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Nanomedecine
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Nanomedicine uses nano-sized tools (1-1000 nm) for the diagnosis,

prevention and treatment of disease and to gain increased

understanding of the complex underlying pathophysiology of disease.

The ultimate goal is improved quality-of-life.

European Medical Research Consensus Opinion (2005)

R. Duncan, R. Gaspar, Mol. Pharmaceutics 2011, 8, 2101–2141.

Health priorities

(agenda H2020)

• cardio-vascular diseases
• neuro-degenerative diseases
• diabets
• cancer
• inflammation

AND 

so many other challenges…
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gold nanoparticles
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quantum dot
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Chemicals with respect to the nm scale
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SHAPE

SIZE

SURFACE FUNCTIONALIZATION

(charge, ligand, hydrophilicity)

RECOGNITION

MICROENVIRONMENT

nucleus

cytoplasm

HARDNESS 
and 

ELASTICITY?

soft
hard

Which impact factor on cell internalization? 

A. Panariti et al, Nanotech. Sci. Appl. 2012, 5, 87-100; S. Zhang et al, ACS Nano 2015, 9, 8655–8671.



Literature survey on mechanical investigations of NP cell uptake
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Contradictory results

Crosslinked liposomes

157 ± 55 nm
45 kPa

161 ± 39 nm

19 MPa

P. Guo et al, Nature Commun. 2018, 130, 02588-9.

Larger uptake of soft NPs by MDA-MB and MCF7 cells

J. Sun et al, Adv. Mater. 2015, 27, 1402–1407

PLGA–lipid NPs

Larger uptake of stiff spherical NPs by HeLa cells

1.20  0.11 GPa
41.6   1.46 nm

0.76  0.07 GPa
39.5   1.4 nm

H. Gao et al, Nanoscale 2017, 9, 454-463.

Larger uptake of soft spherical NPs

Modeling experiments

Larger accumulation in macrophages of stiff NPs

3 MPa
217 nm
-35 mV10 kPa

209 nm
-37 mV

soft

hard

A. C. Anselmo et al, ACS Nano. 2015, 9, 3169-3177.

Crosslinked IgG PEG NPs



How to provide a mechanical rationale of NP cell uptake?
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NP characteristics

Need for coherent comparative studies in terms of  

NP-cell mechanical interactions cell lines and growth conditions

polymer and composite 
nanoparticles with
tunable elatisticity

multiphysics description 
using finite elements computations 

to easily vary the parameters

endothelial and cancer cells,
monocyte-macrophage
monolayer/3D construct

reliable data of Young’s
moduli from AFM

coherent behavioral
mechanical laws

further impact on 
phenotype evolution

ultra-bright labels

E. Ishow (INC)

F.-X. Lefèvre 

L. Lartigue

UMR 6230, Nantes

(nanoparticle fabrication)

J. Poly (INC)

K. Mougin

UMR 7361, Mulhouse

(polymers, 

AFM measurements)

S. Fréour (INSIS)

S. Khazaie

F. Jacquemin

V. Legrand

UMR 6183, Saint Nazaire

(mechanical modeling)

C. Blanquart (INSB)

S. Dehayes

INSERM Nantes 

(cell studies)

CEISAM



How to provide a mechanical rationale of NP cell uptake?
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NP characteristics

Need for coherent comparative studies in terms of  

NP-cell mechanical interactions cell lines and growth conditions

Young’s modulus10 kPa 1 GPa

iron oxide (~7-15 nm)
nanoparticles

increased crosslinking density increased stiffness

DH~100 nm ;  < 0 mV
fluorescent nanospheres

NP fabrication
Stiffness by AFM 

measurements

Mechanical

modeling
Biological studies

polymer and composite 
nanoparticles with
tunable elatisticity

multiphysics description 
using finite elements computations 

to easily vary the parameters

endothelial and cancer cells,
monocyte-macrophage
monolayer/3D construct



Precursors of fluorescent NPs with tunable crosslinking density
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RAFT - CRC in solution

+

crosslinking
node xnanogels (DH ≈ 1-30  nm)

monomer

Gel DPth NX

Mn 

(103 gmol-1)
Tg (°C)

1 50 0 5.67 -20,9

2 50 2.3 5.88 -2,9

3 50 3.8 6.86 +2,9

4 50 6.3 14.4 +10,9

5 50 7.5 17.7 +41,5

the higher the number Nx of crosslinking nodes, the higher the glass transition 
temperature Tg of the nanogel, and thus the stiffer the nanogel.



