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ABSTRACT: We study the deformation of “filled” (with a neutral polymer) polyelectrolyte microcapsules
under applied load using an atomic force microscope (AFM)-related force-measuring device. The
experimental setup allows combining dynamic force measurements with high-resolution optics. The “filled”
capsules are prepared from “hollow” ones (water inside) by changes in their permeability for a high
molecular weight polymer by adding organic solvent. At low applied load, capsule deformation was found
to be elastic, reversible, and independent of the concentration of the inner polymer, being entirely controlled
by the shell properties. Above a certain load capsules deform substantially and partly irreversibly. They
start to show variability in the behavior and dependence of their deformation profiles on the driving
speed and concentration of the inner polymer solution, which is likely due to the enhanced permeability
of the stretched shell. The “filled” capsules were found to be always several times softer than the preformed
“hollow” ones, which is shown to be a consequence of the treatment of the shell by organic solvent.

Introduction

Polyelectrolyte multilayer capsules have been recently
introduced as a novel type of nanoengineered micro-
structure.l2 These capsules are made by layer-by-layer
(LbL) adsorption? of oppositely charged polyelectrolytes
on surfaces of colloidal particles* with subsequent
removal of the template core and can be filled with a
wide class of molecules (for a review see ref 5). The well-
defined shape of these capsules, their mechanical stabil-
ity, and an easy way of preparation allow employing
them as a model system for basic an applied studies. A
novel and promising area of research is connected with
the investigation of the elasticity and the mechanical
properties of such microstructures. Indeed, deformation
and rupture of polyelectrolyte capsules may limit their
use. In contrast, controlled stiffness and mechanical
properties may lead to a variety of novel applications.

To our knowledge, there have been only three at-
tempts to study the deformation behavior of polyelec-
trolyte microcapsules.6=8 The first approach® involves
generating and observing a plastic shrinkage by means
of the micropipet aspiration technique. The second
method” is based on studying osmotically induced
buckling of “hollow” (water inside) capsules immersed
in a polyelectrolyte solution. The third, more recent,
approach® is based on measuring the deformation of
microcapsules under applied load with an atomic force
microscope (AFM). One advantage of this method is that
it increases the level of details obtained from the
experiment. In particular, it is possible to distinguish
between different regimes in load-deformation profiles,
characterized by different behavior (reversibility, elas-
ticity, plasticity, etc.). It also allows one to judge about

T Max Planck Institute for Polymer Research.

* Russian Academy of Sciences.

§ Max Planck Institute for Colloid and Interface Research.

*To whom correspondence should be addressed. E-mail
vinograd@mpip-mainz.mpg.de.

10.1021/ma0259719 CCC: $25.00

contact deformation and adhesion. Another advantage
of the AFM technique is that it can be applied for
studying not just “hollow” but also “filled” (polymer
inside) capsules.

In this paper we extend and develop the (AFM)
approach suggested in ref 8. Our measurements are
performed in conditions that differ from our previous
study.® We drastically increase the range of speeds used
for our experiment, which allowed us to address the
rate-dependent phenomena connected with the loading.
We also use a new optical scheme, which opened a
possibility to work in a fluorescence mode. Beside that,
some special technical arrangements allowed us to
reduce the experimental errors.

The method is applied to study a novel class of
capsules. A new development concerns both the type of
encapsulated polymer and the way for encapsulation.
In the previous paper® we compared the deformation
behavior of “hollow” and “filled” capsules prepared by a
controlled precipitation,® i.e., by an assembly of the
inner layer of polyelectrolyte shell by means of multi-
valent ions, with the consequent extraction of these ions
and charged polymer release into the capsule interior.
The “filled” capsules have been considerably swollen due
to counterion osmotic pressure of an inner polyelectro-
lyte solution. They showed a different mechanical
behavior and have been found to be much stiffer than
“hollow” ones, which reflects a combined effect of excess
osmotic pressure, irreversible changes of the mechanical
properties of the stretched shell, and, possibly, forma-
tion inside capsules of electrostatically stabilized 3D net.
In this paper we make the “filled” capsules from “hollow”
ones by regulation of their permeability!® by solvent
variation. The preformed “hollow” capsules are perme-
able for water but impermeable for high molecular
weight polymers. The shell permeability for polymers
changes at low pH1° and in a water/ethanol mixture,*
which has already been used to encapsulate macromol-
ecules. Here, to fill “hollow” capsules with polymers of
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Figure 1. Scheme illustrating the preparation of the “filled”
microcapsules.

