, Bioencapsulation
Research Group

Bloencapsulation Innovations

June 2012 ’

EDITORIAL
ARTICLE

Polyelectrolyte layer-by-layer assembly
for drug delivery

CONFERENCE

XX International Conference on Bioen-
capsulation

BIBLIOGRAPHY
Journal of Microencapsulation

ARTICLE

Alginate-based hydrogel for cell mi-
croencapsulation : physical, chemical or
hybrid ?

CALENDAR

Microencapsulation future events
BRG 2013 provisional program

ARTICLE

Cell encapsulation for combinatorial
stemm cell biology

ARTICLE

Polyelectrolyte encapsulation of complex
emulsions for biomedical applications

OTHER NEWSLETTER
APGIl and GTRV publis a newsletter
ARTICLE

Polyelectrolyte compexation: Is it advan-
tageous for preparing nanoparticles ?

PHD AND POSTDOC POSITIONS....22
ARTICLE ...

Did we tame water within alginate
microspheres ?

ARTICLE

Polyelectrolyte microcapsules in cellular
uptake - acheivements and perspectives

ARTICLE

Microfluidic production of biopolymer
based janus microbeads

ASSOCIATION
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POLYELECTROLYTES FOR
MICRO- AND NANOENCAPSULATION

July 9-12, 2012, the «9th Internatio-
nal Symposium on Polyelectrolytes -
ISP 2012» will take place at the Ecole
Polytechnique Fédérale de Lausanne
(EPFL) in Switzerland, in the same
rooms where the BRG organized in
2006 the «XIV International Workshop
on Bioencapsulation & COST 865 mee-
ting». What is the link between these
two events?

Polyelectrolytes, macromolecules
which have positively charged, nega-
tively charged, or
both, ionic groups
along their poly-
mer backbone, are
an active area of
research in fields
such as chemistry,

physics, biology,

HTTP://ISP2012.UNIGE.CH/

mental responsive materials. Despite
under intense study, the potential of
such complexes for the encapsula-
tion of actives or even cells for use as
food additives, agricultural innova-
tions, or for biomedicine, pharmaceu-
ticals and biotechnology is far from
being exhausted. Examples of already
practically used PEL components for
complex materials are, for example,
alginate, carrageenan, xanthan, gum
Arabic, modified starch, chitosan, po-
ly-DADMAC, or cellulose sulfate.

PEL complexes will
also be part of the ISP
2012 program. Basic
research on PEL,
their analysis, cha-
racterization, solu-
tion and complex for-

medicine, mate-

rials science, food

science, and nanotechnology. PEL co-
ver a wide range of compounds inclu-
ding biopolymers such as proteins and
polysaccharides and many synthetic
polymers industrially
produced on a large
scale. Due to their
ionic charges, these
compounds can inte-
ract by electrostatic
Coulomb interaction
and form polyelec-
trolyte complexes. The material pro-
perties of such complexes range from
completely soluble complexes over
hydrogels to solid materials.

Applying specific technologies, such as
microencapsulation or layer-by-layer
deposition, PEL can be processed into
high performance and even environ-
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mation behavior will
definitely contribute to
optimize encapsulation technologies,
to invent novel application fields and/
orimprove the performance of already
existing materials and applications. It
is therefore not sur-
prising that not only
academics but also
industrials  partici-
pate in the ISP 2012.
This Newsletter will
present some recent
results in the field of
PEL complex formation.

Christine Wandrey

Professor at EPFL, Lausanne, Swit-
zerlands, Co-organizer of the Interna-
tional Conference on Bioencapsulation
2006 and the International Symposium
on Polyelectrolytes 2012
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POLYELECTROLYTE LAYER-BY-LAYER ASSEMBLY FOR DRUG

DELIVERY

Cyril Moccand, Department of Botany and Plant Biology, University of Geneva, Switzerland

INTRODUCTION

Novel materials and technologies for
drug delivery have evolved in the past
decades, with the constant need of
improving drug transport to a speci-
fic target by optimizing bioavailability
and lowering drug toxicity. The field of
drug deliveryin particularis intimately
related to new findings in nanotechno-
logies. Nanocapsules composed of
tailored complexes provide novel op-
portunities for controlled released of
a variety of therapeutics. An emergent
class of carriers that appeared in the
later 1990s, multilayered polyelectro-
lyte micro and nanocapsules, have un-
dergone an exceptional evolution from
physicochemical studies to promising
drug delivery systems [1-3]. They have
been fabricated and engineered to
encapsulate a large variety of drugs,
using biodegradable polymers that
can respond to different well-defined
stimuli for delivery. Hitherto, nume-
rous nanocapsules-based drug for-
mulations have been developed for
the treatment of cancer, infections and
diabetes among other diseases [4, 5].

