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IN TR O D U C TIO N

The more recent research activity o f the Irradiated Polymers team focused mainly on 
nanostructures membranes for nanofiltration and nanofluidic systems in biomedical and 
energy fields. The so called track-etched membranes were made by chemical revealing of 
tracks induced from swift heavy ions irradiations in collaboration with the CIRIL laboratory 
(GANIL, France). The background experience o f the tem about electron-polymer interaction 
allowed us to predict the behavior o f the radio-induced grafting, namely radiografting, inside 
ion-tracks. It was the necessary to adapt our detection tools to chemical modification o f pico- 
mole range and to nanometer scale architecture o f these membranes. Consequently, we 
resorted to the use o f high-cost techniques such as small angle neutron scattering to be able to 
characterize accurately polymer membrane nanopores. In parallel, more accessible techniques 
like gas permeation have been developed for a rapid evaluation o f nanopore radii. The 
labeling o f introduced chemical functionalities w ith fluorescent probes was a very effective 
mean to visualize very few amounts o f molecules by confocal microscopy and to localize, for 
the first time, the radiografting inside the etched tracks. The study o f such nanostructures has 
enlarged our perspectives and collaborations. Indeed, it pushed us to electrodeposite metallic 
nanowires and to create conductive polymer nanotubes to study the conduction in 
nanochannels o f such systems (Biosensors and optoelectronic applications) and to study the 
ionic conduction in nano-channels filled of hydrogen (Polymer Electrolyte Membrane Fuel 
Cell application). More recently, since January 2007, we are developing a subject on another 
kind o f polylmer device on which we are applying our known-how in radiografting. It is about 
the functionalized fluoropolymer nanoparticles for medical imaging.

In the following, I describe in more details some o f the recent works being carried out at our 
laboratory on the irradiated polymers.

PA R T 1

1. SURFACE SPECIFIC PEPTIDE IMMOBILIZATION ON RADIOGRAFTED 
POLYMERS AS POTENTIAL SCREENING ASSAYS FOR ANTIANGIOGENIC 
IMMUNOTHERAPY

This work is carried on in collaboration with the group o f Andreas Bikfalvi (INSERM 
E0113). The aim o f the project is to fabricate smart materials able to modulate the 
angiogenesis. For this reason, two complementary aspects are studied. First, starting from the 
analysis o f the interactions between the VEGF and its vascular receptors, we performed the 
conception, the synthesis and the biological evaluation in vitro and then in pre-clinical studies 
o f original cyclopetites. We are focusing now on one o f these peptides, called cycloVEGI. 
These works are protected by a patent (LSI-Universite de Bordeaux 1 &2). Second, we have

Working Document
63



Working Document

studied the radiografting o f these cyclopetites, either by electron irradiation and by swift 
heavy ion irradiation, on biocompatible PVDF polymers [1-3].

Angiogenesis is a key process o f cancer development and metastasis. Its inhibition is 
an important and promising strategy to block tumor growth and invasion. One o f these 
approaches, based on antiangiogenic immunotherapy, is the recognition o f a specific region of 
an angiogenic growth factor, called VEGF-A, by monoclonal antibodies. Thus, we aimed to 
design a novel assay to screen potential monoclonal antibodies directed against VEGF-A. In a 
first approach, we chose to perform covalent coupling o f angiogenesis active cyclopeptides 
onto biocompatible thermoplastic transparent PVDF films and to fully characterize the 
chemical structure, the surface state and the biochemical properties o f the synthesized 
devices. Immobilizing such peptides onto a solid support may be o f great interest for the 
design o f reusable assays in order to screen potential monoclonal antibodies for anti- 
angiogenic therapy. To date, general screening o f antibodies has mainly used ELISA assays. 
These common assays present some disadvantages: (i) epitope sites o f adsorbed biological 
molecules could not be completely accessible for antibodies, (ii) adsorption is a specific 
process which can induce contamination and increase artifacts, (iii) the tests are not reusable 
which increase the cost o f the assays with synthetic targets. To overcome these drawbacks, we 
focused our approach on the synthesis o f a novel device based on a polymeric support which 
presents epitope sites in optimum accessibility. Moreover, biological molecules o f interest are 
covalently bound to the support to decrease possible contamination and to undergo harsh 
chemical conditions required to break antibody-antigen complex. Several growth factors have 
been involved in angiogenesis regulation. Among them, VEGF-A (vascular endothelial 
growth factor) is a key regulator o f both physiological and pathological angiogenesis. Studies 
have demonstrated that inhibition o f VEGF-A activity on its type 2 receptor (VEGFR2 or 
KDR) results in suppression o f tumour growth in vivo. Some o f the important residues for the 
interaction between VEGF-A and its receptor have been investigated. These residues are 
clustered within region 79-93 o f VEGF forms a P-hairpin. This amino acids sequence and its 
structural conformation could allow to access specific antiangiogenic therapies. Based on 
these considerations, in collaboration with the group o f the group o f Andreas Bikfalvi, we 
designed a series o f cyclic peptides in order to mimic the VEGF-A b-hairpin. Surprisingly, 
several cyclopeptides inhibit the VEGF-VEGFR2 binding. They exhibited a good affinity for 
the KDR receptor and also inhibited endothelial cell proliferation and in vivo angiogenesis. 
One o f the most potent among these original derivatives is a 17-mer cyclopeptide, called 
cycloVEGI (vascular endothelial growth factor inhibitor).