various concentrations, we use a water/acetone mixture.
This technique allows one to encapsulate a wider class
of macromolecules than before.8 As an initial application
of our novel encapsulation technique, we have chosen
to study mechanical properties of capsules filled with a
neutral polymer. One question of interest is what is the
role of the concentration of encapsulated neutral poly-
mer in determining the stiffness of the capsules?
Another one is to which extent are the properties of the
shell itself responsible for the mechanical stability of
the capsules? We also briefly address an issue of
reversibility of a transition from the “closed” and “open”
state of the capsules and of a mechanism for perme-
ability changes.

Materials and Methods

Materials. Sodium poly(styrenesulfonate) (PSS, My, ~
70 000) and poly(allylamine hydrochloride) (PAH, My, ~ 50 000)
were obtained from Aldrich. Rhodamine 6G was purchased
from Sigma. Acetone was purchased from Merck.

Fluorescein isothiocyanate—dextran (FITC—dextran, M, ~
500 000) purchased from Sigma was used as a neutral polymer.

Dispersions of monodispersed weakly cross-linked melamine
formaldehyde (MF) particles with a diameter of 4.5 + 0.1 um
were purchased from Microparticles GmbH (Berlin, Germany).

Thin glass slides (0.17 mm) with optical quality surfaces
were obtained from World Precision Instruments (Victoria,
Australia). Glass spheres (radius 20 + 1 um) were purchased
from Duke Sci. Co., California. Glass surfaces were cleaned
by ethanol and plasma treatment.

Experiments were carried out in water prepared using a
commercial Milli-Q system containing ion exchange and
charcoal stages.

Capsule Preparation. The “filled” capsules were made
from the preformed “hollow” capsules. The original “hollow”
capsules have been produced by LbL assembly of four pairs of
poly(styrenesulfonate) (PSS) and poly(allylamine hydrochlo-
ride) (PAH) layers on MF particles. MF particles coated with
PSS/PAH multilayers were dissolved in 3 M HCI, and MF
oligomers were removed by washing, as described in ref 2.
Then the encapsulation of a polymer included several steps
(Figure 1). The original “hollow” capsules (Figure 1A) were
exposed to an acetone/water mixture (30%) in order to make
the polyelectrolyte multilayer permeable for high molecular
weight polymer. Then the neutral polymer (FITC—dextran)
molecules were added to the capsules in such a solvent
mixture. The “open” state of the capsule wall allows the
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Figure 2. Schematic of the AFM force experiment.

polymers to penetrate inside (Figure 1B). After 30 min this
mixture was diluted with pure water, and the multilayer
composed shell is assumed to return to the “closed” state
(Figure 1C). After washing in pure water, the capsules contain
polymer solution (Figure 1D). We have used FITC—dextran
solutions of several concentrations below 10 g/L.

Atomic Force and Optical Microscopy. Load (force) vs
deformation curves were measured with the Molecular Force
Probe (MFP) 2D AFM (Asylum Co., Santa Barbara, CA). The
MFP is equipped with a nanopositioning sensor that can
correct piezoceramic hysteresis and creep when operating in
a closed loop. The MFP was used in combination with an
inverted fluorescence microscope Olympus 1X70 with a high-
resolution immersion oil objective (100x), especially adjusted
for the MFP 2D.

We used V-shaped cantilevers (Micromash, Estonia, spring
constants k = 2.5 N/m). The constant of the cantilevers was
determined by a resonance frequency calibration plot (Canti-
levers catalog, Micromash, Estonia). Glass spheres were glued
onto the apex of cantilevers with epoxy glue (UHU Plus,
Germany).

