH. This
value is close to the elasticity of other bulk plastics. It is
concluded that this reflects a high degree of local interac-
tions between the polyanion and the polycation. Hence,
the PE multilayer formed by means of electrostatic inter-
actions of strong polyelectrolyte resembles a polymer glass
rather than a rubber material. The observation of a de-
fined critical pressure also indicates a narrow distribution
of elasticity moduli between different capsules. We expect
that the elastic properties depend on preparation parame-
ters and on materials which can vary from other polymers
to composites and inorganic materials, thus yielding large
area to apply the technique. Studies are under way to ex-
plore other non-linear mechanical properties such as the
rupture strength and the ability for plastic deformation of
PE capsules.
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