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Les forces 
• Permanents (10/2014) 
 
 
 
 
 

 

• Non permanents (10/2014) 
 

 

 
• Evolution: Bilan 2007 à 2014  
   

 

EC UPMC: 3 PU, 9 MC;  
CNRS:        1 DR, 4 CR 12 EC, 5 C 

UPMC:  2 IE, 1 ADJ 
CNRS:  1 AI, 1 T, 1 TCE 6 ITA/ BIATSS 

12 Docs (4 MRT, 2 CIFRE, 3 ANR, 1 ERASMUS, 1 C’Nano, 1 CSC) 
3 Post-Doc (1 ANR, 2 LabEx) 

- 1 PU (& - 1 PU en 2015)  
+ 3 MC ; + 1 CR 
- 2 IR CNRS  
- 2 IE CNRS; + IE UPMC 
- 1 AGT CNRS 



Les thématiques principales 

1) DEVELOPPEMENT de NOUVEAUX OUTILS 
 a) Polymérisation « covalente » en milieu homogène et hétérogène 
 b) Polymérisation « supramoléculaire » et maitrise de la hiérarchie dans les assemblages supramoléculaires 
 c) Polymérisation radicalaire contrôlée pour assemblages supramacromoléculaires 
 d) Balance supramoléculaire 
 d) Auto-assemblages 2D/3D sur surface 

 

2)  POLYMERES et PROPRIETES (OPTO)ELECTRONIQUES 
 a) Copolymères p-conjugés et leurs assemblages 3D cristal liquide nanostructurés pour l’électronique organique 
 b) Auto-assemblages à propriétés magnétiques / optiques 

 

3)  POLYMERES et CHIMIE VERTE 
 a) Catalyse : développement de nouveaux supports catalytiques recyclables, nanogels multi-catalytiques,  
 catalyse supramoléculaire 
 b) Monomères/polymères biosourcés  
 c) Polycondensations dans des liquides ioniques acides 

 

4)  POLYMERES pour le BIOMEDICAL  
 a) Polymères pour le transfert d’acide nucléïque 
 b) Nanopores actifs 
  

POLYMERISATIONS 
 

ASSEMBLAGES 
Supra(macro)moléculaires 

 



1) Catalyse supramoléculaire 
L. Bouteiller 
M. Raynal 

Dynamique 
Réversible 
Modulable 

Modification douce de la sphère 
de coordination du métal 

Sélectivité 
Réactivité 

Ex: hydrogénation asymétrique 

conversion 100% 
ee 88% 

Raynal, Bouteiller et al. J. Am. Chem. Soc. 2013, 135, 17687 



2) PRC pour assemblages 
supramacromoléculaires 

L. Bouteiller 
J. Rieger 
S. Pensec 

 Film formé à partir de latex coeur-écorce covalent aqueux, sans tensioactifs 
 Nanostructuration, fraction très minoritaire responsable pour des propriétés 

étonnants: résistance et déformabilité mécanique, résistance aux solvants 
organiques et à l’eau Collab. : 

C. Creton (ESPCI) 
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  Nominal Strain

 Core-shell particles -> Structured film
 After thermic annealing -> Unstructured film
 Statistic copolymer P(AA-co-PBA)

1 μm 

Latex PAA-b-PBA 

Mw/Mn = 1.5 

3 kg/mol 100 kg/mol 

Films supramoléculaires à base de particules cœur-écorce 

(3 wt% !!) 

liaisons 
hydrogène 

Rieger, Bouteiller et al.. Macromol. Rapid Commun. 2013, 34, 1524 

Filmification 

H2O 

BA) 



Towards new ambipolar LC architecture 

Ambipolar organic transistors are of special interest (CMOS technology) 

Ambipolar transistors  

- Injection of both charge carrier types 
  (h+ and e-) 
- From same metallic electrodes  
  (source and drain) 
- In unique nanostructured material 
  (high mobility) 

  

? 

