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Introduction

The beginning of the reporting period (2007-
2011) was marked by an important milestone: the
move and the installation of the Institut Charles
Sadron (ICS) in its new building, on the Cronenbourg
campus, next to other laboratories of the Pdle
Matériaux et Nanosciences Alsace. With this move a
new era has started, featuring better and safer working
conditions, novel scientific equipments and platforms
as well as a new scientific life including an increasing
number of PhD students, post-docs and visitors and
further developments of internal collaborations. Many
of the actions taken after the move to Cronenbourg
were stimulated by a critical analysis of the last
AERES report (2008). Following the
recommendations of the evaluation panel, a new
scientific project was elaborated, taking a real
advantage of the multidisciplinary character of the
institute. The main objective of the resulting mid-
term scientific program was to reinforce the identity of
the ICS as an institute for “Chemistry and Physics of
Polymers and Self-Assembled Systems”. The
document, presenting the detailed objectives of the
program and the necessary resources to complete it,
was discussed with an external Scientific Advisory
Board at the beginning of 2009 (Jean-Louis Barrat,
Lyon; Philippe Barrois, Bordeaux; Jacques Penelle,
Thiais; Francois Tournilhac, Paris). Toward the end of
2011, we may say that most of the objectives of the
program have been reached, as will be presented in
the following.

One of our important concerns was the
dramatic decline of the research in polymer chemistry,
due to many leaves for retirement. Concerted actions
associating the CNRS and the University of Strasbourg
have permitted the creation of two new chemistry
groups headed by young group leaders : Nicolas
Giuseppone (PR at the UdS) leading the SAMS
(Synthése et Auto-assemblage Moléculaire et
Supramoléculaire) group which explores routes to
new classes of supramolecular materials; and Jean-
Francois Lutz (DR at the CNRS) leading the PMC
(Precision Macromolecular Chemistry) group which
develops novel approaches of polymer synthesis. Both
have applied successfully to ERC starting grants which
provide their young groups with an important support
in terms of equipment and funding for PhD students
and post-docs. More recently they have also been
involved in the LabEx project “Chemistry of Complex
Systems” coordinated by Jean Marie Lehn, which has
been positively evaluated and will be funded by the
ANR (Agence Nationale de la Recherche). On a more
technical side, our Platform of Polymer
Characterization, which plays an essential role for in-
house macromolecular chemistry as well as for
external users (from university and industry), was
facing a serious threat, with the leave of three
engineers and the need for renewing equipments.

Thanks to the Institute of Chemistry (INC-CNRS), the
platform is now operated by a new team of efficient
young staff, and several novel instruments could be
funded by the CPER (Contrat de Projet Etat-Région).

A central objective of our mid-term research
program was to take better advantage of the rather
unique combination of competences in chemistry,
physical chemistry, materials science and soft matter
physics, present at the Institute. The program
identified important scientific challenges and
suggested to organize the research along 3 thematic
axes selected for their emergent impact, either in
terms of applications or with regardto fundamental
questions. These axes concern Polyelectrolytes,
Polymers and interfaces and Self-assembled systems.
The first two axes are built on research topics that
have a long tradition at the ICS. The third axis, on the
other hand, highlights a more recent research interest
shared by many groups of the ICS. Scientifically the
contents of the axes can be circumscribed as follows:

e Polyelectrolytes

Polyelectrolytes are natural or synthetic, water
soluble, charged polymers which are widely used
in the fields of pharmacy, biology, food
processing, water treatment or oil extraction. In
most of these applications, the polyelectrolytes
are in presence of various components of
opposite charge and/or of the same charge.
Clearly, the complexity present in these mixtures
requires theoretical and experimental studies of
model systems, both concerning polyelectrolyte
complexes in suspension or multilayers of
alternating polyanions and polycations.

e Polymers and interfaces

In a number of situations dealing with surface
chemistry or surface physics, there are polymer
chains adsorbed, grafted or just confined in a very
thin layer. Conformation and dynamics of a
macromolecule in the vicinity of a surface can
differ from those of the bulk. The impact of the
surface on the physical-chemical behavior and
structure formation still presents many important
challenges for fundamental understanding.
Theoretical studies and numerical simulations in
complement with experimental investigations of
surface structure and properties are therefore
highly desirable.

Institut Charles Sadron
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The ten most significant publications of the Institut Charles Sadron (2007-2011)

Formation of Helical Mesopores in Organic Polymer Matrices.

F. X. Simon, N. S. Khelfallah, M. Schmutz, N. Diaz, P. J. Mesini,

J. Am. Chem. Soc. (2007), 129, 3788-3789.
They are numerous mesoporous inorganic materials such as silica or alumina. In contrast, mesoporous polymeric materials
are scanty. These materials are interesting because they combine the benefits of porosity needed for filtration technology
or catalysis and the mechanical properties of polymers conferring tractability, resilience or processability. In this paper we
have used self-assembling molecules able to form either nanotubes with monodisperse diameters or helical tapes
depending on the concentration. The resolution of the imprint enables the formation of helical pores in the polymeric
matrices. This work is one of the projects wwhicch has stimulated the TEM Platform to implement up-to-date techniques,
namely tomography for this paper. Our results have also triggered collaborations with other laboratories of the Pdle
Matériaux et Nanosciences Alsace. This work fits in a strategy that takes advantage of self-assembly to prepare genuine
functional materials and the process has been patented.

Why polymer chains in a melt are not random walks.

J.-P. Wittmer, P. Beckrich, A. Johner, A. N. Semenoy, S. P. Obukhov, H. Meyer, J. Baschnagel.

Europhys. Lett. (2007), 77, 56003, p1-5.
A cornerstone of modern polymer physics is the concept of chain ideality in polymer melts, i.e., the idea that the
conformation of a polymer chain in a melt is solely determined by the connectivity between the monomers, whereas all
other interactions may be neglected. This publication challenges this classical view. By theoretical arguments and
supporting simulation results from simple polymer models the Letter reveals corrections to chain ideality for the polymer
form factor, a quantity accessible by neutron scattering experiments. Despite the increasing evidence compiled by the
Theory and Simulation (TSP) group in favor of these corrections during the past years, it is important to demonstrate that
the corrections are more than an academic curiosity. As a first step in this direction the TSP group has begun to simulate a
chemically realistic model for polyisobutylene (PIB). Concurrently to the simulations, the conformation of PIB is also
analyzed by neutron scattering (collaboration with Prof. M. Dadmun, UT Knoxville). Extensions to other polymers, such as
polystyrene (internal collaboration with M. Rawiso), are planned. If these studies are successful, it is likely that the
discovered corrections to chain ideality will certainly appear in future textbooks on polymer physics.

Hierarchical functional gradients of pH-responsive self assembled monolayers using dynamic covalent chemistry on

surfaces.

L. Tauk, A. P. Schroder, G. Decher and N. Giuseppone.

Nature Chemistry (2009), 1, 649-656
Modulation of pH was used to tune the fast, selective, and reversible attachment of functional amines — with different pKa
values — to an aldehyde-coated surface. To illustrate the potential of this technique we have developed dynamic self-
assembled monolayers which enable the hierarchical construction of mixed gradients comprised of either small functional
molecules or proteins. The control of the (bio)chemical composition at any point on the surface potentially opens up a
simple bottom-up method for accessing numerous surface patterns with a broad range of functionalities.

Epitaxial Growth of Highly Oriented Fibers of Semiconducting Polymers with Shish-Kebab-Like Superstructure

M.Brinkmann, F. Chandezon, R.B. Pansu, C. Julien-Rabant

Advanced Functional Materials (2009), 19, 2759-2766
The discovery of nanostructured and highly oriented shish-kebab fibers for a conjugated semi-conducting polymer (P3HT)
is important for different reasons. Firstly, because it is the first occurrence of this peculiar morphology for this class of
polymers which could find interesting applications in plastic electronics (e.g. OFETs based on single oriented fibers).
Secondly, this result illustrates the unique approach of the SYCOMMOR group : to master and to use physico-chemical
methods e.g. heterogeneous nucleation and crystallization mechanisms to generate original nanostructured objects with
multi-scale ordering. As such, this result is also a nice illustration of the importance of serendipity in our daily research:
The outcome of our research is not allways predictable but relies on experienced structural observations.

Chemistry, Physical Chemistry, and Uses of Molecular Fluorocarbon-Hydrocarbon Diblocks, Triblocks and Related

Compounds-Unique “Apolar” Components for Self-Assembled Colloids and Interface Engineering.

M. P. Krafft, J. G. Riess.

Chem. Rev. (2009), 109, 1714-1792.
(Perfluoroalkyl)alkyl diblocks (FnHm): so simple, and yet... they produce exceptionally large organized circular self-
assembled domains at the surface of water and on solid substrates. They also form composite films, including, in the case
of gemini (perfluoroalkyl)alkyl tetrablocks, organized stacks of nano-objects. FnHm diblocks can act as surfactants,
strengthen bilayer membranes, stabilize vesicles and strongly modify their behavior in biological media, and control the
phase behavior of phospholipid monolayers. Read more about these astounding molecules and their potential of
applications in this review article.

Institut Charles Sadron Scientific Report 2007-2011 Page 2



Introduction

e Self-assembled systems

Self-assembled  systems result from the
spontaneous organization which occurs between
some well defined molecules thanks to their
complementary through weak supramolecular
interactions. Self-assembly is programmed by the
information contained in the initial molecular or
macromolecular individual components which
reversibly aggregate in structures of higher
dimension and complexity. The main biologic
functions of living systems mostly rely on basic
principles of supramolecular chemistry and
despite their high complexity those are important
sources of inspiration for developing new
synthetic  self-assemblies. = Moreover, in
nanosciences, the so called «bottom-up »
approach is fully related to the control and to the
programming of molecular interactions to yield
larger objects with new or improved functions,
through  hierarchical self-assembly.  Such
approaches require converging efforts in organic
synthesis, physical chemistry, theory and
simulations, aiming at a better understanding of
the thermodynamics and formation kinetics of
functional materials based on self assembly and
self organization.