Polyelectrolyte micro and nanocap-
sules are generally synthesized via a
so-called layer-by-layer technique,
with the use of a removable template
of size ranging from 0.1 to 10 ym, re-
sulting after its dissolution in a hol-
low capsule surrounded by a polye-
lectrolyte multilayer membrane and
subsequently loaded with the drug, as
shownin Figure 1[6, 7. Three main ap-
proaches have been developed for the
synthesis of these capsules. The first
and obvious one involves the coating
of the drug itself, leading to the for-
mation of a drug particle covered by a
polyelectrolyte multilayer membrane
[8]. The second approach is defined by
the formation of capsules surrounding
a soluble template that is removed
after the formation of the polyelec-
trolyte multilayer. The membrane is
then permeabilized by a pH shift or by
changing solvent polarity, allowing the
diffusion of macromolecular drug par-
ticles in the capsule [9, 10]. Finally, the
third strategy combining the two first
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ones involves the utilization of porous
inorganic templates preloaded with
the therapeutics before being coated
by the polyelectrolyte [11, 12]. Their
dissolution results in low-molecular
mass ions diffusing through the mem-
brane while the macromolecular drug
substances remain trapped in the cap-
sule.

LAYER-BY-LAYER
ASSEMBLY OF POLY-
ELECTROLYTE CAP-
SULES

The formation of polyelectrolyte mul-
tilayers is performed by the sequen-
tial adsorption of polycations and
polyanions on the surface of a char-
ged template [6]. Standard synthetic
polyelectrolytes comprise polyanions
such as poly(styrene sulfonate] (PSS),
dextrane sulfate (DXS) or poly(vinyl
sulfate] (PVS) and polycations, like
poly(allylamine hydrochloride)
(PAH), protamine dextrane (PRM] or
poly(dimethyldiallylammonium chlo-

ride) (PDDA] [13]. In general, layer-by-
layer assembly is made in three steps,
as depicted in Figure 2. The first one
involves the immersion of a charged
substrate in a solution of oppositely-
charged polyelectrolyte to adsorb the
first monolayer, followed by a washing
step enabling the removal of unbound
material. The next step is the immer-
sion of the coated substrate to deposit
the second layer for the formation of
a multilayered capsule [14]. This tech-
nique takes advantage of the electros-
tatic interactions between charged
polymers and oppositely charged sur-
faces, allowing stepwise formation of
a polyelectrolyte membrane by repe-
titive exposure of substrates with the
next colloid.

ADVANTAGES OF
NANOPARTICLE
BASED DRUG DELI-
VERY

The use of nanotechnologies for targe-
ted drug delivery enables to overcome
a variety of limits imposed during the
administration of free drugs. Nano-
capsules offer the opportunity to func-
tionalize their surface for specific tar-
geting. They enable stabilization and
protection of the encapsulated drugs
to avoid their systemic clearance and
offer the possibility of multiple drug

Fig. 1 Schematic illustration of the formation of a drug-loaded polyelectrolyte capsule.
Consecutive adsorption of layer-by-layer assembled polyelectrolyte multilayers (orange
and blue] onto template microspheres (gray] is followed by dissolution of the core and
incubation with therapeutics for drug loading (yellow) in the capsule.
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delivery in a single system. Moreover,
they can be functionalized to respond
to specific stimuli, making delivery
fully controllable, all this at a nanome-
ter range [15]. These features enable
to reduce the lack of selectivity, spe-
cificity, the high degradation suscep-
tibility and the difficult drug transport
thatis currently limiting drug adminis-
tration, especially during chemothe-
rapy for the treatment of metastasized
cancers [15]. In addition, the concen-
tration of therapeutics can be signi-
ficantly reduced when encapsulated,
leading to low dose-dependent side
effects of the drugs as well as a reduc-
tion of the utilization of toxic adjuvants,

A\

have been engineered so far, none of
them have been yet approved by the
FDA.

