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Many smart materials in bioengineering, nanotechnology
and medicine allow the storage and release of
encapsulated drugs on demand at a specific location

by an external stimulus. Owing to their versatility in
material selection, polyelectrolyte multilayers are very
promising systems in the development of microencapsulation
technologies with permeation control1–4 governed by variations
in the environmental conditions5–8. Here, organometallic
polyelectrolyte multilayer capsules, composed of polyanions
and polycations of poly(ferrocenylsilane) (PFS), are introduced.
Their preparation involved layer-by-layer self-assembly
onto colloidal templates followed by core removal. PFS
polyelectrolytes feature redox-active ferrocene units in the main
chain. Incorporation of PFS into the capsule walls allowed us
to explore the effects of a new stimulus, that is, changing the
redox state9,10, on capsule wall permeability. The permeability
of these capsules could be sensitively tuned via chemical
oxidation, resulting in a fast capsule expansion accompanied
by a drastic permeability increase in response to a very small
trigger. The substantial swelling could be suppressed by the
application of an additional coating bearing common redox-inert
species of poly(styrene sulfonate) (PSS−) and poly(allylamine
hydrochloride) (PAH+) on the outer wall of the capsules. Hence,
we obtained a unique capsule system with redox-controlled
permeability and swellability with a high application potential
in materials as well as in bioscience.

‘Smart’ polymers can recognize a stimulus as a signal and then
significantly alter for instance their chain conformation in response
to small changes in the environmental conditions11. Molecular
structures that are composed of such materials, with the ability
to be triggered to contract or expand in a controlled fashion,
have great application potential in numerous fields, including
nanotechnology, biochemistry, organic and physical chemistry, and
materials science12. Conventional, organic polyelectrolyte-based
microcapsules have limitations in some significant applications
due to their slow response to trace amounts of trigger and
restrictions on the choice of stimuli. Electrochemical stimuli are
very promising, because (1) the redox potential near an organ

where a pharmaceutical drug should be released may differ from
other locations in the body, and (2) a corrosion pit may self-
anneal due to the release of an inhibitor caused by a change
in the local potential. However, this requires the construction
of capsules with redox-active compounds. Poly(ferrocenylsilanes)
(PFS), composed of organometallic units in the main chain,
belong to the class of stimulus-responsive materials. Owing to
the ferrocene-bearing repeating units of the polymer, PFS can
be reversibly oxidized and reduced by chemical13–15 as well as
electrochemical means16,17. Atomic force microscopy (AFM)-based
single-molecule force spectroscopy measurements on PFS single
chains9,10,18 showed a significantly increased Kuhn length and
segment elasticity after oxidation, which is direct proof of redox-
induced changes of the torsional potential energy landscape.

Water soluble PFS polycations and polyanions19–22, belonging
to the rare class of main-chain organometallic polyelectrolytes,
have recently been reported by us and others. These compounds
all bear certain charges on the polymer side groups so that they
can be used in the electrostatic layer-by-layer (LBL) self-assembly23

process to form multilayer films and hollow capsules24 with defined
structure and function due to the molecular characteristics of the
organometallic main chain.

The organometallic polyelectrolyte multilayer capsules
reported here are based on the water-soluble PFS polyanion
1 and polycation 2. As demonstrated in Fig. 1, PFS capsules
were fabricated by the electrostatic LBL assembly of these
polyelectrolytes onto colloidal templates. These templates were
removed at the completion of the assembly. Before studying
the encapsulation and release, the capsule structures were
characterized in detail. The electrostatic LBL assembly process
was followed by electrophoretic mobility measurements. Figure 2a
summarizes the changes in zeta(ζ)-potential recorded on layer
deposition for polyanion/polycation pairs (in the sequence of
(PSS−/PAH+)2(PFS−/PFS+)3) on melamine formaldehyde (MF)
cores. The alternation of the ζ-potential between positive and
negative values indicated the successful charge reversal of the
particle surfaces during the LBL sequential deposition25. After
removing the MF cores using HCl (pH = 1.0) and subsequently
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Figure 1 Schematic diagrams of the organometallic multilayer capsule formation and permeability control. Polyanion 1 (black lines) and polycation 2 (blue lines) were
used in the electrostatic self-assembly onto curved substrates followed by core removal. The permeability of the obtained capsules could be tuned via chemical oxidation for
example, by FeCl3. Red bundles represent dextran. The varying colours of the polymer chains in the bottom left represent their different oxidational/conformational states.