The discussions of this mid-term program involved all
research groups and resulted in the development of
internal collaborations and in a tentative structuring
of the research groups along the three axes (see Table
1 of the AERES forms). The collaborating groups have
submitted a number of joint proposals to different
funding sources (EU, ANR, icFRC foundation,
Université de Strasbourg, Région Alsace, etc).
Although not all of them could obviously be successful,
it is worth mentioning that the contractual resources
of the ICS have increased from 575 k€ per year
(average 2003-2006) to 1143 k€ per year (average
2007-2010).

In harmony with the structuring effect of the
mid-term program, a French-German graduate school
was discussed with the University of Freiburg, and a
proposal was constructed along three thematic axes
which are fairly close to those of the ICS:

e Controlling and  directing
processes in soft matter systems,
e Designing and improving multi-component
soft matter systems,
e Exploring and sensing interfacial properties
of soft matter systems.
Therefore the mid-term program of the ICS and
program of the graduate school have been reinforcing
and enriching each other, especially concerning the
internal and external collaborations. Following a
positive evaluation by the DFG, the latter initiative has
been funded as an International Research Training
Group (IRTG) entitled “Soft Matter Science: Concepts
for the design of functional materials” which was
launched in October 2010. The IRTG provides 21 new
PhD students with an interdisciplinary and
multicultural qualification (see the section on the
IRTG, p. 113).

assembly

Over the last four years, numerous collaborative
projects have also been developed, on the campus of
Cronenbourg, within the framework of the PMNA
which regroups the ICS, the IPCMS (Institut de
Physique et Chimie des Matériaux de Strasbourg), the
InESS (Institut d’Electronique des Solides et des
Systémes) and two UMRs of the ECPM (Ecole
Européenne de Chimie, Polymeéres et Matériaux de
Strasbourg). Cooperations are developing through
annual scientific meetings, calls for joint proposals
and also creation of scientific platforms. The ICS has a
strong implication in 3 of these platforms, which are
accessible to all the partners: Polymer
Characterization, Transmission Electron Microscopy
(TEM) and Micro-Nano Mechanics. As mentioned
above, the funding of the platforms comes principally
from the CPER and is discussed by the council of the
PMNA. Besides the chromatography equipment for
polymer characterization, a new TEM for soft matter
was purchased in 2008 as well as a Nano-indentor for
investigating the thermo-mechanical properties of
polymer surfaces. Recently the PMNA has also been
awarded by the creation of the MICA (Materials
Institute Carnot Alsace) which aims at a further
development of contractual research with industries,
in the branch of Materials Science and Technology
(along the different branches of industrial and
agricultural activities, only 34 Carnot Institute are
subsidized in France). Finally, discussions are
currently underway with the Max-Planck Society to
create in Strasbourg an International Max Planck
Center on Nanomaterials with the ICS and the IPCMS
as joint partners.

For the period from January 2007 to June 2011, the
scientific production of the institute has been
abundant and rather equilibrated between the three
research axes (taking into account the relative size of
the groups). A total of 389 peer-reviewed research
papers (ACL) were published, with 97  for
Polyelectrolytes, 115 for Polymers and Interfaces and
177 for Self Assembled Systems. In the blue insets are
presented 10 publications of high impact which have
been selected in such a way that the ensemble gives an
overview of the best scientific productions of the
institute. The selected papers also point out the
development of internal collaborations as, for most of
the articles, several groups of the institute are involved
as co-authors. In the scientific production of the
institute, over the 4 years period, one must also
mention the following indicators (listed in Annexe 1) :

e 180 invited talks (INV) at international and
national conferences

e 32 books or chapter of books (OS)

e 18 patents (BRE) deposited (and 1 licence
transferred) (see also Tables 5.1 and 5.2 of
the AERES forms)

e 41 PhD defenses (Table 2.9) and 6
Habilitations (Table 2.10).

Over the four year period, 46 out of the 51 staff
scientists of the ICS, have reached the AERES
individual criterion of “productivity in science and
valorization”. The five others have only published
from 3 to 1 ACL, in most cases, because they have been
engaged in collective tasks for the benefit of the whole
institute.
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The Hierarchical Self-Assembly of Charge Nanocarriers : A highly cooperative Process promoted by visible Light

E. Moulin, F. Niess, M. Maaloum, E. Buhler, I. Nyrkova and N. Giuseppone

Angew. Chem. Int. Ed. (2010), 49, 6974-6978
Triarylamine-based building blocks were shown to respond to visible light exposure by forming cationic radicals which
hierarchically self-assemble in molecular wires that in turn combine within larger fibers. In addition to highlighting a unique
kind of responsive supramolecular scaffold, such functional properties are of interest for the development of “smart” self-
organizing systems that are able to gain in complexity in order to receive, store, and transfer information in space and time.
Numerous recent results have now emerged from this seminal paper, in particular by showing that these structures conduct
electricity with a metallic behaviour.

Molecular dynamics simulations as a way to investigate the local physics of contact mechanics: a comparison between

experimental data and numerical results

M. Solar, H. Meyer, C. Gauthier, O. Benzerara, H. Pelletier, R. Schirrer, J. Baschnagel.

J. Phys. D: Appl. Phys. (2010), 43 455406, p. 1-11
This paper demonstrates that molecular dynamics (MD) simulations can be used to obtain qualitative agreement of
experimental and numerical results, despite the intrinsic differences in time and length scales of both approaches. This
finding is very promising: It suggests that the MD simulation can provide information about the molecular mechanism
underlying the experimentally observed behavior in contact mechanics. Such local information cannot be obtained from
models of continuum mechanics models and will complete the picture found experimentally. This paper was also the first one
from the collaboration between two groups on this research topic (TSP and PMTP).

Spray-on organic/inorganic films: A general method for forming ultrathin coatings by interfacial precipitationreactions.

M. Lefort & G. Popa, E. Seyrek, R. Szamocki, O. Felix, J. Hemmerlé, L. Vidal, J.-C. Voegel, F.Boulmedais, G.Decher & P.

Schaaf.

Angew. Chem. Int. Ed. (2010). 49, 10110-10113
Step-by-step deposition processes of two interacting species constitute a powerful way to functionalize surfaces, yet the
process is time consuming. Applied to polyanions and polycations it leads to the Polyelectrolyte Multilayers. To overcome the
inconvenience of the process we introduced a new method of film buildup where both interacting species are sprayed
simultaneously on the surface leading to a continuous film growth: the Simultaneous Spray Coating of Interacting Species
method. The method is very general and is applicable to polyelectrolytes, to polymers interacting though non covalent bonds
as well as to inorganic species. It also provides a new tool to investigate polyanion-polycation complexes.

Scraping and Stapling of End-Grafted DNA Chains by a Bioadhesive Spreading Vesicle to Reveal Chain Internal Friction

and Topological Complexity.

G. Nam, M.L. Hisette, Y. L. Sun, T. Gisler, A. Johner, F. Thalmann, A. P. Schréder, C. M.Marques, N.K. Lee.

Phys. Rev. Lett. (2010), 105, 088101, p.1-4
Self-entanglements, a long-sought fleeting state of giant polymer chains, have been revealed by DNA and phospholipid
vesicle experiments in the Membrane and Microforce group. Brought first to a flat protein surface, each DNA moves swiftly
under the solution random forces until an adhesive lipid vesicle lands somewhere nearby. The bio-functional vesicle adheres
strongly to the substrate, wrapping and strapping the DNA to the ground: in a fraction of a second the giant DNA has been
stretched and immobilized by hundreds of small stringy ligands. By inspecting the light emitted by the immobilized long
chains, ICS scientists and their collaborators from Seoul discovered that some DNA molecules are incapable of stretching
under the push of the vesicle wall: the long chain is sometimes in a self-entangled state that is kept imprisoned during the
fast fight. Such states happen rarely, even for giant molecules, so that only the happy combination of tight and quick
fastening allowed to now succeed where previous attempts to catch self-entanglements had failed.

Controlled folding of synthetic polymer chains through the formation of positionable covalent bridges.

B. V. K. J. Schmidt, N. Fechler, J. Falkenhagen, J.-F. Lutz.

Nature Chemistry (2011), 3, 234-238.
This article shows the relevance of sequence-controlled synthetic macromolecules for preparing advanced macromolecular
origamis. It was shown in this work that reactive alkyne groups can be placed at specific locations in linear polystyrene
chains. These reactive linear chains were afterwards involved in intramolecular reactions (e.g. Huisgen cycloaddition or
Glaser coupling) in dilute solutions, thus affording different types of covalently folded polymer chains (e.g. P-, Q-, 8- or alpha-
shaped origamis). This approach corresponds to a new way of thinking in the field of fundamental polymer chemistry and
suggests that sequence-defined macromolecules could be key elements of tomorrow's polymer design.

Plus a landmark paper :

In 2008, the following article from the ICS was ranked by ISI as the 8th most cited (2814 citations) among all journal articles published
in the field of chemistry in the period of January 1, 1997 to October 31, 2007. On September 1, 2011 the number of citations reached
4754.

Fuzzy nanoassemblies: Toward layered polymeric multicomposites.
G. Decher.
Science (1997), 277, 1232-1237.
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Introduction

Moreover, the quality and the impact of the scientific
production of the ICS was awarded by several
distinctions:

e In 2008 Dr Raoul Zana received the Kash L.
Mittal Award of the Conference “Surfactants in
Solution”.

e In 2008 Dr Martin Brinkmann received the
Bronze Medal of the CNRS.

e In 2009 Professor Gero Decher received the
Prize Emilia Valori of the French Academy of
Sciences

e In 2010 Professor Gero Decher received the
Prize Rhodia of the European Colloid and
Interface Society.