Electron beam  radiation created radical sites on PVDF films without adding any toxic 
chemicals. These primary radicals and some induced peroxides were used as initiators for 
acrylic acid polymerization. Under our experimental conditions, surface grafting was 
favoured. Functionalization o f PVDF-g-PAA films with peptides via a spacer arm was 
possible by performing two subsequent coupling reactions. EDC was used as coupling agent. 
Spacer arm saturation o f the film surface was achieved for 25 mol% yield meaning that one 
spacer arm on four carboxylic acids were covalently bound. Peptide immobilization resulted 
in binding 10 times less leading to a final 3 mol% yield. Binding densities are governed by 
their individual space requirements. Each chemical step has been followed by FTIR in ATR 
mode, N M R using HR MAS technique and XPS. From XPS results, a layer o f peptide 
covered PVDF-g-PAA film surface. The amounts o f covalently immobilized peptide were 
determined using indirect UV spectroscopy on supernatant reaction solution. Yields were 
correlated with high resolution NM R results. The peptide/antibody recognition validated our 
system showing the conservation o f peptide tridimensional structure with a positive response
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to specific antibodies. Because o f the covalent protein linkage to PVDF films, a simple 
cleaning with immunoaffinity chromatography buffer allows the films to be reused.

2. NANOPOROUS p-PVDF MEMBRANES WITH SELECTIVELY
FUNCTIONALIZED PORES [4]

Swift heavy ion irradiation o f polymers offers many applications depending on ion 
species, specific energy and fluence. Irradiation o f polymer films allowing nanoporous 
membranes to be elaborated is an application field in growth. For this aim, poly(vinylidene 
fluoride) (PVDF) in p-phase is particularly interesting due to its biocompatibility and 
excellent chemical stability. However, PVDF hydrophobicity restricts possible applications in 
aqueous media such as those for biological applications. Different methods can be used to 
modify membranes surface. We prove by electron paramagnetic resonance study that, for 
PVDF membranes, radicals formed all along ion-tracks are very stable and remain 
significantly present around pore-walls after track etching. These radicals allow us to initiate 
acrylic acid polymerization and specific pore functionalization. This latter feature has been 
evidenced by confocal scanning laser microscopy (CSLM). This technique provides three 
dimensions images o f structures or objects labeled by fluorescent molecules beforehand. 
Laser causes fluorophores excitation and the consecutive fluorescence o f the focal volume 
(voxel) is measured. Three dimensional scanning o f this voxel provides 3D images. Before 
irradiations, b-PVDF films are toluene-extracted for 24 h. PVDF films were electron 
irradiated using a Van de Graaff accelerator (absorbed dose o f 100 KGy, under He 
atmosphere). Swift heavy ion irradiations were performed at the GANIL, Caen. Films were

7 8 2irradiated with Kr ions (10.37 Mev/amu, fluence 10 and 5x10 cm- ) under He atmosphere. In 
two cases, samples were stored at -20 °C under N2 atmosphere until chemical etching and 
radiografting.

A) B)

Fig. 1: Images of labeled PVDF-g-PAA films modified with ethylenediamine before grafting. Images are xz- 
plan (cross-section) reconstructions of series of xy slices. z axis has been rescaled to account for refractive index 

of PVDF. A) fluorescein isothiocyanate labeling reveals amine groups, i.e. surface oxydation. B) Alexa Fluor 
hydrazide labeling reveals carboxyl group, i.e. poly(acrylic acid).