A.-J. Attias 
D. Kreher 
F. Mathevet 

Model polymer 

3) Architectures auto-organisées cristal 
liquide pour l’électronique organique 

 

F. Mathevet, A.-J. Attias et al. Chem. Mat. 2011, 23, 4653; Macromolecules 2014, 47, 1715  



4) Polymères biosourcés :  
Lignines et polyesters A. Fradet 

M. Tessier 
B. Rousseau 

7 

Polyesters 

Monomères 

Caractérisation structurale préalable nécessaire pour la 
maîtrise des modifications ou réactions (enchaînements 
majoritaires, teneur en fonctions réactives, en impuretés…) 
RMN 1H,2D HSQC, 31P O
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Incorporation des lignines dans les polyesters 
Mélanges physiques limités par l’incompatibilité lignine/polyester  

Modification des lignines par acylation, étherification, estérification…           

 Homogénéisation des groupes réactifs, amélioration de la solubilité … 

 

Synthèse de copolyesters   lignines greffées 
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Greffons de nature proche de celle du polyester         
Maîtrise des sites et des taux de modification, de la taille des particules 
 
Etude des réactions d’interéchange lignine / polyesters en présence de lignines 
modifiées ou greffées 

A. Fradet et al., Biomacromolecules 2011, 12, 3895 

Lignine Huiles végétales 



5) Polymères pour le transfert 
d’acide nucléïque 
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PEI : A NEW  EFFI CI ENT  NON 
TOXI C POLY M ER FOR GENE 
TRANSFER 

Emilie Bertranda, Cristine Gonçalvesb, L udivine 
Billietb, Jean Pierre Gomezb, Chantal Pichonb, 
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Abstract: A series of linear  polyethylenimine (lPEI ) 

substituted with histidine residue (H is-lPEI ) was synthesized 

using the M ichael reaction in order  to provide new highly 

efficient vectors for  gene therapy applications (up to 95%  of 

transfected cells) with remarkable low cytotoxicity compared 

to lPEI -based polyplexes.   

 Safe and efficient delivery of genetic material remains the most 

challenging aspect of human gene therapy1. Synthetic vectors as 

cationic polymers offer potential routes for compacting DNA in 

small particles (so-called polyplexes) with protection of DNA 

from nuclease degradation and with limited induction of 

inflammation and immune responses. Branched (bPEI) and linear 

(lPEI) poly(ethylenimine) have successfully been used for both in 

vi tro and in vivo transfection2-4. PEI contains acid protonable 

secondary amines that destabilize endosomes according to a 

proton sponge mechanism5, circumventing the use of 

endosomotropic agents. The major drawback of PEI concerns its 

high cytotoxicity. Recently, bPEI modified by alkylcarboxylate 

derivatives was found to be much less cytotoxic than bPEI, and in 

vi tro transfection efficiency of Neuro2A murine neuroblastoma 

cells increased significantly6. The lower toxicity of this polymer 

was attributed to the negative charges of the carboxylic functions 

at physiological pH7. bPEI derivatives with alkyl chain lengths of 

ten carbons or less exhibit good solubility and little loss of the 

buffering capacity in the endosomal pH range. Induction of 

endosomal escape has successfully been also achieved through 

substitution of PLL with histidine groups8, 9. Due to the histidine 

imidazole (pKa ≈ 6), the protonation of imidazole groups induces 

endosome destabilization in an acidic medium, allowing the 

pDNA delivery into the cytosol10-12. 

 Here, we describe new lPEI derivatives bearing histidine 

moieties (His-lPEI) with increased buffering capacities, higher 

transfection efficiency and lower cytotoxicity compared to lPEI.  

 First, N-acryloyl-L-histidine was synthesized by addition 

elimination reaction of L-histidine and acryloyl chloride (Scheme 

1)13, 14. Next, His-lPEI polymers containing 7.4% (His7.4-lPEI), 

16% (His16-lPEI), 19% (His19-lPEI), 24% (His24-lPEI), 32% 

(His32-lPEI) or 67% (His67-lPEI) N-acryloyl-L-histidine residues 

were obtained by grafting various amount of the N-acryloyl amino 

acid on the lPEI backbone (Mw 22kDa15) through the Michael 

addition, (Scheme 1)16-18. Our original design is based on the 

grafting of histidine moieties to lPEI through their amine 

functions in order to keep the carboxylic functions free for 

toxicity purpose19. The structure of His-lPEI derivatives was 

determined by 1H NMR†. Peaks at 7.80 and 7.06 ppm on one hand 

and 3.04 ppm on the other hand demonstrated the presence of L-

histidine and lPEI. Bonding of the L-histidine moieties was 

confirmed by the disappearance of the vinyl double bond in the 

5.5-6.5 ppm region and the appearance of broad lines for the lPEI 

backbone between 2.3 and 2.7 ppm. 
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Scheme 1. Synthesis of His-lPEI. 1) Synthesis of N-acryloyl-histidine by 

addition elimination reaction. 2) Synthesis of His-lPEI by Michael 
addition. 