Concerning the resources of the Institute over the
period 2007-2011, Table 3.1 of the AERES forms
shows the main sources of funding (UdS, CNRS,
international and national institutions) and their
recent evolutions. Among the main changes of the
recent years was the launching of the ANR and the
increasing part of the funding of short term research
projects. Tables 4.1-4.3 list the 12 ANR contracts and
the 7 EU contracts in which groups of the ICS have
been participating either as coordinators or as
associated members since 2007 (for a total of 6,14
MC€). In addition, Table 5.0 gives some detail on the 13
industrial contracts and 11 subsidized applied research
contracts, in which different groups of the ICS have
been involved since 2007 (for a total of 2. 25 ME).
Such an involvement in collaborative research with
industry has certainly contributed to the recent
recognition of our institute as a major member of the
Material Institute Carnot Alsace (MICA). The
additional support obtained from the MICA will result
in a further increase of partnerships with industry
over the coming years. As regards the balance of
expenditures vs resources, it has become clear over
the past years that the steady increase of costs for
infrastructure could not be afforded by the CNRS. We
were thus committed to establish an overhead
deduction of 25% on every contractual income, except
the provisions for wages. Such a deduction is essential
to balance the budget of the institute and to face
accidental expenses and unexpected but necessary
investments. Among those are the investments related
to energy savings in our new building which presently
exhibits high heat losses, especially due to the 80
extractors of the chemistry laboratories.

Table 2 of the AERES forms is intended to show the
evolution of the Human Resources of the research unit
between January 2009 and July 2011. For the ICS, the
numbers show essentially no change, although the
turnover of the research staff was quite important over
this period (ca. 23%), with leaves of 1 PR, 3 MCF, 6 CR
and 3 DR, almost balanced by recruitments of 2PR,
4MCF, 4 CR and 2DR. Concerning the technical and
administrative staff, the numbers show a small (but
temporary) increase due to some crucial recruitments
for the platforms, which have been made in advance to

allow an overlap between the leaving experts (7) and
the arriving young engineers and technicians (9). In
this category also, the turnover corresponds to ca.
20% over the 4 years. Let us stress here that such
figures could only be obtained through considerable
and permanent efforts of the Direction of the ICS in
arguing with the different boards of the University and
of the CNRS to defend the needs of the ICS in terms of
human resources. In the evolution reported here, the
gender issue has also been among our concerns : it has
slightly evolved in the desired direction from 19% of
women over all permanent staff in 2007 to 23% in
2011 (clearly, the figures are even better if the post-
docs and the PhDs are taken into account!).

Our final remarks will concern the organization and
the structure of the institute, in terms of research
groups and thematic axes. The present report is
organized along the three thematic axes of our mid-
term scientific program, with 3 research groups having
their center of research interests in the axis
Polyelectrolytes, 4 research groups in the axis
Polymers and interfaces and 4 research groups in the
axis Self-assembled systems. In each of the axes, there
are groups of chemists, physicists and physical
chemists which have been developing collaborations
and the objective of increasing their interactions has
been partly reached. In addition, the institute has
obtained most of the human resources and
equipments required for achieving the mid-term
program. Considering now the results obtained, the
turnover of the permanent staff and the evolution of
the research interests, a new scientific project is being
proposed, for which we have not retained the same
structure. The reasons for that are explained in the
section: “Overview of the global scientific objectives
and actions for the period 2013-2017” of the
document Research Project.

Other important aspects of our research, education
and training projects are reported in separate parts of
this report:

AERES Forms (Appendix 1)

Publications list (Appendix 2)

Teaching and training activities (Appendix 3)

Continuous education (Appendix 4)

Health and safety (Appendix 5)

Communication: web site, open doors, press
release, Organization of conferences and symposia,

etc. (Appendix 6)

Personal turnover (Appendix 7)

Jean-Francois Legrand,
September 5, 2011
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AXxis 1: Polyelectrolytes

MPE Research Group

Head of the Group Gero Decher

Polyelectrolyte Multilayers

Since about 1990 we are developing the so-called layer-by-layer (LbL)
assembly method. This self-assembly method is a bottom-up approach
highly suited for the fabrication of nano-organized multimaterial films. It is
based on the concept of multiple weak intermolecular interactions, that are
mostly electrostatic in nature and combines experimental ease with low
cost fabrication and environmental friendliness. Due to the broad range of
materials that can be put into multilayers on substrates of almost every
shape and every size, it has developed during the last 20 years from a
scientific curiosity in fundamental research to an enabling technology,
which is in the process of being transformed into a tool for commercial
mass production. A large number of independent teams have developed
individual research topics based on this method and are publishing now
about 1000 articles per year in this field. LbL-films are used to coat objects
as small as nanoparticles, as big as cars or as irregular as textiles or fruit. A
huge advantage of LbL-assembly is that even films on very different
surfaces can be astonishingly similar if prepared at identical deposition
conditions. This allows for example to deposit films on surfaces that are
difficult to characterize (e.g. paper, textile, fruit, ...) and to learn about their
structure by doing x-ray or neutron reflectometry on regular silicon wafers.
Due to its general applicability to organic, polymeric inorganic and
biological materials and due to its simplicity our nanofabrication process
has prompted applied research in domains such as tissue engineering,
functionalization of implants, gene delivery and transfection, biosensing,
biocatalysis, electroluminescent devices, lithium-ion-batteries, non-linear
optics, anti-reflective coatings, corrosion protection, photocatalysis,
microreactors, gas and liquid separation, functionalization of nanoparticles,
controlled drug release and quite a few others. In addition to LbL-films we
are interested in many other kinds of hybrid nanomaterials that are
prepared through processes based on self-organization in confined
environments.

Institut Charles Sadron
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IMI Research Group

Head of the Group Pierre Schaaf

Macromolecular Engeneering at Stretched state (a = 70%)

Interfaces
Based on experiences acquired for more than one decade in the field of
polyelectrolyte multilayers, the group Macromolecular Engineering at
Interfaces focuses now on the design of bio-inspired films with special
attention towards mecano-transductive coatings and morphogen driven
film buildup. At the interface of chemistry and biology, the group is also
strongly involved in the development of new biomaterial coatings and of
original film architectures for tissue engineering. Another topic developed
in the team concerns the oral treatment of diabetes and Lupus, nano-
vectorization of insulin and P140 peptide are now developed towards
industrial applications.

PSM Research Group

Head of the Group Frangois Schosseler

Polymers and Mixed Systems

The group focuses its research on the structure and dynamics of mixed
systems based on polymers.

Its scientific activity spans a broad spectrum, from synthesis of model
components to the study of physical properties of the mixed systems. An
emphasis is placed on ternary systems involving electrically charged
polymers. The group shares its expertise in scattering techniques with all
researchers of the ICS. It is also strongly involved in the scientific support
of the Characterization Group.

Institut Charles Sadron Scientific Report 2007-2011 Page 8



Polyelectrolytes

An overview of the axis

Permanent staff: Permanent staff: 2 Professeurs (PR-UdS), 4 Directeurs de Recherche (DR-CNRS), 2 Maitres
de Conférences (MCF-UdS), 5 Chargés de Recherche (CR-CNRS), 2 Assistants Ingénieurs (AI-CNRS), 1

Technicien (T-UdS)
Involved research groups: MPE, IMI, PSM

Keywords: polymer - chemistry - polyelectrolytes -

conjugated polyelectrolytes -

multicharged systems -

polyelectrolyte multilayers - nano-organized multimaterials - biomaterials - biofunctionalization - smart films

The axis “Polyelectrolytes”
assembles researchers of the
ICS who study polyelectrolytes
(PEs) and multicharged
systems, in solutions or at
interfaces, and use them to
develop distinct applications in
drug delivery, gene therapy,
sensors, photovoltaic devices
and surface coating. It is specifically worldwide
recognized in the development of the dipped and sprayed
layer-by-layer (LbL) assembly methods that gave rise to
novel nanocomposite and smart materials. It is also a
major area of multidisciplinary scientific research at the
ICS, combining various skills in polymer chemistry,
polymer characterization, polymer physics and
macromolecular engineering at interfaces. Due to the
importance of polyelectrolytes in fundamental aspects of
polymer science as well as in materials science, this area
of scientific research should remain active at ICS in the
next years.

Polyelectrolyte solutions

PEs are ionic polymers that dissociate into macroions and
small mobile counterions when dissolved in a polar
solvent such as water. Electrostatic charges of one sign
are localized on the macroions whereas an equivalent
amount of oppositely charged counterions is either
condensed onto the macroions or scattered in the
solution. We are dealing with quenched PEs, as the
charge distribution along the chemical sequence is static
or fixed by chemistry and annealed PEs, as the charge is
dynamic or monitored by pH. When dissolved in a good
solvent (hydrophilic PEs), their properties are more
complex than those of neutral macromolecules mainly
because electrostatic interactions are long-ranged
(possibly screened by added salts). In a poor solvent
(hydrophobic PEs), the complexity results from the
competition between the long-range electrostatic
repulsions and the short-range attractions associated
with the poor solubility. In both cases, further degrees of
freedom are brought about by counterions that also play a
crucial role with respect to interactions. Increasing
attention has been paid to these charged polymers in
aqueous solutions. However, the understanding of their
properties is far from complete. 171

Polyelectro

Charles
SADRON

The main contributions of the axis to this field mainly
result from small angle X-ray and neutron scattering
studies providing the molecular and dielectric structures

of model flexible PEs in solutions. Various fundamental
issues have been addressed:

-Influence of the macroion architecture on the structural
properties of hydrophilic PEs. Simple ring-shaped and
regularly branched (star and comb-shaped) macroions
were considered. [8]

-Influence of the nature and valence of counterions on
the structural properties of hydrophilic PEs. Salt free
aqueous solutions of sulfonated polystyrene macroions
with variable fractions of monovalent (Na+) and divalent
(Ca2*) counterions were investigated and analyzed
through scaling theory. The effective charge fraction and
its dependence on concentration was estimated by
solving the Poisson-Boltzmann equation in the
framework of the cell model. [9-10]

-Influence of the hydrophobicity of macroions on the
structural properties of quenched PE solutions. High-
resolution small angle X-ray scattering experiments
provide strong evidences of the existence of pearl
necklace average conformations with dense charged
aggregates connected by stretched chain parts (Figure 1).
Condensed counterions are then localized around the
hydrophobic aggregates.