To determine the 3D shape of the capsules and to measure
the concentration of FITC—dextran inside the capsules, we
used a commercial confocal microscope manufactured by Carl
Zeiss (Jena, Germany) consisting of the module Confocor 2 in
combination with the inverted microscope model Axiovert 200
and equipped with a 40x water immersion objective. The
excitation wavelength was chosen according to the label
Rhodamine (525 nm). The z-position scanning was done with
steps of 0.1 um. The concentration measurements were
performed via the fluorescence intensity coming from the
interior of the FITC—dextran containing capsules. In this case
we assumed that fluorescence is directly proportional to FITC—
dextran concentration and used a calibration curve of fluores-
cence intensity of free polymer in the bulk solution.

Schematic of Experiment. A schematic of the experiment
is presented in Figure 2. A drop (50—100 uL) of water
suspension of polyelectrolyte microcapsules (1) was deposited
onto a thin glass substrate (2) fixed over the oil immersion
objective (3) of the inverted fluorescence microscope, which
included a dichroic mirror (4) and a mercury lamp (5). For
fluorescence we used the fluorescent dies Rhodamine 6J and
fluorescein. The optical image was recorded by an Olympus
E-20P camera. The colloidal sphere (6) attached to a cantilever
(7) was centered above the apex of a capsule with accuracy of
+0.5 um, using the graticle line(s) in the optical image for
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Figure 3. Typical optical reflection images for a “filled” capsule obtained for different stages of deformation. The capsule is
located at the intersection of graticle squares 44—45—54—55; the size of a graticle square is 10 um. (A) A sphere is far from the
capsule; a spherical capsule is not deformed. (B) A capsule is compressed between a sphere and a substrate (e ~ 50%). The darker

background is due to a shadow from the sphere. On the right of the capsule one can see the red speck from the AFM laser. (C)
A sphere is away from the crushed capsule. One can see its nonspherical rest on a substrate.

alignment (see Figure 3). Measurements were performed at a
speed in the range from 0.2 to 20 um/s. The maximum loading
force was up to 1 uN. To quantify the force data, the results of
measurements were calibrated from the “constant compliance”
region of force curves between the glass probe and the glass
substrate in a region free from immobilized polyelectrolyte
capsules.

Calculation of the Deformation Curve. The result of
measurements represents the deflection A vs position of the
piezotranslator at single approach (loading)/retraction (unload-
ing). The force (F) acting between the glass sphere and the
polyelectrolyte microcapsule was determined from the canti-
lever deflection F = kA. The main difficulty with the AFM
measurements on deformable systems is that there is normally
no sharp transition between contact and no contact due to the
extended range of surface forces. In this study we simply
assume that the zero of separation is at the point of the first
measurable force.!? Then the deformation can be calculated
as the difference between the position of the piezotranslator
and cantilever deflection. The height of the capsule (AFM
diameter) was determined as a difference between the position
of the apex and the substrate and was used as an independent
way to determine the capsule diameter. The relative deforma-
tion € of the capsule was then defined as a ratio of deformation
to its height (or AFM diameter) as before.®

Results and Discussion

The 3D confocal scanning suggested that the original
“hollow” capsules are of a spherical form and of the size
of the original colloidal template. Confocal images of
capsules filled with FITC—dextran suggested that they
are also not swollen, and their confocal radius is the
same as for “hollow” capsules. Here, we also have not
found any deviations of the capsule shape from the
spherical one within the accuracy of the confocal 3D
scanning. The absence of discernible swelling for “filled”
capsules suggests that the excess osmotic pressure of
the inner polymer solution is too small to change the
size of the capsules. This is not surprising, taking into
account that for a neutral polymer the osmotic pressure
is proportional to the concentration devided by a chain
length, which gives values of the order of 10~* Pa for
our solutions of FITC—dextran.

A confocal fluorescence image in Figure 4 illustrates
that polymer was encapsulated. The interior of the
capsules was found to be bright and constant over time,
and there is no fluorescence signal from water. This
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Figure 4. Typical fluorescent confocal images of capsules
loaded with FITC—dextran (top) and fluorescent profile along
the line indicated in the images (bottom). The line on the
profiles (bottom) illustrates the intensity of fluorescence of 3
g/L FITC—dextran bulk solution used for encapsulation.

proves that the capsules are in the “closed” state. For
some capsules the intensity of fluorescence from the
interior was up to 20—30% less than that of bulk
polymer solution used for encapsulation. However, for
the majority of them it was found to remain equal to
the bulk value or was only a few percent lower.