STIMULI RESPONSIVE
NANOCAPSULES

An interesting feature of multifunc-
tional delivery systems such as poly-
electrolyte multilayer microcapsules
and nanocapsules is the possibility of
external guidance via remote physi-
cal control. Responsiveness to tem-
perature, pH, solvent polarity, CO, or
glucose levels, light, ultrasounds, ma-
gnetic field as well as electrochemical
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Fig. 2 A schematic representation of the alternate adsorption of the polyelectrolyte spe-

cies to produce a multilayered structure

used to improve the bioavailability of
the active compounds [15].

The mainadvantages of polyelectrolyte
capsules compared to other technolo-
giesindrugdelivery are certainly their
modularity and multifunctionality. The
electrostatic driving force for multi-
layer formation as a basic principle for
capsules fabrication enables the utili-
zation of a wide variety of constituents
such as synthetic polyelectrolytes,
enzymes, lipids, nanoparticles, and
so on [1]. Moreover, polyelectrolytes
can be synthesized without the use
of organic solvents, which is the case
for many other particles used in drug
delivery, such as poly(lactic-co-glyco-
lic acid) microspheres and liposomes
[16]. Considering the fact that polye-
lectrolyte assemblies are endocyted
by cells, their potential for therapies
using drug delivery is promising, but
out of the numerous layer-by-layer
polyelectrolyte microcapsules that

stimuli has already been reported [16-
22]. Here we review promising data on
capsules possessing remote physical
control for navigation and delivery of
drugs.

pH-responsive assemblies

Certain types of capsules have the
ability to deliver their payload in res-
ponse to a change in the medium pH.
This change is attributed to a decrease
of the charge density of these assem-
blies leading to an increase in per-
meability when the pH of the medium
containing the polyelectrolytes is
close to their apparent pKa [23]. Drug
delivery by means of a shift in the pH
can be utilized in cancer therapy, since
it is known that inflammatory and
tumor tissues display a mildly acidic
environment [24]. Moreover, accumu-
lation of nanocapsules in tumor tissue
is facilitated by the Enhanced Permea-

bility and Retention effect (EPR), due
to the presence of fenestrations in
tumor blood vessels as well as a lack
of effective lymphatic drainage [25]. A
second field of application relies on
the acidification taking place in the
gastrointestinal tract [26]. However,
simpler therapies by oral administra-
tion have been developed and opti-
mized, rendering controlled release
obsolete in this case.

Nanocapsules with pH-responsive
properties can also be exploited in
cellular vesicles like lysosomes (pH
4.5-5) and endosomes (pH 5.5-6) [24].
As demonstrated by Gianotti et al., a
polyelectrolyte composed of trimethyl
chitosan (TMC) and the lysosomal en-
zyme o-galactosidase A (o-GAL) was
synthesized through self-assembly,
with an ability to release the enzyme at
acidic pH. This capsule showed a good
potential as advanced protein delivery
systems for the treatment of lysoso-
mal storage disorders such as the
Fabry disease, characterized by a de-
ficiency of a-GAL [18]. However, such
pH triggered release is not obvious
under physiological conditions since it
is difficult to predict the apparent pKa
of polyelectrolytes within a multilayer
assembly [23].

Capsules with optical response

Generally, release of capsule payload
by optical response was related to the
accumulation of light energy by a chro-
mophore embedded in non-absorbing
polyelectrolyte, thus heating the chro-
mophore and leading to an increase
in the permeability of the shell or its
rupture [27]. One requirement for the
use of light-responsive polyelectrolyte
capsules is to avoid destruction of the
surrounding environment and the en-
capsulated drug by means of the illu-
mination. The best region in the elec-
tromagnetic spectrum is in between
780 and 900 nm, where no chief chro-
mophore absorbance is observed [27].