-Influence of the hydrophobicity of counterions on the
structural properties of quenched PE solutions. For the
less hydrophobic counterions, the structure is found quite
similar to that observed with hydrophilic counterions. On
the contrary, strong hydrophobic counterions form
microdomains that are decorated by macroions. The
average conformation of these complexes is like a pearl
necklace. It has however a distinct nature of the one due
to hydrophobicity distributed along the chemical
sequence of the macroions.

-Influence of the hydrophobicity of macroions on the
structural properties of annealed PE solutions. The
strong coupling between the electronic structure and the
average conformation of a conjugated PE has been used
to study the first-order discontinuous transition of an
annealed PE in poor solvent. The collapse of macroions
was demonstrated by using UV-visible absorption
spectroscopy. [11]

-Solutions of PEs in ionic liquids (ILs) have also been
investigated. Some ILs display density fluctuations on a
short spatial scale. In this case, the average conformation
of PEs can be easily study by small angle X-ray or neutron
scattering and is found to be similar to that of a neutral
polymer in a good solvent. PEs in ILs as polymers and
copolymers in ILs, are emerging subjects.
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Figure 1. Form factors of condensed counterions measured from high-
resolution small angle X-ray scattering experiments. Macroions of
sulfonated polystyrene of different sulfonation ratios are considered:
100% (black curve), 70% (blue curve) and 43% (red curve).

Multicharged systems

Mixed systems, such as PEs-oppositely charged
surfactants, PEs-oppositely charged particles and PE
complexes, including polyplexes, have received particular
attention because of their numerous applications in
cosmetics, paints, drilling muds, and pharmaceutical
vectors. Despite the advances of various research groups
in the world, some fundamental issues related to these
multicharged systems are still shelved. The axis
“polyelectrolytes” is mainly interested by those associated
with practical applications. Thus, structural studies of
some PE complexes in solutions, such as poly(L-Lysine)-
DNA complexes and Insulin-poly(dialyl-dimethyl
ammonium chloride) complexes, are in progress. A
behavior very similar to that of polyampholytes is
expected when two PEs of opposite charge are mixed to
form a PE complex. Therefore, the first step of such
studies aims at obtaining the phase diagrams of these
systems. At large enough concentration, solutions phase-
separate into a dense complex phase containing both PEs
and a very dilute solution. There is also one phase region
corresponding to coacervates. The second step aims at
investigating the structure of the various phases, using
small angle radiation scattering as well as
cryomicroscopy. The way used to prepare the systems is
important and has to be properly defined. On the other
hand, the optical properties of conjugated PEs, involving
UV-visible absorption and fluorescence, have recently
been probed during their complexation with oppositely
charged surfactants. They were correlated with
hydrodynamic radius measurements for the first time.
The results demonstrate that the use of conjugated PEs in
the study of PE complexes should allow further progress,
as also suggested by investigations of polyplexes based on
conjugated PEs. Specifically, they would be useful in
studying the kinetics of PE complex formation. Indeed,
several issues are still shelved: reversibility versus
irreversibility of PE complexes that depends on molecular
weight and PE compactness (branched PEs);
complexation of several PEs, e.g., mixtures of polyanions
and polycations.

Polyelectrolyte multilayers

A very important application of PEs that has been
developed over the past years at the ICS is the formation
of PE multilayers. Starting from a charged solid surface,
the multilayer builds up by successive adsorption of
oppositely charged PEs. Almost an infinite number of
layers can be piled up this way.

From a fundamental point of view, several techniques to
build up such PE multilayers have been introduced by
the ICS researchers.l1218] Recently, attention has mainly
been drawn on spraying techniques. The growth of the
films can be linear or exponential. Linearly growing
films are observed for polyanion/polycation pairs that
interact strongly with each other (exothermic
complexation process) whereas when the complexation
process is endothermic (it is then entirely driven by
entropy) the growth is usually exponential.l9] Linearly
growing films lead to stratified architectures whereas
exponential growth results from the diffusion in and out
of the film of at least one of the polyelectrolytes
constituting the film during each deposition steps. Such
films appear gel-like and are thus much less stratified as
linearly growing multilayers. It is also possible to
alternate the construction of exponentially and linearly
growing films and therefore to build multilayered films
with compartment; the linear engrowing multilayer
acting as a barrier for the diffusion of PEs but not
hindering the diffusion of small ions such as protons
(Figure 2 bsl), In this way, multireservoir films can be
obtained and multiple functionalizations of biomaterial
coatings as well as for applications in vectorization can
be achieved. Actually, only basic rules governing the
build up of PE multilayers have been established and
numerous fundamental issues remain. For instance,
there is no definitive mechanism describing the
exponential growth. From this point of view, it would be
interesting to compare PE multilayers, i.e. PE complexes
at interfaces (2d), with PE complexes in solution (3d).
The  exchanges  between  compartments in
multireservoirs films are also interesting problems.
Finally, films of PE multilayers built by mixtures of
polyanions and polycations should also be investigated.

Beside the fundamental aspects of the PE multilayers,
they are widespread in applications from surface coating
towards biology and medicine. Indeed, the concept of
PE multilayers is a particular example of the more
general concept of film constructed via layer-by-layer
(LbL) self-assembly, allowing to deposit a maximum
number of different components on a maximum
number of different surfaces in the form of
multimaterial multilayer films using a single process. It
has become a powerful tool for building PE multilayer
films and more complex multicomponent systems with
nanoscale precision.

Finally, researcher from ICS have recently developed a
new concept of film buildup process that derives from
the step-by-step process but overcomes its main
inconvenience: the buildup time.[20.21 They introduced
the concept of Simultaneous Spray Coating of
Interacting Species where two interacting species
(polyanions and  polycations) are sprayed
simultaneously onto a surface, leading to a continuous
film growth. This technique is not only of interest for the
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surface coatings but also provide a new
investigate polyanion/polycation complexation.

Figure 2. Vertical section image of a (PLL/HA)/PLL™™
IHA/(PAH/PSS )30/ (PLL/HA)30/(PAH/PSS )0/ (PLL/HA)5o/PLL™™
multilayered film architecture in solution (NaCl 0.15 M, pH=5.9)
observed by confocal laser scanning microscopy. The horizontal
dashed line indicates the position of the glass slide on which the
polyelectrolyte multilayers have been deposited. Indications on the
right side of the image give the structural interpretation of the section
observed.

Axis

Structuring of the axis

The projects along this research axis are mainly
performed at the ICS thanks to a combination of
competences in  polymer chemistry, polymer
characterization, polymer physics and macromolecular
engineering at interfaces. These competences are
distributed within three research teams (MPE, IMI and
PSM), each one being specialized in more specific
subjects such as polyelectrolyte solutions, polyelectrolyte
multilayers, layer-by-layer self-assembled films, chemo-
mechanotransductive films, capsules and smart textiles
(Figure 3). The experimental techniques used by these
teams are: NMR, SEC, FFF, capillary electrophoresis, zeta
potential analysis, microcalorimetry, ellipsometry, quartz
crystal microbalance (QCM), fluorescence spectroscopy,
confocal microscopy, electron microscopy, and small
angle scattering (light, X-ray and neutron).

Polyelectrolytes

Synthesis of modelpolyelectrolytes, Growth & functionalisation of carbon nanotubes, Molecular &
dielectricstructures of polyelectrolyte solutions, Polyelectrolyte mixtures and/or complexes,
Polyelectrolyte multilayerfilms, Multicharged polyelectrohyte-colloid systems

Scientific areas

Reloted important

scientific questions

Structure, stability & formation kinetics of polyelectrolyte complexes, Relations between polyelectrolyte
multilayers (2d) & polyelectrolyte complexes (3d), Polyelectrolyte-colioid interactions, Effects of annealed versus

quenched charge distributions, Mechanisms in polymer synthesis

R IEE.-:i

Competences
of the laboratory

polymerswith

controlled
architecture

Structural ?"I'I_ln n
studies (statics L]

& dynamics) Eapf?;:l?&

of hydrophilic and
hydrophobic
polyelectrolytes

Examples of

studied topics

Polyelectrolytes of distinct architecture (star, comb- & ring-shaped polyelecirolytes), Hydrophobic quenched &

annealed polyelectrolytes, Conjugated polyelectrolytes, Complexes of polyelectrolytes with polyelectrolytes of

opposite charge, Complexes of polyelectrolyteswith surfactants, proteins & carbon nanectubes, Polyelectrolyte
multilayers and LbL depositions, Chemo-mechanotransductive films, Capsules & smart textiles

Domaines

of application

Biocompatible materials,
Drug delivery & ve ctorization,
Biocaptors,

Agqueousphase formulation

Figure 3. Organization chart of the axis highlighting the major areas and questions related to polyelectrolytes. To address them, a number of
necessary competences are provided by the involved research groups (MPE, IMI and PSM). Examples of studied objects and targeted

applications illustrate both the diversity and coherence of the axis
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MPE Group Report» Axis : Polyelectrolytes

Polyelectrolyte Multilayers and Nano-
Organized Multimaterials (MPE)

Head of the Group Gero Decher

Permanent staff : Prof. Gero Decher (UdS), Dr. Olivier Félix (Chargé de Recherche CNRS), Jean-Louis Tecquert
(Technicien CNRS)

Non-permanent researchers (2007-2011): 6 post-doctoral associates (Dr. H. Datta 2008-2010, Dr. El Khouri
2009-2011, Dr. R.D.Jayant 2010-2012, Dr. Y. Ma 2010-2012, Dr. E. Seyrek 2007-2009, Dr. R. Szamocki 2008-
2010) 9 PhD students (R. Blell - defense planned 2012, S. Boudard — defended 2007, N. Cini — defended 2010,
D. Dontsova — defended 2011, G. Popa- 2010, J. Sergeeva — defense planned 2012, F. Valenga — 1 year stay, M.
Witt - 1 year stay, Z. Zheng - defended 2009) 9 Master students

eywords: Development of the layer-by-layer assembly method - macromolecules at interfaces - composite
biomaterials - (bio)-functional nanoparticles - functional coatings - thin film devices - nanobio-technology -
hybrid materials

Our most important activity is our invention and The development of layer-by-layer assembly
development of the so-called layer-by-layer (LbL) 7000

assembly method ™ 2. This self-assembly method is /
based on the concept of attractive intermolecular

interactions between each layer pair, it is mostly ¢oao L i
electrostatic in nature and combines experimental /

ease with low cost fabrication and environmental
friendliness. LbL-assembly allows to deposit a
maximum number of different components on a
maximum number of different surfaces in the form of
multimaterial multilayer films using a single process.
It has, over the last years, become a powerful tool for
building polyelectrolyte multilayer films and more _
complex multicomponent systems with nanoscale 3000 - ' ]
precision. Over 200 independent teams are .
publishing now about 1000 articles per year in this 2000 L i / i
field and LbL-films are used to coat objects as small /
as nanoparticles, as big as cars or as irregular as
textiles or fruit. A huge advantage of LbL-assembly is 1000 | f -
that even films on very different surfaces can be s
astonishingly similar if prepared at identical o
deposition conditions. This allows for example to | e EaTe o Sul ST RSP R
deposit films on surfaces that are difficult to 19%0 1995 2000 205 010
characterize (e.g. paper, textile, fruit, ...) and to learn Year

about their structure by doing x-ray or neutron

reflectometry on regular silicon wafers.