Pores diameter lies in the range 20-50 nm depending on etching time, as measured by 
small angle neutron scattering. The idea that radicals produced by heavy ion irradiation still 
remain in PVDF films after track etching has been already suggested. Here, our key result is 
to demonstrate this latter point by EPR measurements. These radicals are radially distributed 
along ion-tracks and allow us to specifically functionalize pore-walls by poly(acrylic acid)
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radiografting. This was evidenced by fluorescence labeling and CLSM imaging. Such 
membranes have many potential applications: hydrophilic pores for aqueous solution 
applications (such as biological applications), single pore visualization for nanofluidic and 
nanofiltration physics.

3. NEW  CONDUCTIVE COPOLYMER MEM BRANES VIA TRACK-ETCHED PC 
TEMPLATES FOR BIOLOGICAL MEDIA ULTRA-FILTRATION [5]

Design, fabrication and applications o f biochemical sensors have gained considerable 
importance in recent years. Biosensor is a system consisting o f a receptor coupled with a 
transducer to a detector, thus enabling the conversion o f a chemical signal -  binding to the 
receptor -  into a physical signal. Conductive polymers, like polypyrrole (PPy), work as 
transducers. Currently, some applications have been described with immobilized enzymes, 
DNA, and antibodies into PPy films. Immobilization can be carried out with different 
procedures, mainly by surface adsorption. However, this process suffers from enzyme 
desorption. PPy microstructured membranes patterned from tracketched polymer matrix 
display a smart porous architecture allowing an interesting exchange with two fluids. These 
membranes proved to be an important device in the field o f ultra-filtration and synthetic 
membranes. Recently, a microstructured membrane based on new PPy derivatives copolymer 
(poly(Py-co-PyCOOH) have been synthesized. This copolymer is o f great interest by 
introducing an anchoring function to create a stable and covalent amide bond between the 
solid polymer and biological molecules. In order to combine microstructured membrane and 
PPy transducer properties, functionalization o f PPy derivatives copolymer membranes by 
biological model molecules is investigated. The aim o f this work is to study molecule 
covalent binding onto PPy copolymers.

Fig. 2: Microstructured Poly(Py-co-PyCOOH) membrane after PC matrix dissolution. Irradiation conditions of 
initial PC track-etched membrane: Pb ions, (-30°; +30°) (XY), Low energy beam line IRRSUD (GANIL, Caen,

France).

New microstructurated copolymer membranes have been synthesized using a track- 
etched polycarbonate (PC) matrix. These membranes proved to be an important device in the 
field o f ultra-filtration and synthetic membranes. These novel structures were obtained by 
irradiating the membrane at various angles (+30°, -30°) with Pb ions o f 0.633 Mev/amu under 
helium atmosphere with a fluence o f 2x106 ions/cm2. Track-etched PC membranes were 
obtained by chemical etching o f the crossed latent tracks in 2 N  NaOH at 70 °C for 20 min. 
Such architecture is expected to improve not only the exchange properties but also, the
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behaviour under high flow pressure during their use as nanofiltration membranes. Membrane 
functionalization was performed with an amino acid as a simple biological model.

FT-IR studies o f Poly(Py-co-PyCOOH) show that the copolymer membrane presents 
different doping states. However, we have demonstrated by U V -vis spectroscopy different 
electronic characteristics which could be assigned to self doping state. W ork is in progress in 
our group to confirm the self-dopping properties o f this copolymer. This self doping state can 
influence dramatically the membrane unctionalization rate. It is thus necessary to adapt the 
synthetic strategies and to privilege immobilization prior to template membrane dissolution. 
Moreover, swift heavy ions o f very low energy allow us to irradiate PC membranes at various 
angles. These PC membranes were used as template to Py and PyCOOH oxidative 
copolymerization. It resulted to novel microstructured copolymer membranes presenting 
crossed microtubules. Further experiments are planned to evaluate their potentially improved 
mechanical properties

4. INFLUENCE OF ASYMMETRIC ETCHING ON ION TRACK SHAPES IN 
POLYCARBONATE [6]

Template synthesis can be considered as an alternative to conventional lithography 
methods. It is one way o f providing a panel o f nanoscale metallic wires, tubes or organic 
polymeric devices. Our interest is focused on track etched membranes produced from swift 
heavy ion bombardment o f polymer films. In comparison with self assembly o f block 
copolymers, this bottom-up approach has the advantage o f being economic, it is not time
consuming and it allows track formation o f diverse geometries. Tailoring o f the conical 
nanopore tip opening would have a tremendous impact on sensing domain, as well as on 
fundamental understanding o f perpendicular giant magneto resistance (GMR) properties 
observed in metallic homogeneous and multilayered cylindrical nanowires.