carrying out several rinsing steps, ultraviolet/visible measurements
were carried out on the aqueous dispersion of the obtained capsules
((PSS−/PAH+)3(PFS−/PFS+)2 capsule wall structure). As shown in
Fig. 2b, the absorbance characteristic of PFS was observed as an
intense ligand-to-metal charge-transfer transition at 216 nm, in
accordance with previous results on planar PFS polyelectrolyte
multilayer films19,22. In addition, the slowly precipitated capsules
were yellow, indicating the presence of ferrocene-containing
material in the capsule wall.

Complementary to the MF cores, more-stable microcapsules,
solely composed of PFS polyanions and polycations with a better-
defined integrity, were fabricated in high yield using manganese
carbonate (MnCO3) templates. Metal carbonate crystals that can
be removed by ethylenediaminetetraacetic acid (EDTA) solutions
have been intensively used in recent years due to their suitability

in the fabrication of clean capsules, dissolution in mild conditions
and relative ease of synthesis26,27. Figure 2c shows an example of
a dried capsule with four bilayers of PFS polyanion/polycation.
An average bilayer (PFS−/PFS+) thickness of 6.0 ± 0.3 nm for
adsorption from 0.5 M NaCl was calculated. This value was larger
than the typical bilayer thicknesses (∼4.5 nm) obtained on planar
(silicon or gold) substrates under the same adsorption conditions.
A possible explanation for this variation in film thickness may
be related to the dependence of multilayer film growth on the
characteristics of the templating materials, for example, on surface
charge density28. The surface of the collapsed capsules, as shown in
AFM images, exhibited a roughness (r.m.s., in an area of 3×3 μm2)
of ∼5 nm, which was significantly larger than the respective r.m.s.
values obtained for multilayer films on planar substrates, which
were in the sub-nanometre range.
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Figure 2 Characterization of PFS multilayer microcapsules. a, Zeta-potential measurements following the LBL deposition process of PFS polyions on MF cores.
b, Ultraviolet/visible spectrum of the aqueous dispersion of (PSS−/PAH+ )2 (PFS−/PFS+ )3 capsules. The strong absorption peak at l = 216 nm is characteristic of PFS.
c, A collapsed PFS capsule (four bilayers of (PFS−/PFS+)) imaged by tapping-mode AFM in the dry state; the AFM thickness of the capsules was measured by the difference
in the heights corresponding to the arrows.
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Figure 3 Redox-responsive permeability accompanied by expansion of PFS capsules. a, Confocal fluorescence micrographs of a capsule solution containing 4.4-kdalton
TRITC-labelled dextran before (1) and after (2) FeCl3 oxidation. The arrows indicate expanded capsules. Scale bar = 40μm. b, PFS capsule expansion with time in the final
oxidized states. The circles represent the experimental data and the red line is an exponential fit, which gives a first-order expansion rate constant of k= 0.010 s−1 for the
example shown.

The unique chemical constitution of these capsules ensures
their peculiar redox-responsive permeability (Fig. 1). To study the
response of our PFS capsules to redox stimuli, ferric chloride
(FeCl3) was chosen as the oxidant due to its effectiveness
in oxidizing PFS13 and its water solubility under slightly
acidic conditions. Tetramethylrhodamine isothiocyanate (TRITC)-
labelled dextran (4.4 kdalton) was used as a fluorescent probe
to monitor permeability. PFS capsules that were originally
impermeable to these molecules were mixed on-site with an
aqueous FeCl3 solution (1 mM, pH = 4, tuned by HCl) during