We have performed several series of experiments;
each included the measurements of about 10—20 cap-
sules. As before,® we found some variability in similar
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Figure 5. Load vs deformation curves for “filled” capsules
measured at driving speed 2 um/s. Only every 10th point is

shown. Concentration of the FITC—dextran solution is 1 (1),
3(2), and 10 g/L (3).

capsule behavior, so that the so-called typical results
we report below represent a generalization (averaging)
of many observations. Some percent of the capsules had
a tendency to be broken (up to two capsules in the
series). In this case we have not observed the typical
force curves (quantitatively), and these data were
ignored in our analysis.

We remark that in all the cases the pull-off force was
equal to zero, which means negligibly small adhesion
to the glass substrate. Also, the AFM diameter used to
calculate € was always found to be equal to an optical
(confocal) one. Similar observations have been made
before,® so that we do not discuss that in detail here.

Figure 5 shows typical load vs deformation profiles
measured for capsules with different concentration of
inner FITC—dextran solution. These measurements
have been performer at the same (low) speed as before.8
The essential observations are these:

(i) One can observe some tendency for capsules to
become slightly stiffer with the increase in concentration
(although the difference between concentration 1 and 3
g/L is within an experimental error). Therefore, there
exists a contribution to mechanical properties coming
from the inner polymer solution. The reason for this
contribution cannot be connected with the osmotic
pressure of the FITC—dextran solution, which is neg-
ligibly small.

(i) We also see that capsules with different concen-
tration of FITC—dextran show qualitatively similar
deformation profiles, the same as was previously ob-
served for “hollow” capsules,® namely, that the deforma-
tion profiles always include three distinct regimes. In
the first regime, with low applied load (¢ up to ~0.2—
0.3), the capsules become stiffer after the load is
increased. The deformation is elastic and reversible and
does not depend on the concentration of the inner
polymer. Importantly, because of an improved optical
scheme and a possibility to control the shape of the
capsule, we dramatically decreased the variability in
load vs deformation profile for the first regime. The
second regime (e ~ 0.3—0.8) is characterized by a change
in slope in the load—deformation profiles, which now
reveals a dependence on concentration of the inner
polymer solution and only partial reversibility. The
load—deformation profile includes different sectors (from
substantial deformation at the quasi-constant load to
noisy regions in the data and, sometimes, a change in
the sign of the slope). Another important feature of this
regime is a much higher hysteresis and variability in
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Figure 6. Load vs deformation curves measured at low drive
speed of 2 um/s (only every 10th point is shown) for original
“hollow” capsules (1) and capsules after treatment in a water/
acetone mixture: “hollow” (3) and “filled” (10 g/L) with FITC—
dextran (2) capsules.

behavior. We stress that this variability is due to
different properties of different capsules and is not
connected with experimental error. After substantial
deformation the capsules enter the third regime (¢ ~
0.7—-1.0), in which major damage is caused by higher
load.

(iii) Another result is that the capsules filled with
FITC—dextran are very soft compared with the capsules
studied in our previous publication.?

These observations deserve more comments and
detailed investigations. We start with the question of a
stiffness of the capsules. Figure 6 illustrates the differ-
ence of capsules filled with FITC—dextran from the
original “hollow” capsules. Indeed, the “filled” capsules
are much softer than those used for their preparation.
More precisely, the load required to cause the same
deformation of “filled” capsules is from 3 to 5 times lower
than that for the original “hollow” ones, depending on
regime of deformation and on concentration of the inner
polymer solution. To understand the reasons for such a
decrease in stiffness, we have treated the original
“hollow” capsules in the same water/acetone mixture
used for encapsulation of a polymer. One can see that
this led to a dramatic decrease in the “hollow” capsule
stiffness. Essentially, the “hollow” capsules treated by
organic solvent are softer than “filled” capsules only in
the second and third regimes of deformation. We have
not found any difference between these two types of
capsules in the first regime of deformation.