 Efficient gene transfer is often correlated to the ensosomal 

escape provided by an increased osmotic pressure favored by an 

easy protonation of the polycation in the acidic endosomal 

compartment. The buffering capacity of these new polymers was 

estimated by measuring the change in pH of the polymer solution 

upon titration with 0.05M NaOH solution (Figure 1). The 

protonation profile of the various polymers is markedly affected 

by the grafting of the histidine moieties. Indeed, the Michael 

addition results in the formation of tertiary amine from the 

secondary amine of the lPEI backbone, with a higher pKa, as well 

as the grafting of an imidazole and a carboxylate moieties. The 

buffering capacity is defined as the amount of protons required to 

decrease the pH by one unit, for a polymer concentration 

expressed as monomer units: this buffering capacity is 

proportional to the reciprocal slope of the titration plot over the 

pH range of 5 to 7.5. Slopes of 0.159ml, 0.229ml, 0.328ml, 

0.330ml, 0.335ml, 0.134ml, 0.121ml were measured for lPEI, 

His7.4-lPEI, His16-lPEI, His19-lPEI, His24-lPEI, His32-lPEI, His67-

lPEI, respectively. The buffering capacity first increases with the 

histidine grafting ratio thanks to the imidazole functions8, 20. At 

high histidine grafting ratio, the buffering capacity of the His-lPEI 

series decreases due to the introduction of tertiary amine, as 

shown elswhere for bPEI 21 and carboxylic groups.  
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 F ig. 1 Titration of aqueous polymer solution ([EI]=25 mM) with NaOH 

solution (0.05M) from pH=2 to ~9. Solutions were adjusted to pH = 2 
with 0.1 M HCl, then 20 µl aliquots of 0.05 M NaOH were subsequently 
added and the pH measured. (x : lPEI, -: His7.4-lPEI, + : His16-lPEI, D : 
His19-lPEI, ■ : His24-lPEI, ○ : His32-lPEI, □ : His67-lPEI). 

F ig. 2 Agarose gel electrophoresis shift assay of pDNA complexed with 
lPEI, His7.4-lPEI, His16-lPEI, His25-lPEI, His32-lPEI and His67-lPEI at 
different DNA/polymer weight (µg:µg) ratios. (a) free pDNA. 

 pDNA/His-lPEI complexes were prepared by addition of 

various amount of polymer to pTG11033 (1 µg) - a pCMV-Luc 

plasmid DNA of 9514 bp encoding the firefly luciferase  gene 

under the control of the human cytomegalovirus (CMV) promoter 

- in 10 mM HEPES buffer, pH 7.4. The complexation of pDNA 

with lPEI substituted with 7.4%, 16%, 25% and 67% histidine 

residues  was monitored by agarose gel electrophoresis (Figure 2). 

For lPEI, complete DNA retardation, corresponding to polyplexes 

formation took place soon pDNA/polymer weight ratio of 1:0.5. 

His7.4-lPEI, His16-lPEI and His25-lPEI retained pDNA at a weight 

ratio of 1/2, 1/3 and 1/3 respectively. In contrast, His32-lPEI and 

Hist67-lPEI did not retain pDNA at any tested ratio. lPEI 

substituted with 2% to 24% histidine residues needed higher 

pDNA/polymer ratio than lPEI to completely condense pDNA. 

This is due to the presence of histidine and carboxyl residues that 

reduced the number cationic charges on the lPEI derivatives. 

 The hydrodynamic size of polyplexes with His-lPEI containing 

less than 16% histidine residues was slightly bigger than that with 

lPEI (~160 nm vs. 130 nm) (Figure 3). Then, the size of His-lPEI 

polyplexes increased with the histidine substitution degree 

(between 16% and 25%). The transfection activity of a series of 

polymers was tested on HeLa cells at different pDNA/polymer 

weight ratio. Figure 3 summarizes the best transfection efficiency 

obtained for each polymers. The most efficient transfection was 

obtained at a pDNA/polymer weight ratio of 1:6. Polyplexes with 

His-lPEI (bearing between 2 to 24% of histidine) displayed higher 

transfection efficiency than lPEI. In agreement with their pDNA 

condensation capacity, His32-lPEI and His67-lPEI did not transfect 

the cells. The luciferase activity  decreased when the polyplexes 

size increased as soon as lPEI was modified by 22% of histidine.  