The absorption properties of the cap-
sule can be controlled by choosing the
size and the substrates of the nano-
membrane, thus regulating heat pro-
duction and response. Organic dyes
have been investigated as absorbers
for light-responsive polyelectrolytes
capsules by coating. A new and dif-
ferent type of optically addressable
capsules has been reported by Wang
et al. They used encapsulated photo-
sensitizers to induce cell death for the

A 3




June 2012

A
. Y ——
X I

.
Reservoir
L
Flow channel %

peres S o\

Magnet Cell B'Capsule

Fig. 3 Model for the magnetic delivery of polyelectrolyte capsules functionalized with
magnetic nanoparticles (A). Living breast cancer cells attached to the bottom of the flow

channel and located 1Tmm away (B] or just above the edge of the permanent magnet (C).
Internalized capsules are recognized by their luminescence attributed to CdTe nanocrys-
tals incorporated in the shells.

treatment of cancer and viral infec-
tion by generation of singlet oxygen
upon exposure to light in vitro [22].
This experiment showed that light-
responsive microcapsules are good
candidates for targeted drug delivery
of therapeutics that need to be protec-
ted from the environment before their
release on the biological target.

Magnetic polyelectrolyte nano-
carriers

Navigation of polyelectrolyte micro-
capsules by means of a magnetic field
represents a promising technology
for controlled release, since they can
be remotely targeted to the tissue of
interest. The introduction of magne-
tic iron oxides in these assemblies
represents the most common way of
production of these responsive layer
by layer capsules. The first attempt
to produce magnetic polyelectrolyte
capsules was performed by Caruso
et al., where polystyrene latex beads
were coated with stablized negatively
charged Fe,0, nanoparticles and poly-
cation PAH, alternatively [28].

Many different strategies were deve-
loped for the synthesis of magnetic-
responsive polyelectrolyte capsules,
such as the formation of hollow ma-
gnetic nanoparticles after template
removal [29], or by using the pH-de-
pendent permeability of the polyelec-
trolyte membrane to selectively im-
pregnate the magnetic nanoparticles
[30]. In the latter example, the Fe,0,
nanoparticles could diffuse through
the polylallylamine hydrochloride]/
poly[styrene sulfonate] polyelectro-
lyte membrane which is permeable to
species smaller than 10 nm at pH 4.5
and therefore reach the interior of the
shell.

An interesting feature of magnetic-

;. WA

responsive polyelectrolyte nanopar-
ticles is the ability of these capsules
to align or move driven by a magnetic
field [28]. In vitro experiments using
Fe,0,-impregnated poly[styrene sul-
fonatel/poly[allylamine hydrochloride]
capsules targeted on breast cancer
cells showed that a high level of cellu-
lar internalization was reached when
the particles were placed under a ma-
gnetic field (Figure 3) [31].

Such functionalized polyelectrolyte
capsules can also be used to remove
their payload by means of a magnetic
field. Hu et al. observed the rupture
of Fe,0,/polylallylamine hydrochlo-
ride] capsules leading to the release
of fluorescein isothiocyanate-dextran
upon exposure to high frequency ma-
gnetic field [20]. Moreover, fast uptake
of cancerous cell line was observed,
along with low cytotoxicity. The re-
lease mechanism is attributed to local
heating as well as stress induced by
the alignment of magnetic capsules
exposed to the magnetic field, leading
to a relaxation of the polyelectrolyte
membrane [20].

It is noteworthy that these particles
can be used in magnetic resonance
imaging (MRI) for drug delivery trac-
king in vivo as well as visualization of
contrast agents [32]. The main advan-
tage of magnetic polyelectrolyte nano-
particles is their ability to respond to
a specific stimulus for both navigation
and payload release, making them an
attractive delivery system in vitro with
a possibility for in vivo applications.

Electrochemical delivery from
polyelectrolyte multilayers

Another type of controlled delivery
via remotely applied external physi-
cal stimulus was recently reported by
Graf and co-workers. The utilization of

an electrochemical stimulus enabled
delivery to cells of the dye calcein that
was previously loaded in liposomes
embedded in a sandwich of polye-
lectrolyte multilayers (Figure 4) [19].
This type of controlled release could
be used for surface mediated drug
delivery or for realizing intelligent cell
cultures.

Ultrasound addressable cap-
sules

The low level of side effects on humans
by use of ultrasounds enabled this
technique to be widely used in therapy
and diagnostics of several diseases.
Therefore, the potential for controlled
release of drugs by ultrasound-res-
ponsive polyelectrolyte capsules is of
great interest. However, it remains
challenging to produce polyelectrolyte
carriers that are able to respond to
ultrasounds at power and frequencies
known to be not destructive for living
organisms. Among the numerous stu-
dies performed in this regard, Mason
et al. showed protein release from po-
lymer and gold capsules under expo-
sure to ultrasounds with frequencies
close to biomedical applications (850
kHz and 1-3 W], thus avoiding any des-
truction of tissues [21].