in situ confocal laser scanning microscopy (CLSM) imaging. On
exposure to Fe3+ ions originating from FeCl3, the PFS capsules
exhibited a continuous expansion accompanied by an increasing
permeability of the capsules as shown by fluorescence imaging.
Figure 3a shows the CLSM images of PFS capsules (with 6
bilayers) before and after oxidation. Image 2 in Fig. 3a reveals that
the oxidized capsules were completely permeable to 4.4-kdalton
dextran molecules, as it was no longer possible to differentiate
the fluorescence intensity from outside and inside the capsules.
Following the exposure to FeCl3, a substantial change in the capsule
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Figure 4 Redox-responsive permeability of multilayer capsules with organometallic–organic composite-wall structures. a, Local oxidation of
(PFS−/PFS+ )5 (PSS−/PAH+ )1 microcapsules by FeCl3 (1mM, pH= 4) monitored by CLSM. Capsules that are originally impermeable (1) to 4.4-kdalton dextran molecules show
partial permeability (2) in the early stage of oxidation (10min) and almost complete permeability (3) after oxidation for more than 1 h. Scale bar= 20μm. b, Tapping-mode
AFM height image of a (PFS−/PFS+ )5 (PSS−/PAH+ )1 capsule after oxidation for over 2 h by FeCl3 (1mM, pH= 4). The integrity of the capsules has been preserved.

size accompanied the onset of permeability, as observed for the
oxidized capsules in Fig. 3a. It should be noted that permeability
was statistically defined and the overall permeability referred to a
situation where ≥90% capsules exhibited the same quality.

Expansion of the capsules proceeds in a continuous manner
until their final disappearance. The process of expansion and
disintegration was monitored as a function of time to describe
the kinetics of the capsule swelling under these conditions. The
oxidation-induced expansion sets in following an induction period
of about 15 min at room temperature. The induction period is
a result of a slow diffusion of the Fe3+ ions to the location
of the capsules and to the capsule interior, and is thus not a
consequence of a slow oxidation reaction (see the Supplementary
Information). After the induction period, data were collected on
the mean diameter values of the capsules from the onset of adding
FeCl3 until the final disappearance of the capsules. The continuous
capsule expansion could actually be stopped by adding effective PFS
reducing agents, for example, dithiothreitol, during the oxidation
process. The degree of capsule expansion was calculated (averaged
over a population of about 20 capsules) as:

capsule expansion (%) = dt −d0

d0

×100%,

where d is the diameter of the capsules observed by CLSM, with
subscripts 0 and t denoting values before and at ‘t ’, respectively.

Figure 3b summarizes the expansion data as a function of
time. The circles in Fig. 3b represent the experimental data that
were fitted by a simple exponential growth curve as shown by
the red line. The data indicated that the capsules expanded in
an accelerated manner towards the final disintegration, following
kinetics similar to a first-order reaction, where the rate law can be
described as:

A

A0

−1 = ekt

where k is the rate constant. A fit of the data resulted in a typical
k value of 0.010 s−1 in the present case, and this value was found
to strongly depend on the concentration of the oxidant. Our study
on the local oxidation of (PFS−/PFS+)5 capsules showed that when
the concentration of the FeCl3 solutions decreased from 3 to 1 mM,
the duration of complete capsule disintegration increased from 2 to
15 min. These times are more than one order of magnitude shorter
than those measured for main-chain scission29, and it was therefore
concluded that they were determined by the build-up of charges
inside the films.

The observed oxidation-induced capsule permeability change
and disintegration are peculiar, especially because a very small
trigger (FeCl3 with a sub-mM concentration) is sufficient to cause
the change. This expansion was interpreted as a result of several
factors. First, oxidation of the ferrocenyl groups on the polymer
causes the amount of positive charges along the main chain to
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increase. Thus, in a multilayered structure containing the same
polymer backbone, electrostatic repulsion due to the excess positive
charge on the chains would increase the distance between like-
charged segments, that is, an expansion both along the chain and in
the multilayer growth direction would be favoured. As mentioned,
we have shown previously that a stiffening (that is, an increase
in the Kuhn segment length and segment elasticity) accompanies
oxidation9,10. This effect may also contribute to increase the
average pore size and enhance the permeability accordingly. During
oxidation, the original PFS− and PFS+ both pick up additional
positive charges; this in turn modifies the overall charge density on
the polycations and polyanions in opposite directions. Polycations
become more highly charged on oxidation, whereas polyanions
become neutral. In essence, because the electrostatic neutrality
in the as-prepared LBL structures is lost, we expect complete
disintegration of the capsules after full oxidation.