The swift heavy ions (SHI) irradiations were performed with the IRRSUD beam line at
GANIL (Caen, France). PC films (10 ^m  thick) were irradiated with Pb ions (0.633

8 2Mev/amu; Fluence, 10 ions/cm ) under vacuum. Track-etched PC membranes were obtained 
by asymmetrical chemical etching o f the latent tracks in 2 N  NaOH using a two compartment 
cell assembly. The two compartments are separated by the irradiated PC film. The whole 
assembly is immersed in a thermostated bath. One compartment is equipped with a dual 
pH/temperature probe allowing us to monitor the tip pore opening. Various temperatures from
65 °C to 80 °C and various etching time were investigated. Prior to electro-deposition, track- 
etched PC membranes were metalized with a thin layer o f Au and fixed on a metallic support. 
The electrolyte N iSO4-5H2O solution (130 g/L) was used to deposit Nickel. A  potential o f -1 
V versus Saturated Calomel Electrode was applied for 1000 s, using a Heka PG310 
potentiostat. An increase in cathodic current intensity assesses the complete pore filling. PC 
membranes were dissolved for 15 min at room temperature using dichloromethane. The pore 
shape characterization was achieved by electronic microscopy measurements on membrane 
surfaces and on electrodeposited nanowires

To vary the conicity o f nanopores, we have combined etch rate variations due to 
stopping and asymmetric etching. According to the chaotic state o f lower energy face, it is 
advisable to etch preferentially the higher energy face to get a better control on final conical 
pore shape. Asymmetric etching is a simple way to get conical-shaped nanopores with a pore 
tip as low as 17 nm in 9 ^m  thick membranes. Reaching smaller pore tip diameters may be 
absolutely possible when stopping the etching at the beginning o f the break through. 
Nevertheless, pore fluence at the exit face would drop dramatically.
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PA R T 2

1. RADIATION NANO-ENGINEERING FOR OPTICAL APPLICATIONS [7-9]

The activities o f the Radiation Nanoengineering team are mainly focused on the study 
o f the irradiation effects on nanostructures and their applications in the optical domain, 
photonics and plasmonics. A  detailed study o f the evolution under irradiation o f an embedded 
second phase necessitates the precise control the initial properties o f the NPs, i.e. their size 
and the depth distribution and their concentration, To satisfy this criterion, a protocol has been 
developed to fabricate a model system. First, nearly monodisperse nanoparticles are 
chemically synthesized and then confined within the host matrix.

2. SYNTHESIS AND CHARACTERIZATION OF MONOELEMENTAL, 
BIMETALLIC AND CORE-SHELL COLLOIDAL NANOPARTICLES

Mono-element Au and Ag nanoparticles are synthesized by the Turkevich method. In 
this method, the nanoparticles are formed by reduction o f the metallic salt (HAuCl4, AgNO3) 
with the organic reducing agent sodium citrate ( N 3 C 6 H 5 O 7 ). The stabilisation o f the NPs in 
aqueous solution is achieved by the coordination o f the metallic ions at their surface by the 
sodium citrate.

14 15 16 17 IS

Diameter (nm)

Fig. 3 : TEM micrograph of as-prepared Au nanoparticles and the corresponding size distribution.

Bi-metallic Au-Ag alloy nanoparticles are obtained by concomitant reduction o f the two 
metallic ion precursors (HAuCl4, AgNO3). A n approach based on the use o f sodium citrate 
alone has been documented in the literature [28]. Also the effects o f the addition o f sodium 
borohydride (NaBH4) which is a stronger reducing agent have been documented.

The synthesis o f core-shell bimetallic NPs Au@Ag or Ag@ Au is performed by successive 
reduction o f metal salts with ascorbic acid on pre-synthesized seeds (Au or Ag) in the 
presence o f cetyltrimethylammonium bromide (CTAB), which is a cationic surfactant.