 

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

0 2 7.4 11 16 22 24 25 32 67

ratio of modification of N-acryloyl-histidine (%)

lu
c

if
e

r
a

s
e

 
a

c
t
iv

it
y

 (
R

L
U

/m
g

 
o

f
 p

r
o

t
e

i
n

)

0

200

400

600

800

1000

1200

s
iz

e
 (

n
m

)

 
F ig. 3 Transfection of HeLa cells was carried out with pCMV-Luc DNA 

complexed with His-lPEI bearing 0% to 67% histidine residues. The 

DNA/polymer ratio (w/w) was 1:6. (▲size of polyplexes measured by 

dynamic light scattering) (averages of three independent experiments). 

 

The zeta potential of these polyplexes was slightly positive 

(~5mV) at the pDNA/His-lPEI ratio of (w/w) = 1:6, except for 

polyplexes with His32-PEI and His67-PEI. This pDNA/His-lPEI 

ratio was found to be a good balance between the size of the 

polyplexe and the transfection efficiency of the vectors. 

 The cytotoxicity of polymers and polyplexes was tested by 

MTT assay on various cell lines including HeLa, HEK293T7, 

C2C12 and ΣCFTE29o- cells lines (Table 1 and 2). HEK293T7 

(human embryonic kidneys), C2C12 (murine skeletal muscle) and 

ΣCFTE29o- (human tracheal epithelial homozygous for the 

∆F508 mutation) cells lines were used for bioproduction, 

Duchenne Myopathy Disease and Cystic Fibrosis purposes, 

respectively. Commercial lPEI (jetPEI) was used as gold standard 

reference. Remarkably with all the cell lines, the concentration of 

His16-lPEI inducing 50% cytotoxicity (IC50%) was much higher 

than100 µg/ml while that of lPEI ranged from 6.5 to 30 µg/ml 

depending on the cell lines (Table 1). These results demonstrate 

that the grafting of histidine on lPEI reduces dramatically its 

cytoxicity. 

1/1 1/3 1/51/4 1/6 1/8 a1/2

His32-lPEI

His16-lPEI

1/1 1/3 1/51/4 1/6 1/8 a1/2

His25-lPEI

1/1 1/3 1/51/4 1/6 1/81/2a 1/1 1/3 1/51/4 1/6 1/8 a1/2

1/1 1/3 1/51/4 1/6 1/8a 1/2

His67-lPEI

His7.4-lPEIlPEI

1/0.5 1/1 1/31/2 1/6a 1/0.75

1/1 1/3 1/51/4 1/6 1/8 a1/21/1 1/3 1/51/4 1/6 1/8 a1/2

His32-lPEI

His16-lPEI

1/1 1/3 1/51/4 1/6 1/8 a1/2

His25-lPEI

1/1 1/3 1/51/4 1/6 1/81/2a 1/1 1/3 1/51/4 1/6 1/81/2a 1/1 1/3 1/51/4 1/6 1/8 a1/21/1 1/3 1/51/4 1/6 1/8 a1/2

1/1 1/3 1/51/4 1/6 1/8a 1/2

His67-lPEI

His7.4-lPEIlPEI

1/0.5 1/1 1/31/2 1/6a 1/0.75
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Transfection of HeLa cells with 2,5 µg luciferase 

encoding plasmid complexed with LPEI or with 

histidinylated-LPEI (25%) (PEI solution in DNA, 

N/P=6). Luciferase expressions are expressed in 

the unit of RLU  per mg of protein 48h. after 

transfection.  
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50 nm 

l-PEI-Hist l-PEI 

 - Remplacer le squelette lPEI par un polymère possédant des fonctions amines secondaires 
  - polymérisation RAFT 
  - polymérisation par ouverture de cycles 
 - Modifier l’architecture : polymère en étoile, copolymères  
 - Synthèse  de squelette clivable en milieu réducteur 

Spin-off : Polytheragene - Destruction de l’ordre des polyplexes 
- Libération de l’endosome améliorée 

P. Guégan 

Projet Erasmus Mundus  
Collab. A. Debuigne (Liège) 
Contrats : AFM,VLM 