5000 |- / §
000 |- / _
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The following activities of our team were selected for
the scientific report 2007 - 2011:

» -The LbL-assembly of highly homogeneous films
composed of nanofibrillar materials.

» -The preparation of new hybrid colloidal systems:
Nano-bags.

» -A structural comparison of “dipped” and
“sprayed” LbL-films by neutron reflectometry.

» A new model approach for cancer therapy:
Multifunctional stealth nanoparticles.

» Nanoscale precipitation coating: LbL-assembly of
pure inorganic materials.

» Step-by-step assembly of
polyelectrolyte films.

self-patterning

» Layer-by-layer assembled films for photocatalytic
applications.

» Spray-on organic/inorganic films: A general
method for forming nanoscale coatings by
interfacial precipitation reactions.

The Layer-by-layer assembly
of highly homogeneous films

composed of nanofibrillar
materials

In collaboration with the team of Prof. L. Wagberg
(KTH, Sweden) we studied the layer-by-layer
assembly of celluosic nanofibrils (MFC) as building
blocks. Such fibrils have diameters of a few
nanometers and a length of up to several microns
(Figure 1), they are obtained in neutral, anionic and
cationic form.

Figure 1. Transmission electron micrograph of MFCs (upper left)
and AFM image of an LbL-film (upper right). Optical interference
colors of MFC-LbL-films of different thickness on silicon wafers
(bottom).

Surprisingly and despite of the fact that the films
clearly show that the fibrils form networks with pore
sizes that are multiples of the fiber diameter, these
films appear macroscopically homogeneous as shown

Axis : Polyelectrolytes
by thickness dependent interference colorsl’!

(Figure 1).3]1 The use of such nanoporous films for
nanofiltration purposes is currently being explored.

The preparation of new hybrid

colloidal systems: Nano-bags

The control of simple parameters involved in the
process of classic bridging flocculation allows the
preparation and fine-tuning of a new class of hybrid
nanomaterials with respect to size, composition, and
morphology. The resulting nano-particle-filled “nano-
bags” are obtained in aqueous suspension by mixing
three basic components, a polyelectrolyte, a
multivalent ion, and nanoparticles in different ratios.

The size range in which nano- and micro-bags can be
prepared seems to start at about 25 nm; these are
oligo-nanoparticle aggregates whose size is clearly
related to the size of the nanoparticles themselves and
seems to extend up to about 5 um. By controlling the
stoichiometric balance between the global number of
positive and negative charges on the polycation and
on the multivalent anion and by controlling the
absolute concentrations and the ratios, namely of the
polyelectrolyte and the nanoparticles, one has access
to a wide range of different nano-bag morphologies
and compositions!*!. Interestingly, the process of
nano-bag formation seems not to be restricted to a
single type of nanoparticles since, at least, citrate-
stabilized gold and iron oxide nanoparticles showed
indistinguishable results in transmission electron
microscopy. The outer surface of the nano-particle-
filled nano-bags is easily functionalized further
through layer-by-layer assembly. The size and the
loading of nano-bags are to some extent controlled

independently.
‘- r. | )
Zpm

Figure 2. Transmission electron micrographs of different nano-
bags. The top row shows individual nano-bags of different size that
are loaded with Au-nanoparticles with a size of 13 nm. The bottom
row shows that the degree of loading with Au-nanoparticles can be
controlled.
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A structural comparison of

dipped and sprayed LbL-films
by neutron reflectometry

Earlier on we have pointed out that one of the most
interesting aspects of the spray-deposition of LbL-
films lies in the fact that spray-assembly can
enormously accelerate the deposition time. At the
same time we also pointed out that layer-by-layer
assembled films prepared by “dipping” or by
“spraying” may show considerable differences with
respect to their properties. Most importantly, films
with the same number of layers prepared from the
same solutions by “dipping” or “spraying” differ in
thickness, for films composed of the sodium salt of
poly(styrene sulfonate) (PSS) and poly(allyl amine
hydrochloride) (PAH) we noticed that spray-
assembled films only had a thickness of about 70-75%
of that observed for classic deposition by “dipping”.

SLD /10%j 2
SLD /10%j 2

log R
2
log R
g
2

0.00 B.‘BZ D,‘M U.‘06 n.‘ns 0.10 0.00 B.‘BZ D,‘M U.‘06 n.‘ns 0.10
Q, /A" Q, /A"

Figure 3. Raw neutron reflectometry data (data points), overlaid
with the expected reflectometry curves (blue lines) as derived from
the theoretical SLD profiles (insets). The theoretical SLD profiles
are predicted from the layer sequence, the average thickness per
layer pair, the interfacial roughness between layers and the surface
roughness of the whole film. The SLDs for non-deuterated and for
LbL-films with a maximum of deuteration were determined
independently. Note that the match between raw data and
expected reflectometry is due to the excellent structural control of
LbL spray assembly, none of the structural parameters was
numerically fitted to the respective data sets. The difference
between the data sets on the left and on the right is the distance
between the deuterated layers that results from different layer
numbers of non-deuterated polyelectrolytes between the
deuterated layers.

Investigations by atomic force microscopy (AFM)
revealed that both kinds of films also differ with
respect to surface roughness. These structural
differences, whose origin is far from being
understood, demanded to investigate if spray
deposited films also possess a stratified structure that
was observed earlier by us by neutron reflectometry
for the case of multilayer films assembled by dipping.

In collaboration with F. Cousin at the Laboratoire
Léon Brillouin we investigated LbL-films with several
different film architectures by neutron
reflectometry® (Figure 3). The quantitative analysis
of the reflectometry data confirmed that LbL-films
prepared by “dipping” are different from those
prepared by “spraying” and it revealed that spray-
assembled LbL-films also possess a “fuzzy” stratified
structure as their “dipped” counterparts. Spray-

Axis : Polyelectrolytes

assembly is such a viable alternative for preparing
polyelectrolyte multilayer films of high quality and
related hybrid materials.

A new model approach for
cancer therapy:

Multifunctional stealth
nanoparticles

In collaboration with the team of Prof. K. Ulbrich
(Macromolecular Institute, Prague) we developed a
highly versatile nanoparticle-based core/shell drug
delivery s?f tem consisting of cytotoxic stealth carrier
particles®. Their multifunctional shells, mandatory
for addressing different diagnostic/treatment
requirements, are constructed using a single assembly
process in which various different functionalities are
incorporated in a modular fashion (Figure 4).

Ligand Cytotoxic Drug

®.. 8.

Stealthy External Layer*

Nanoparticle Template
option to dissolve

Figure 4. Schematic Depiction of Nanoparticles Coated with
Multilayer Shells as New Drug Delivery System.

More specifically, a robust electrostatic and covalent
layer-by-layer assembly strategy was used as an
“engineering approach” toward nanoparticles with
multilayer shells that combine all of the following
properties: (a) a small size distribution of the
nanoparticle carrier, (b) a high stability in
physiological media, (c) attachment of a pro-drug in
covalent form and thus a low toxicity of the carrier
system, (d) the triggered release and activation of the
drug only after endocytosis and enzymatic cleavage,
and (e) “stealthiness” and thus protection against
uptake by macrophages. The use of small, non-
aggregated nanoparticles as carriers is required to
enhance the accumulation of active drug in the tumor
tissue (i.e., enhanced permeability and retention of
tumor tissues, EPR). To establish this system as a
proof of concept, we use the smallest nanoparticles
within the interesting size range of about 25-100 nm
for EPR targeting since these are the most difficult to
functionalize and because they possess the highest
surface area.

In this collaboration we were able to prepare the first
nanoparticle-based drug delivery system -carrying
simultaneously a “stealthing” corona and a cytotoxic
payload. In addition we could show that the cytotoxic
agent was released only by endosomal enzymes. All
functions combined are a prerequisite for establishing
long circulation times in the bloodstream and a drug
release only after endocytosis in the the target tissues.
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Nanoscale precipitation

coating: LbL-assembly of pure
inorganic materials

In collaboration with the teams of J.-C. Voegel and P.
Schaaf in Strasbourg we extended the spray-assisted
layer-by-layer assembly method toward films of
purely inorganic compounds. Instead of spraying
polyelectrolyte pairs one simply sprays solutions of
complementary inorganic salts in alternating
fashion'”. This nanoscale “precipitation coating”
technique is based on the step-by-step spraying of
solutions of complementary salts that possess a non-
negligible difference of the solubility products
compared to that of the solid inorganic product that
forms a film on the receiving surface by precipitation
due to a local supersaturation. Figure 5 shows
exemplarily the case of the deposition of CaF.-films
using a well known precipitation reaction:

CaCl, (aq.) + 2 NaF (aq.) => CaF- (solid film) + 2
NacCl (aq.)

Figure 5. Nucleation and growth of CaF2 crystals on a surface (top
row). Side-view of the growth of a dense CaF2-film; other
components yield other film morphologies.