The nanoparticles are synthesized and characterized in collaboration with T. Gacoin and S. 
Perruchas at Laboratoire de Physique de la Matiere Condensee (LPMC) at the Ecole 
Polytechnique by having recourse to classical techniques o f colloid synthesis. The size will be 
determined by Dynamical Light Scattering (DLS) and by electron microscopy (TEM and 
SEM). The plasmon resonance o f the NPs in solution will be analyzed by UV-vis absorption.
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3. CONFINEMENT OF METALLIC NANOPARTICLES WITHIN A  PLANAR FILM 
AND IN CORE-SHELL NANOSTRUCTURES

Fig. 4: TEM micrographs of metallic nanoparticles confined within a planar film and coated with a silica shell.

Nearly monodisperse chemically-synthesized Au NPs are confined, at a well defined depth, 
within two silica layers. This is process is done in several steps: i) a first silica layer is 
deposited on a silicon substrate using a high density plasma reactor based on electron 
cyclotron resonance (ECR). Deposition was performed using the Venus reactor at PICM 
Laboratory (Palaiseau France). SiH4 and O2 precursor gases are introduced in the reactor 
chamber with1.5 mTorr pressure. Plasma is formed at room temperature using 1 kW  power 
excitation. The thickness o f this first silica has been estimated by ellipsometry to be o f 320 
nm. ii) the silica surface is then chemically functionalized by an aminosilane group. Samples 
are immersed in a mixture o f 2.2ml Amino-propyl Trimethoxisilane and 6ml o f absolute 
ethanol. After 2 hours treatment at room temperature, sample are cleaned with methanol and 
distilled water then dried out. iii) at the same time, 15 nm Au NPs, stabilized by citrate, are 
chemically synthesized following the Turkevich method. iv) these NPs are then grafted onto 
silica surface exploiting the electrostatic interaction between the negative charged citrate 
coating and stabilizing the A u NPs and the positive charged aminosilane group recovering the 
silica surface. The grafting process is simply achieved by immersing the treated sample into 
the solution containing the A u NPs. The concentration o f grafted NPs is controlled by the
immersion time. For all samples, a grafting time o f 30 min is chosen, corresponding to a

10 2density o f about 3.7x10 Au NPs.cm - . v) samples are then recovered by another silica layer 
under the same experimental condition as the first deposition. Thus, A u NPs are localized 
within a unique plane at a depth o f 320 nm below the sample surface. Finally, samples were 
annealed at 900°C for 30 min under Ar-H atmosphere in order to densify the silica matrix.

Au@SiO2 NPs were synthesized using a slightly modified procedure from the literature. 
First, Au NPs were synthesized following the Turkevich method, as describe above. The gold 
NPs are centrifuged (11000 rpm, 60 min) and dispersed in a 50 mL ethanol/ethylene glycol 
(4:1 v/v) mixture. To this solution, TEOS (0.11 mL) was added and the solution stirred for 30 
min. NH3 (0.80 mL) was then added and the solution was stirred overnight. The purple- 
coloured solution obtained was centrifuged twice (11000 rpm, 20 min) and the solid dispersed 
in the same solvent mixture. For the Au@ SiO2 NPs, TEM and DLS analyses yield an average 
size o f 102 nm (±15%).

4. IRRADIATION-INDUCED SIZE REDUCTION AND DISPERSION OF CONFINED 
NANOPARTICLES

Using A u colloids embedded in a silica matrix as a model system, we demonstrate the 
possibility to tailor an ensemble o f NC by reducing the nanoparticle size and to obtain a 
nearly monodisperse nanoparticles distribution. This approach will be useful when the
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reduction o f the mean size o f embedded nanoparticles is desired. We show that the size 
reduction is accompanied by the narrowing o f the size distribution. Indeed, by this method, 
we obtain a standard deviation o f 0.4 nm on an average diameter o f 2.0 nm, compared a 
standard deviation o f 2.1 nm for the initial nanoparticle. This approach will be used within 
this project to allow the dispersion o f metallic nanoparticles within the radiografted polymer 
host matrix for increasing the image contrast in Magnetic Resonace Imaging (MRI) technique

Fig. 5: Tailoring the nanoparticle size using ion irradiation (4MeV Au ions @ 300 flunece 0-8x1016 cm-2).
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