POLYELECTROLYTE
MICROCAPSULES
FOR GENE THERAPY

The property of polyeletrolyte micro-
capsules to release their payload to a
specific target is of particular interest
for gene therapy, since DNA or siRNA
can be used to directly supplement
or alter genes within an individual's
cells. The polyionic nature of these
molecules can enable their incorpo-
ration into the polyelectrolyte mul-
tilayer, as described by Schiiler and
Caruso [33]. However, several obs-
tacles impair fast developmentin gene
therapy. First of all, the capsules need
to leave the phagosome/endosome/
lysosome and subsequently enter the
nucleus after transiting by the cell
cytoplasm. Observations by De Geest
and co-workers showed evidence that
the polyelectrolyte capsules enter the
cell through lipid-raft mediated en-
docytosis and end up in phagosomal
compartments without releasing their
payload into the cytosol [34]. There-
fore, optimization of capsule formation
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for controlled release in the cytosol is
a prerequisite for gene therapy using
the technology of polyelectrolyte mul-
tilayer assemblies. However, some
groups reported transgene expres-
sion after internalization and release
of a capsule composed of the corres-
ponding coding DNA and a polycation.
Indeed, EGFP was observed in fibro-
blast-like cell lines (COS-7) 48h after

CONCLUSIONS AND
OUTLOOK

Polyelectrolyte micro and nanocap-
sules have emerged as promising as-
semblies for navigation and controlled
release in vitro and in vivo. The simpli-
city to synthesize them by means of the

Fig. 4 Time series of a current application (50 yA.cm™) for 3 min. The upper row repre-
sents the evolution of fluorescence intensity, showing cellular uptake. The lower row is
the corresponding phase contrast images of the cells. The bleach region is used to adjust
the microscope settings.

their transfection by surface-media-
ted delivery of DNA in vitro, as showed
by Jewell et al. [35].

Small-interfering  RNA fragments
have been shown to silence gene
expression with a relative low cyto-
toxicity. They are composed of 19-21
base-paired double stranded RNA that
suppress gene expression post-trans-
criptionally in a really specific way and
at a very low concentration in vivo,
rendering them of great interest for
the treatment of several diseases in-
cluding cancer [3é]. Their rapid degra-
dation rate in physiological environ-
ments prompted researchers to find a
protective capsule for delivery. Seve-
ral examples in the literature describe
the use of polyelectrolyte-based siR-
NA delivery in vitro and in vivo. More
recently, Cho and co-workers showed
that a poly-L-arginine and dextrane
sulfate-based polyelectrolyte complex
encapsulating an epidermal growth
factor receptor siRNA could silence
this gene in different cancer cell lines
and induced tumor growth inhibition in
a mouse model [37].

layer-by-layer technique as well as
the ability to tailor functional surfaces
and the wide variety of substrates that
can be encapsulated renders them
extremely multifunctional. One of the
main advantages of their modularity
resides in their ability to be functio-
nalized to make them responsive to
different physical or chemical stimuli
such as light or pH-shift.

The use of polyelectrolyte multilayers
enables to stabilize encapsulated
drugs while controlling their release
as a function of time. Moreover, the
biocompatibility is increased and drug
concentration is lowered. The interna-
lized capsules are shown to be func-
tional for drug delivery in vitro and in
vivo but applicability of certain assem-
blies such as stimuli-responsive cap-
sules for clinical trials is of concern
at the moment. The approval of poly-
electrolyte-based delivery systems
by the FDA remain problematic and
moreover, the recent directive of the
European Commission limiting the use
of nanostructured materials is a new
obstacle to overcome for these new
technologies.

Another existing problem is linked
with the long time needed to form the

shell which could impair industrial
production of polyelectrolyte cap-
sules. Nevertheless, a German com-
pany, Capsulution NanoScience AG, is
currently trying to produce capsules
at an industrial level. However, fast
development in the field suggests that
polyelectrolyte multilayers are a pro-
mising technology for remotely guided
drug delivery including gene therapy.
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