The “precipitation coating” technique described above
is also compatible with the classic LbL-assembly of
polyelectrolytes and can be used for the fabrication of
multimaterial sandwich films.

Step-by-step assembly of self-

patterning polyelectrolyte
films

In collaboration with the teams of T. Tulun (ITU
Istanbul and V. Ball (University of Strasbourg), we
investigated the formation of LbL-films of poly(allyl
amine) and poly(sodium phosphate). Besides being
self-patterning (Figure 6), such films turned out to be
a challenge to the way we think about polyelectrolyte
complexation and multilayer formation™.

Several observations made with these films cannot be
explained with present models for LbL-film formation
including: a) films only grow by spraying not by
dipping, b) the zeta potential changes slowly positive
to negative when depositing hundreds of layers, c)
films become smoother or rougher with increasing
film thickness depending on polymer concentration
or d) the observation of a temporary growth
instability at about 75 deposited layers.

Axis : Polyelectrolytes

Figure 6. Polymers used (upper left) and apparently “homogene-
ous” spray-assembled film sample of these components (lower
left). The image on the right (AFM) shows that such films are self-
patterning. It turns out that the feature size of the pattern scales
linearly with the film thickness, but that the patterns are stable at

the same time.

Layer-by-layer assembled

films for photocatalytic
applications

In collaboration with an industrial partner and the
team of V. Keller and N. Keller (ECPM), we studied
LbL-films containing TiO. nanoparticles for
photocatalytic applications. For this purpose films
must be homogeneous and highly transparent over
large areas. In addition to the system shown in
Figure 7, different nanoparticles and different
polyelectrolytes were used to establish
structure/property relationships. Films were also
prepared on textiles including testing their efficiency
for eliminating different gaseous pollutants. Note that
controlling film properties on textiles is very difficult
due to the limited options for precise characterization
on such surfaces.

S S

: l_r:: :
b 502

Figure 7. Simplified drawing of a reactor for the photocatalytic
decomposition of H,;S. The walls of the cylindrical reactor are
coated with LbL-films whose structure is depicted schematically
and as SEM image.

The quality of LbL-films obtained here allowed for the
first time to determine BET-surface areas of such
films and to estimate how much the polymer “matrix”
blocks catalytic sites on the nanoparticles. A patent
was submitted in early 2011 and the first scientific
publication is presently accepted for publication.
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Spray-on organic/inorganic
films: A general method for

forming nanoscale coatings by
interfacial precipitation
reaction

In collaboration with the teams of P. Schaaf and J.-C.
Voegel in Strasbourg we demonstrated that spray-
assisted LbL deposition can be further advanced to
lead to a new and general method we termed
“simultaneous spray coating of interacting species” 1%
Instead of bringing two spontaneously interacting
species into contact step-by-step at an interface to
form LbL films, this method is based on the
simultaneous spraying of two or more interacting
components against a receiving surface. This process
results in a fast reaction between the complementary
components on a macroscopic surface, hence leading
to a continuous and gradual buildup of a coating, the
thickness of which is controlled by the spraying time,
while the solvent and excess material are removed by
drainage. It is applicable to a wide choice of
components, some of which do not even form LbL-
films when sprayed alternately.

Inorganique

.

Polymere/organique

Polymére/nanoparticule

Figure 8 : Simultaneous spraying as applied to the formation of
“Spray-on precipitation coatings”. Images of the films deposited on
silicon wafers (40 mm x 40 mm) with colors arising from optical
interference. The different films are: (A) Calcium Fluoride, (B)
poly(allylamine)/poly(styrene sulfonate) (C) poly(allylamine)/sodium
citrate, and (D) poly(allylamine)/gold nanoparticles. The silicon
wafers were slowly rotated to improve film homogeneity. Note that
some samples show slight edge effects. Please also note that we
tried to spray-assemble films such as (B) by simultaneous spraying
over many months in the past without any success. The other
systems are entirely new.

Axis : Polyelectrolytes

This article (9) was cited in press releases by C.N.R.S.,
INSERM, Université de Strasbourg and Angewandte
Chemie. After the press release, the topic was
featured in many magazines (including Le Monde)
and on many websites related to nanoscience.
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Self-Evaluation

IHuman resources |

Permanent members:

Prof. G. Decher (group leader)

Dr. Olivier Félix (CR)

Open position (technician)

Actual non permanent members:

3 postdoctoral fellows (Y. Ma, R. Jayant, D. Dontsova)
2 PhD students (R. Blell, Y. Sergeeva)

1 Master student (Ch. Higy)

Number of post-docs over the period: 6
Number of PhD defenses over the period: 5
Number of master students over the period: 6

IStatement of financial support |

ANR  "Cartilspray"” (2006-2009): Scientific
Coordinator J.-C. Voegel, INSERM 977, Strasbourg.
(only consumables)

ANR  "Clickmultilayer" (2007-2010): Scientific
Coordinator P. Schaaf, ICS, Strasbourg. (only
consumables)

ANR "Tailorpack” (2007-2011): Scientific
Coordinator Nathalie Gontard, UMR 1208 and INRA,
Montpellier.

"DesignCell" (2007-2011): ERA-C project
“WoodWisdom”. Scientific Coordinator: T. Lindstrom
STFI-Packforsk, Stockholm, Sweden. (1 year postdoc)
Industrial contract "RoboSpray" (2008, 6 months)
Industrial contract “FiberCat” (2008-2011). (1 PhD
thesis).

"SustainComp"” (2008-2012): Call FP7-NMP-2007-
LARGE-1. Scientific coordinator M. Ankerfors, STFI-
Packforsk, Stockholm, Sweden.

ANR “Magarrays”. (2009-2012) Scientific
Coordinator: Sylvie Begin, IPCMS, Strasbourg. (2
years postdoc)

Pole de compétitivité / DGE “Ship-In” (2009-2012),
Scientific Coordinator: Pascale Bouillé (Vectalys SA)
FRC equipment grant (2010). (40.000,- EUR)

IStatement on scientific collaborations |

National collaborations outside the ICS:

J.C. Voegel, Unité INSERM UMR 977, Strasbourg.
Projects: ANR "Cartilspray”, ANR "Clickmultilayer".

S. Begin and B. Pichon (IPCMS, Strasbourg). Project
"Magarrays".

S. Viville (IGBMC, Strasbourg) and P. Erbacher
(Polyplus, Strasbourg). Project "Ship-In".

Valérie Keller and Nicolas Keller, UMR 7515 and
ECPM, Strasbourg, France

Natalie Gontard and Carole Guillaume, UMR 1208
and INRA, Montpellier. Project ANR "Tailorpack".
Fabrice Cousin, Laboratoire Léon Brillouin, C.E.A
Saclay, Gif-sur-Yvette.

International collaborations:

Lars Waégberg (KTH, Stockholm, Sweden), Lars
Berlund (KTH, Stockholm, Sweden), OIlli Ikkala
(TKK, Helsinki, Finland). Projects "DesignCell" and
"SustainComp"

Joseph. B. Schlenoff (University of Florida at
Talahassee,

USA). Edition of the second volume of the Multilayer
Book.

Axis : Polyelectrolytes

Muhammad Mazhar (Department Of Chemistry,
Quaid-i-Azam University, Islamabad-45320,
Pakistan).

Tiilay Tulun (Istanbul Technical University, Graduate
School of Science, Engrineering and Technology,
Istanbul, Turkey).

Vincent Ball (CRP Henri Tudor, Luxembourg,
Luxembourg).

Karel Ulbrich and Vladimir Subr (Institute for
Macromolecular Chemistry of the Academy of
Sciences of the Czech Republic, Prague, Czech
Republic)

Industrial partners:
Clariant AG, BASF AG, Innventia AB

IStatement on scientific production

For the period 2007-2011:
Number of publications: 20

1 Nature Chemistry

2 Nano Letters

2 Angewandte Chemie

1 J. Am. Chem. Soc.

1 Advanced Materials

1 ACS Nano

1 J. Mat. Chem.

1 Soft Matter

4 Langmuir

1 Macromol. Rapid Chem.
1 Macromolecules

1 Comptes Rendus Chimie
1 Biointerphases

1 New J. Chem.

1 Biomolecular Engineering

Number of citations of articles published 2007-2011 :
314

Average citations per article : 15.7

Number of patents 2007-2011: 5

Number of citations 2007-2011 of all articles : 6520
Average number of citations per year : 1430

Number of invited plenary conference lectures : 9
Number of invited conference lectures : 28
Number of invited seminars : 27

Total number of invited oral presentations : 64

Number of contributed conference lectures : 2
Total number of oral presentations : 66

Since the beginning of the career:

Total number of publications : 130

Total number of citations : 15200

Average number of citations per article : 116

h-index : 52

m-index : 2

(Taking the start of the PhD thesis in 1983 as start of
career)

Publications with more than 1000 citations : 2
Publications with more than 500 citations : 5

Number of patents : 14
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Number of invited plenary conference lectures :
Number of invited conference lectures : 108
Number of invited seminars : 84

Total number of invited oral presentations :
Number of contributed conference lectures
Total number of oral presentations : 248

22

214
: 34

9 highly cited publications, one of which is ranked by
IST as 8t most cited among all journal articles in the
field of chemistry in the period of January 1, 1997 to
October 31, 2007.
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Figure 9 : Publication activity G. Decher since the beginning of the career (July 2011).
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"Fuzzy nanoassemblies: Toward layered polymeric
multicomposites”, Decher G., Science 277(5330),
1232-1237 (1997). Total number of citations : 4684
Distinctions / Awards (2006 - 2011):

2011 Renewal of my nomination as senior member of
the IUF

2010 ECIS - Rhodia European Colloid & Interface
Prize

2009 Grand Prix of the “Académie des sciences” for
nanobiotechnology “Emilia Valori”

2006 Nomination as Senior Member of the “Institut
Universitaire de France” (IUF)
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Macromolecular Engineering at
Interfaces (IMI)