Fabrication of fluorescent NPs with tunable crosslinking density
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Nanoassemblies of nanogels

nano-

precipitationnanogel
solution
(THF)

water

1.2 m x 1.2 m 1.2 m x 1.2 m 1.4 m x 1.4 m

33.8 nm

0 nm 0 nm

137.9 nm

0 nm

17.7 nm
NA1 NA3 NA5

NA NA1 NA3 NA5

DH (nm) 118 83 126

PDI 0.390 0.305 0.396

E (MPa) 15 45 780

Adhesion (nN) 8 7 7

Tg (°C) -20.9 +2.9 +41.5

large difficulties in measuring the nanoparticle stiffness for such complex systems
(need to adjust the cantilever spring constant and the applied strength as a function of the 

nanomaterial stiffness and indentation depth)

TEM imaging

NA1 NA5

200 nm200 nm

AFM imaging



Need to consider « model » nanoparticles
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carboxylate silica NPs
(DH = 115 nm (0.113)

( = -18.4 mV)

carboxylate polystyrene NPs
(DH = 86 nm (0.139))

( = -22.5 mV)
)

small fluorophore-based NPs
(FONs) (DH = 62 nm (0.186))

( = -20.8 mV)
)

f = 40 nN (applied strength)

k = 18 nN.m-1 (cantilever spring constant)

v = 800 nm.s-1 (approach speed)

Indentation depth Young’s modulus

0 nm

-10 nm

5.34 GPa

0.09 GPa

-O2C 

-O2C 

CO2
-

CO2
-

CO2
-

CO2
-

-O2C 

-O2C 

E=  5.9-9.7 GPa E= 1.2-1.8 GPaE= 1.6-3.8 GPa

TEM TEM TEM

CO2
-

CO2
-

-O2C 

-O2C 
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Numerical computations of AFM analysis (1/3)

 Elastic strains of a nano-object by a rigid indenter
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Numerical computations of AFM analysis (2/3)

 Shape effects on the strain experienced by the nano-object

A « geometrical change" of the object due to interactions with the substrate modifies 
the strains experienced by the nano-object submitted to AFM indenter and therefore

the "apparent" constitutive law of the object, assumed wrongly as spherical
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Numerical computations of AFM analysis (3/3)

 Contact point effect on the strain experienced by the nano-object

A change of the contact point between the AFM indenter and the nano-object
significatively affects the strain field experienced by the object and thus its

« apparent » behaviour law.  This could partially explain the variability of the obtained
experimental results.
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Strategies for modeling mechanical interactions 
of particule-membrane systems

« Animal » cells: 
diameter 20 µm

Nano-objects: 100 nm

Membrane 
thickness: 8 nm

Diameter
100 nm

Size ratio of 200 between cell diameter and that of the nano-objects. 

Assumption: cell curvature is negligible

 Geometrical considerations



Computations of nano-particle – cell membrane mutual strain
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 Numerical computation of the displacement field



First biological assays
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Flow cytometry studies

Cell viability Cell labelling rate

marked discrepancy in terms of endocytosis rate despite similar functionalization
and size, that can be due to distinct stiffness (almost one order of magnitude)
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Main results and work program 2019

CEISAMCEISAM

IS2M

CRCINAGeM

 elasticity variation with
crosslinking

 viscosity effects on the 
emission lifetime of 
embedded fluorophores

 hydrogel photopolymerization
 microfluidics fabrication 
 inclusion of stiff iron oxide NP

NP stiffness range and integrity
to be improved thanks to

h

in situ

photocrosslinkingkey factors: 

cantilever

and tip

 identification of the key 
parameters for AFM 
mechanical measurements

 studies of model 
nanoparticles (latex, silica)

 studies of dry and wet NPs
 consideration of NP adhesion and flattening

 modeling of the strain undergone by NPs
during AFM measurements

 dynamic modeling of the membrane 
deformation under NP impact 

 more realistic behaviour laws
for the objects and membrane

 viscoelastic / hyperelastic
membrane+contact laws

 new mean field models
for iron oxide-doped NPs

 distinct endocytosis kinetics
between metal oxide and 
molecule-based NPs

 broader range of NPs
 3D cellular constructs
 impact on phenotype

(immune cells)