To maintain the integrity of the capsules, and at the same
time effectively change the capsule permeability, composite-wall
capsules with PFS−/PFS+ polyion pairs as inner layers and
redox-insensitive polyelectrolyte pairs (PSS−/PAH+) in the outer
layers were fabricated. Examples of CLSM micrographs of capsules
composed of (PFS−/PFS+)5(PSS−/PAH+)1 are shown in Fig. 4a.
These capsules were robust and essentially impermeable to
4.4-kdalton dextran molecules in the neutral state. After adding
FeCl3 (1 mM) solution, the capsules started to become permeable,
as indicated by the strong increase in the fluorescence intensity in
the capsule interior (image 2). During the course of the oxidation
process of PFS, an almost complete permeability of all capsules was
observed (Fig. 4a, image 3). CLSM images also exhibited a gradual
accumulation of dye molecules in the capsule wall (see also Fig. 1).
Similar dye accumulation has been reported previously4. The
capsule integrity was preserved, as shown in Fig. 4b. However, the
double wall thickness of the capsules decreased from 69 ± 3 nm
before oxidation to 22±3 nm after oxidation for over 2 h, indicating
some loss of material related to maintaining charge neutrality.
Neither CLSM nor AFM measurements showed any measurable
capsule size change before and following oxidation.

In addition to varying the concentration of oxidants, the rate
of permeability change could also be tuned by the number of
PSS−/PAH+ bilayers on the outer wall of the capsules. Increasing
the number of outer layers slowed the permeability change of
the capsules. Obviously the capping redox-inert bilayers acted
as ‘blocking’ layers on the capsule surface. When varying the
number of capping PSS−/PAH+ bilayers from n = 1–3 on the
same (PFS−/PFS+)5 inner-layer structure and using the same
oxidant concentration, the recorded timescale for more than 80%
of the impermeable capsules to become permeable increased
from 1 to 6 h.

MATERIALS AND METHODS

The detailed synthesis of the PFS polyions 1 and 2 (Fig. 1) has been described
elsewhere21. PSS (molecular mass: ∼ 70 kdalton), PAH (molecular mass:
∼ 70 kdalton), and TRITC-labelled dextran (TRITC-dextran, molecular mass:
∼ 4.4 kdalton) were obtained from Aldrich and used as received. Manganese
carbonate particles (10 μm) were prepared according to reported methods26.
MF particles (5 μm) were purchased from Microparticles GmbH.

FABRICATION OF POLYELECTROLYTE MULTILAYER CAPSULES

Alternating adsorption of polyelectrolytes (PFS, 1 mg ml−1; PSS/PAH,
2 mg ml−1) onto the colloidal microparticles (∼10% w/w in suspension) was
carried out in 0.5 M NaCl solution for 10 min followed by centrifugation
(1,500 r.p.m., 1 min) and three MilliQ washing/centrifugation steps. Depending
on the composition, HCl (MF) or EDTA (MnCO3) was used to remove the
core material.

CLSM

CLSM images were obtained with either a Leica TCS NT (×100 or ×40 oil
immersion objective) or Zeiss LSM 510 (×63 oil immersion objective) confocal
scanning system. Equal volumes of capsule suspension and TRITC-dextran
(2 mg ml−1) were mixed before observation. On-site oxidized samples were
monitored by adding another equal volume of oxidant solution and carrying
out a continuous scan under the same spot in focus.

AFM

Capsule samples were prepared by applying a droplet of capsule suspension on
a freshly cleaved mica surface and subsequent dry-blowing. AFM images were
taken in tapping mode using silicon cantilevers (Nanosensors) on a NanoScope
IIIa multimode AFM (Veeco-Digital Instruments) at room temperature, in air.

ZETA-POTENTIAL MEASUREMENTS

The ζ-potential of the microcapsules was measured in water using a Zetasizer
Nanoinstrument Nano Z setup. Each value was averaged from 5 parallel
measurements.

ULTRAVIOLET/VISIBLE SPECTROSCOPY

Ultraviolet/visible spectra were recorded using a Cary 300 UV/vis
spectrophotometer.
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