Head of the Group : Pierre Schaaf

Permanent staff: Prof. Pierre Schaaf (UdS) - Yves Frére (Chargé de Recherche CNRS) - Dr. Fouzia Boulmedais
(Chargée de Recherche CNRS) 2006 - Dr. Loic Jierry (Maitre de Conférences UdS) 2009 - Eric Gonthier
(Technician UDS) 2008

Non-permanent researchers (2007-2011): 8 post-doctoral associates (Nathalie Auberval since 2011,
Emmanuelle Monchaux since 2009, Audrey Parat since 2008, Prasad Polavarapu 2009-2010, Natalia Bushmarina
2008-2009, Caroline Alhais 2009-2010, Virginia Epure 2007-2008, Imed Montassen 2007-2008) / 11 PhD
students (Cesar Rios defense planned in 2013, Gaulthier Rydzek and Gwenaélle Cado defenses planned in
2012, Mathias Lefort defense planned in 2011, Adeline Callet and Alae El Haitami defended in 2010, Andreas
Reisch, Nathalie Reix and Hajare Mjahed defended in 2009, Anne Wawrezinieck and Nicolas Laugel defended in

2007) / 9 Master students

eywords: polyelectrolytes - multilayers -
morphogen bio-inspired capsules

The mission of the ICS is to develop Polymer and Self-
Assembly based Materials Science. Polyelectrolyte
Multilayers films, obtained by the alternate deposition
of polyanions and polycations, are typically in the
scope of the Institute. They constitute a tremendously
versatile tool to answer numerous scientific and
societal challenges in fields as diverse as biomaterials,
materials for energy, materials for water purification,
anti-corrosion coatings or smart materials. With the
group of G. Decher, we constitute one of the leading
poles, recognized worldwide in this field.
Polyelectrolyte multilayers are one of the most active
fields in macromolecular physical-chemistry mainly
driven by their widespread applications. Yet they are
poorly understood from a fundamental point of view.
Over the last four years, our group focused essentially
on understanding the basic rules governing the
buildup of polyelectrolyte multilayers, on extending
the layer-by-layer deposition concept to new systems
and on developping biomedical applications of
multilayers. Our group has also a longstanding activity
in capsules and smart textiles, especially towards
biomedical vectors.

Fundamental issues on

polyelectrolyte multilayers

In the early 1990t first studies on polyelectrolyte
multilayers seemed to indicate that during each
deposition step the polyelectrolytes from the solutions
interact only with those of the outer layer of the film,
leading to stratified architectures with a linear
increase of the film thickness. After the discovery of
exponentially  growing  multilayers and  of
polyelectrolyte exchange (both mainly by our group
during the 2001-2006 period), it became clear that
this initial picture of polyelectrolyte multilayers was
oversimplified and that the deposition process was
poorly understood. Major fundamental issues clearly
emerged. (Publications pertaining to this section are
Refs [1-9]),

smart materials -

biomaterials - chemo-mechanotransduction -

IMultilayer
fl exponential)

growth regime (linear or

This is particularly important because the properties
of linearly and exponentially growing films are totally
different. Our group made significant contributions in
this direction. Exponentially growing multilayers are
known to result from the diffusion, in and out of the
whole film, of at least one of the two constituting
polyelectrolytes during each deposition step. Previous
studies from our group also showed that the
exponential increase of the film thickness takes place
only during the initial deposition steps and is then
followed by a linear thickness increase. Yet in this
linear regime diffusion of the polyelectrolytes "in and
out" of the film still takes place. The origin of the
change of the buildup regime, from exponential to
linear, remained mysterious. We thus addressed this
question and found that the thickness increase in the
linear regime is independent of the molecular weight
of the diffusing polyelectrolyte. We also showed that,
during each deposition step, the polyelectrolytes no
longer diffuse "in and out" of the whole film but only
over a limited upper zone and that then the thickness
increment does not depend upon the extension of this
zone. We proposed a model based on a limited
complex formation during each buildup deposition
step to explain the observed features.[8]

place in

Dynamic processes taking
exponentially growing multilayers

This issue includes diffusion processes, exchange
processes and film evolution by modifications of the
surrounding medium. Using fluorescence recovery
after photobleaching experiments, we investigated the
diffusion behaviour of poly(l-lysine) chains component
of  poly(l-lysine)/hyaluronic acid (PLL/HA)
multilayers. Two populations were found: a mobile
one, with a diffusion coefficient of the order of 0.1
um2/s and a population that appears immobile. For
chains deposited on top of the film, a third population
appeared which is rapidly diffusing (D= 1 um2/s).[5]
We also investigated how exponentially growing films
evolve when the ionic strength of the contacting
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solution is changed after the film buildup. Again, we
addressed this problem for PLL/HA multilayers. When
such a film is constructed at a given ionic strength, and
is brought later in contact with a solution of higher
ionic strength, it swells. But the swelling mechanism
remained unknown. We found that by increasing the
ionic strength, the swelling of such a film is
accompanied by the release of poly(l-lysine). More
unexpectedly, we observed that above a critical ionic
strength the growth of the film is accompanied by the
formation of holes that first grow and later decrease in
size. We explained our observations by the dissolution
of PLL/HA complexes inside the film. The presence of
free PLL and HA chains induces a strong local increase
of the osmotic pressure leading to the formation of
holes. The holes disappear as the dissolved
polyelectrolytes are released from the multilayer (see
Figure 1).7] This study was performed within the
framework of the ANR blanc project "Cartilspray".

at 0.15 M NaCl and brought in contact with an aqueous solution at
0.48 M NaCl.

Buildup and film composition of multilayers
constructed from blended polyanion and
polycation solutions

In 2003, our group was the first to propose to build
polyelectrolyte multilayers from blended
polyelectrolyte  solutions.  This  offers new
opportunities to finely tune the film properties. We
made, for example, use of it to vary the degradability
of films in contact with cells allowing to time-schedule
the bio-response of a polyelectrolyte multilayer. Yet,
tuning the film properties requires knowing the rules
governing the film composition with respect to the
composition of polyelectrolyte solutions used. These
rules remain, even now, largely unknown. We found
that there is usually a strongly non-linear relationship
between the film and the polyelectrolyte solution
composition. In particular when a blended solution of
polyanions is used, there is a strong preferred
incorporation of one polyanion over the other present
simultaneously in the buildup solution. This leads also
to non-linear evolutions of the film buildups and of its
properties with the solution compositions. Much
remains to be done before predictive rules will emerge
along this question.[ 3]

Other questions, such as the influence of the nature of
the counter ions on the film buildup and on the film
permeability, were also addressed.[2 4.9]

Step-by-step film deposition

processes and new buildup
concepts

The concept of polyelectrolyte multilayers is a
particular example of the more general concept of
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films constructed by step-by-step deposition. Our
group has worked actively on generalizing the
polyelectrolyte multilayer architectures and on
developing other buildup strategies belonging or
derived from this more general concept of step-by-step
film deposition. Some examples are given below.
(Publications pertaining to this section are Refs [10-20]),

IStep-by-step deposition of "covalent” films

In 2006, Caruso proposed to construct covalently
linked multilayers in a step-by-step manner based on
the Sharpless click reaction between polyelectrolytes
bearing azide and others bearing alkyne groups. The
reaction between azides and alkynes, catalyzed by
Cu(I), leads to the formation of triazole groups. This
technique was extended by several other groups. The
Cu(I) is usually generated from Cu(II) in the presence
of sodium ascorbate, used as a reductive agent. We
investigated several aspects of this buildup.

First, we discovered that Cu(I) strongly interacts with
a triple bond resulting in the formation of a rather
stable positive complex. This implies that the nature of
the polymer, and in particular its charge, has a huge
influence of the film growth, polyanions leading to
much faster film growth with the number of deposition
steps than polycations!i2l. Next, we investigated the
step-by-step film construction through Sharpless click
reaction between polymers bearing azide (or alkyne)
groups and bifunctional poly(ethylene oxide) linkers
bearing alkyne (or azide) groups. This resulted in a
new type of architecture presenting a high roughness.
The rules governing their buildups were
investigated[!]. In 2006, J.P. Collman proposed to
form Cu(I) by reduction of Cu(II) at an electrode and
to induce the click reaction on a self assembled
monolayer deposited on the gold electrode. Our group
was the first to take over this idea to construct, step-
by-step polymer multilayers through electrochemically
triggered click-reaction (see Figure 2). This work
opens the route towards specific and controlled
functionalization of nanoelectrodesi4l. This study was
performed within the framework of the ANR blanc
project "Clickmultilayer"
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Figure 2. Schematic representation of the electrochemically
triggered click-multilayer buildup.

Multilayers based on host-guest interactions:
Towards electro-chemically responsive films

Host-guest interactions based on cyclodextrin moieties
can be used to form gels or complexes in solution. We
demonstrated that these interactions can be used to
buildup, in a step-by-step manner, films by alternating
poly(N-hydroxypropyl = methacrylamide)  bearing
ferrocene or B-cyclodextrin moieties (see Figure 3). We
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anticipate that the so-made films can be dissolved
under the application of an electric potential where
ferrocen is oxidized into ferrocenium, having a weak
affinity for cyclodextrin. By culturing cells on such
films, one should then be able to remove
electrochemically a cell monolayer sheet which
constitutes a challenge in vessel reconstruction and
tissue engineering. This worklol is done in the
framework of an ANR blanc project "E-Detachpem" in
collaboration with two groups of Grenoble (P. Labbé,
UMR 5250 and R. Auzely, CERMAV) and an INSERM
group (Jean-Claude Voegel, UMR 977 INSERM) from
Strasbourg.
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Figure 3. (left) Schematic representation multilayers buildup based
on host-guest interactions; (right) Corresponding evolution of the
quartz crystal microbalance signal (frequency and dissipation)
proving the regular film buildup.

Film by spray-assisted deposition of interacting
species

In 2004 in collaboration with G. Decher, we have
started to develop the step-by-step film buildup of
multilayers by alternate spraying of polyanion and
polycation solutions, each deposition followed by a
rinsing step. Spray assisted LbL has received, since,
considerable attention from the scientific community
because it is extremely fast and allows coating wide
surfaces. It is thus well adapted to industry. Due to the
fact that it is fast, it allowed us to explore fundamental
issues related to the exponential growth that were
hardly accessible by the usual construction methods(8l.