These results indicate that the treatment of the
capsules by organic solvent results in decreases in the
stiffness of the shells, and this effect is entirely respon-
sible for the mechanical properties of the “filled” cap-
sules deformed in the first regime. Some aspects of the
behavior of the capsules at small deformations can be
better understood by analyzing the data plotted in log—
log scale (see Figure 7). The experimental data pre-
sented in this scale look somewhat like straight lines.
This indicates that the relationship between the load
and the relative deformation approximates a power low,
which is in agreement with our theoretical model.*® The
data for “filled” and treated by solvent “hollow” capsules
are superimposed, while the results for preformed
“hollow” capsules plotted in this scale are shifted toward
higher values of a force. According to our predictions,!3
the force is linear in Eh, where E is Young's modulus
of a polyelectrolyte multilayer and h is the shell thick-
ness. Therefore, the softening of the capsules after
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Figure 8. Load vs deformation curves for capsules filled with
FITC—dextran (10 g/L) measured at driving speed 0.2 (1), 2
(2), and 20 um/s (3). Only every 10th point is shown. The
change in slope for the high-speed curve (3) is likely due to a
local rupture of the shell (and/or buckling).

treatment in organic solvent is due to either structure
changes (leading to a decrease in E) or partial dissolu-
tion of the shell (leading to smaller h), or both. Once
again, the encapsulated neutral polymer itself does not
give any contribution to the mechanics of elastically
deformed capsules.

In the second regime, the behavior of capsules depends
on both the shell properties and concentration of the
inner polymer solution. In addition, the deformation
profiles are getting rate dependent as illustrated by
Figure 8. More precisely, there is no speed dependence
in the first regime of deformation, but the deformation
profiles for the second regime are very sensitive to the
driving speed. One can see that the “filled” capsules
become stiffer with the increase in the rate of deforma-
tion. The same qualitative behavior was found for
“hollow” capsules treated by a water/acetone mixture
although a slightly lower load was required to cause the
same deformation. However, we were unable to observe
any significant dependence on the driving speed when
it was below 15 um/s for original “hollow” capsules.
These results indicate that the capsules treated in
organic solvent are different from the original “hollow”
capsules and that the second regime of deformation is,
indeed, controlled by phenomena that are not related
to the elasticity of the shells. The rate-dependent
deformation profiles were previously observed in the
AFM force experiment and have been interpreted in
favor of plastic'* and/or viscoelastic!>1¢ deformation. The
impact of the inner polymer allows us to rule out these
types of deformation for the multilayer shells. We
therefore conclude that the mechanics of the “filled”
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capsules deformed in the second regime is different from
what was found before® (as a reaction to micropipet
suction). We should also exclude similar phenomena
coming from the capsule interior because both concen-
tration and viscosity of encapsulated polymer are rela-
tively low. So, the reasons for the observed behavior of
highly deformed capsules are not very clear. One can,
however, surmise that at some load the “filled” capsules
become more permeable for an inner solution. If so, the
deformation would be controlled by its drainage through
the shell pores. Such a hypothesis is consistent with the
softening of the multilayer shells after treatment by
organic solvent, which could lead to a lower value of a
“tensile strength” for the pore/defect formation. It will
also predict the increase in the force with the viscosity
of the inner polymer solution (or polymer concentration)
and driving speed, which is also in agreement with our
observations. However, more detailed investigation of
this regime is required to finally conclude on the reasons
for such a mechanical behavior. This work is in progress
and will be published elsewhere.

In summary, the experiment we have reported sug-
gests that the encapsulation of a neutral polymer
changes the mechanical properties of polyelectrolyte
microcapsules toward their softening. This softening is
due to treatment by organic solvent required to induce
a transition from the “closed” to “open” state of the
capsules. As a result, in a small deformation regime the
behavior is entirely controlled by the elasticity (and its
changes) of a shell-forming polyelectrolyte complex. At
larger deformations the capsule mechanics is likely
determined by the drainage of the inner solution
through the nanopores of the stretched shell. The role
of organic solvent in permeability changes and softening
of the shell has hardly begun to be considered theoreti-
cally in any depth and raises questions of some interest.
The pH-induced opening of the pores of the order of
several nanometers and more in a polyelectrolyte mul-
tilayer has been studied before.l” It follows from our
results that organic solvent ought to have a similar role
to play in setting ultrastructure of the polyelectrolyte
multilayer shell.
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