Pelcation +

Figure 4. Schematic representation of the step-by step and
simultaneous spray deposition of polyelectrolyte film. Red (resp.
blue) cans represent polyanion (resp. polycation) solutions.

We also extended spray-assisted LbL towards the
deposition of inorganic materialsi3l. By investigating
the spray-assisted LbL process, we found that the
rinsing step can be omitted without altering
fundamentally the film growth. We then discovered
that each spraying step can be rendered extremely
short. This led us to propose to spray simultaneously
the polyanion and polycation solutions which results
in a continuous film growth (see Figure 4). This
constitutes a real technological rupture with
widespread potential applications. From an industrial
point of view, it is even simpler and thus more
appealing than the LbL process by spraying. We
generalized this method to other polyanion/polycation
systems, to polyelectrolyte/small multicharged

Axis : Polyelectrolytes

molecules, to polyelectrolyte/nanoparticle and even to
inorganic species (CaCl, and NaF leading to the
formation of CaF,) always leading to the formation of
nanometric size coatings/2cl. Simultaneous spraying of
interacting species not only opens new routes for new
coatings, it is also a tremendous new opportunity to
investigate fundamental questions on polyanion /
polycation complexes.

Other new concepts such as that of reactive-spray
layer-by-layer were also introduced. It allows to
construct mixed organic-inorganic films by generating

in situ nanoparticles during the film buidup processls.
19],

Biological applications of
polyelectrolyte multilayers

Polyelectrolyte multilayers can be used in two ways for
biological applications: either by rendering surfaces
bio-active or by constituting substrates that favor cell
adhesion, allowing them to be used in tissue
engineering. They are also ideal candidates to
investigate the influence of the mechanical properties
on cellular adhesion and cell fate. Our group was
active in all these three domains. Only two of them will
be outlined below. The strength of our group in this
field was to work in strong collaboration with the
INSERM UMR 977 from Strasbourg and in
collaboration with the UMR 7561 from Nancy.
(Publications pertaining to this section are Refs. [15-17.21-
351),

IPolyelectrolyte multilayers as tools for

biofunctionnalization

Our group has a longstanding activity in
biofunctionalization of polyelectrolyte multilayers.
Over the last four years, we were involved in studies
aimed to confer anti-bacterial properties to films. This
was done by incorporating liposomes loaded with
AgNO; solutions into the films.34 We also explored bi-
functionalization of polyelectrolyte multilayers for cell
transfection and for stem cells differentiation. To
obtain cell transfection, pre-complexed plasmids with
linear poly(ethylene imine) and polyelectrolytes
functionalized  with  specific = peptides  were
incorporated in multilayers film at two distinct
buildup steps.27l. The incorporation of specific
peptides towards specific cells enhances the
transfection rates. The differentiation of embryonic
stem cells into specific directions was performed by
incorporating growth factors into polyelectrolyte
multilayer films(23l.

IVascular applications of polyelectrolyte

multilayers

The replacement of small diameter vessels (diameters
smaller than 5 mm) by non-autologous grafts remains
a challenge. The problem is that in order to be non-
thrombogenic the graft surface needs to be covered by
a perfect endothelial cell (EC) monolayer. Yet,
endothelial cells poorly adhere on PTFE grafts used for
bypass surgery. We showed in vitro that PSS/PAH
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multilayers can be used to overcome this difficulty by
constituting an ideal substrate for surface
endothelialization. The use of cryopreserved arteries
provides a promising way for small vessel replacement
but cryopreservation alters the thrombogenicity of the
vessel after implantation. Cryopreserved arteries with
deposited PSS/PAH bilayers in the lumen showed a
better resistance to thrombus than untreated ones
when implanted in rabbits during three months.
Moreover, adhesion and spreading of endothelial cells
are enhanced so that the internal structure of the
vessel closely resembles that of fresh arteries. Our
most challenging project is the vessel reconstruction.
Vessels are constituted by three main cellular layers
from the lumen: endothelial cells, smooth muscle cells
and fibroblasts cells. To construct a non-autologous
vessel, our strategy is based on the use of stem cells
and the detachment of cell layers. In a first step,
human smooth muscle cells were grown on an alginate
sacrificial gel layer. This alginate gel layer covered by a
PSS/PAH multilayer was obtained by spray process.
PSS/PAH film, built on alginate gel, favors cell
adhesion and their deposition by spray favors cell
orientation. After the formation of a cell monolayer,
the alginate gel was peeled off from the substrate. The
obtained cellularized membrane was rolled around a
mandrel. First multi-cellular rolls were recently
obtained (see Figure 5). Those information or the work

outlined in this section may be found in Refs.
[25,30,33,35],

Smooth muscle cells
/= SN SN
N
PEM functionalized
alginate membrane

Figure 5. Smooth muscle cell sheet obtained after peeling off from
the substrate (scheme and the left image) and rolled around a
mandrel (right).

Chemo-mechanotransductive

films

The movement of highly organized organisms greatly
depends on how they transform mechanical
information (forces) into chemical responses and vice
versa. The processes that govern the transformation of
a force into a chemical response are called mechano-
transduction. One kind of transduction processes is
initiated by proteins that change conformation under
mechanical stress. This conformational change then
leads to the exhibition of an active site called a cryptic
site. Our goal is to create films that mimic, at a
macroscopic level, cryptic site proteins or enzymes,
namely to allow to induce a cellular or protein
adsorption process or to induce a chemical reaction
simply by stretching a substrate. It is related to what is
called mechano-chemistry, which has received
considerable attention over the last three years. Yet,
the few materials that were reported up to now led
only to intramolecular changes under stress but never
induced chemical reactions in their environment. Our
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approach is thus totally original and pioneering in this

area (Publications pertaining tyo this sections are Refs.
[36-431),

Control of protein adsorption and cell adhesion
by a mechanical stimulus

The induction of cell adhesion by stretching of the
substrate requires first to render the surface non
adhesive under and in the absence of stretching. This
is a pre-requisite to functionalize the film by
incorporation of ligand molecules that are only
exhibited under stretching. Up to now we succeeded in
creating multilayers that are anti-fouling to proteins
and anti-adhesive to cells even under stretching the
substrate up to 50% in length. These multilayers are
based on polyelectrolytes that bear phosphorylcholine
moieties. We are now working on rendering these
films cell adhesive only under stretching by
incorporation of RGD peptide sequences. We also
performed, in collaboration with M-F. Vallat and V.
Roucoules from IS2M from Mulhouse, a chemically
functionalization silicone sheets, through plasma
polymerization, keeping its surface mechanical
properties under stretching.[42 431,

Enzymatically active materials controlled by a
mechanical stimulus

One of the major achievements in this field was the
development of multilayer architectures that become
enzymatically active under stretching, the activation
process being reversible, i.e. the activity stops when
the film is brought back to its non stretched state (see
Figure 6). This constitutes, to our knowledge the first
film with chemo-mechanotransduction properties.
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Figure 6. Schematic representation of the processes taking place
during stretching of a chemo-mechano-transductive film containing
alkaline phosphate

Capsules and smart textiles |

In order to develop new pharmaceutical vectors and
smart textiles, a lot of efforts were put on the
encapsulation of hydrophilic or lipophilic active
ingredients by various synthesis techniques to obtain
hollow or full particles. In collaboration with
pharmaceutical industries and with the support of
the Region Alsace, our work was dedicated to
develop advanced textiles applied in wound care and
oral treatments of diabetes and lupus.
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IAdvanced textiles applied for wound care

In the framework of the “In between” project in
collaboration with an industrial company and J-Y
Drean (LPMT, Mulhouse), we developed an
advanced dressing for chronicle scares composed of a
new textile functionalized by microparticles. This
advanced dressing has to be multi-functional 1) to
regularize the humidity present under the bandage
(super absorbent capsules based on poly(acrylic
acid), ii) to capture smells (complexing capsules
based on cyclodextrines) and iii) to liberate active
compounds (anti-inflammatory drugs, etc...) under
certain pH conditions or in the presence of ions.

IPharmaceuticaI vectors for oral treatments of

diabetes and lupus

To develop new oral treatments for diabetes and lupus,
two projects are funded respectively by the ORAIL
project and by a pharmaceutical company. Both
projects are based on the development of a

pharmaceutical vehicle that contains nanoparticles of

bioactive molecules and that is stomach resistant.

In collaboration with the Centre Européen d’étude du
Diabéte (CEED, Strasbourg), two
nanoparticles were developed for diabetes treatment 7)
by synthesis of either hollow poly(lactic-co-glycolic)
acid (PLGA) particles containing insulin (solvent
elimination), or ii) by coacervation of chitosan and
insulin (polyelectrolyte complexes). These particles
were optimized with an average diameter of 150 nm
for the passage through the intestinal wall and at an
encapsulation rate of about 85% for PLGA vectors. The
passage of particles through the intestinal wall was
studied in vitro using a lineage of specific cells (Caco-
2). The developed nanoparticles are adsorbed on cell
membranes but are also present within cells, showing
their ability to mediate insulin transport. In vivo tests
were performed by subcutaneous or intra-duodenal
administration of nanoparticles on diabetic rats. The
injection of PLGA or coacervat nanoparticles induces a
decrease in glycemia through both administrations.
Encapsulated insulin maintained its activity and did
not induce hypoglycemia (glycemia < 0.7 g/1).
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Figure 7. Survival rates of non-treated and treated lupic mice by
P140/hyaluronic acid complexes.
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In collaboration of Sylvaine Muller (Therapeutic
Laboratory of Immunology and Chemistry in
Strasbourg), we developed nanoparticles of the P140
peptide by complexation of P140 and hyaluronic acid
to treat Lupus. First “in vivo” tests on lupic mice
showed that the life expectation of lupic mice treated
by intra-duodenal injection of Pi140 particles is
increased by a factor of at least two (see Figure 7).44
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