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Use DNA-made particles to 
investigate…. 

•  Limited valence and equilibrium gels 
•  Gelling on heating 
•  Swapping gels 

First part :  simulation and theory 
Second part : experiments with DNA 



How does the valence  
affect the phase diagram? 

0.13<φc<0.27

*One component,   
“Hard-Core”  
plus attraction 

 
The (conventional) phase diagram of  
spherical potentials*  
(excluding crystals) 



Glass line (D->0) 

Liquid-Gas Spinodal 

Binary mixture LJ 
particles 

“homogeneous” 
arrested states 
only for large 
packing fraction 

BMLJ (Sastry) 

What happen to the  
glass line with 
attractions ? 



How does the valence affect the phase 
diagram?

Bianchi et al, PRL 97, 168301, 2006    



Connectivity properties and cluster size distributions: Flory and Wertheim 

Flory-Stockmayer 
cluster size distributions 
observed 





      
   A DIFFERENT final fate 

to the liquid state. 
Arrested states at low φ !!! 

  
 
 In the newly available 

density region (whose 
width is controlled by the 
valence), at low T the 
system forms an 
“equilibrium” gel 

(a network of long-living  bonds)

Bianchi et al, PRL 97, 168301, 2006    



Universality in the valence: 
A collection of phase diagrams 
of four-coordinated liquids 

Physical Gels <===> Network forming liquids 
F. Sciortino 
Gel-forming patchy colloids and network glass formers: thermodynamic and dynamic analogies 
Eur. Phys. J. B 64, 505-509, (2008) 
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•  Limited valence and equilibrium gels 
•  Liquids more stable than crystals 
•  Gelling on heating 
•  Vitrimers (in progress)  



 
 
          FLUID                                                      FLUID 

 
 

GEL 

Temperature 

Scientific Report 3, 2451 (2013) 

Scientific Report 3, 2451 (2013) 



Tlusty-Safran,  
Science (2000) 
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The Dipolar Hard Sphere Case 



Effective temperature valence  
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2 εAB < εAA   
Network Blocked particle 

εAA   εAB    εAB    

Selecting the energy: 
Ground state estimates 

εBB=0 !!!! 



0 0.1 0.2 0.3 0.4
kBT/u0

0.2

0.4

0.6

0.8

p b

φ=10-5

φ=10-1

Blue-Blue binding 

Red-Blue binding 

Selecting the entropy: 



Forming and melting the gel  
 Wertheim theory 
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Simulations (stochiometric)  

FLUID 

FLUID 

GEL 





Do it with DNA made particles 







fig1a_wertheim_T0.06.eps 

A limited valence colloid: 
The DNA nanostar  





OxDNA
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Low T 



Test  Simulation-Experiments  and Test of NS formation 
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Bridging in-silico and in-charta 
intuitions into real experimental realizations 

•  Limited valence and equilibrium gels 
•  Gelling on heating 
•  Swapping gels 
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Critical Scattering 



Dynamics of the DNA gel: Photon Correlation Spectroscopy
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A truly equilibrium gel !

Percolation in a Model Transient Network:  Rheology and Dynamic Light Scattering 
E. Michel ,M. Filali , R. Aznar ,G. Porte , and J. Appell  

Soft Matter, 2015, 11, 3132 



Gel reversibility  
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Arrhenius Dynamics…..
TAUf.data

y = exp(const)*exp(a[1]*x)Chi squared       != !2.9295

Parameters:
deg  != !  1.0000
const!= !-98.5357
a1   != !  2.8887e+4

y = const + a[1]*x
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An unexpected 
feature:  a q0 mode 

300 30 



Water (TIP4P-2005) 
Silica (BKS) 



Our beloved Kob-Anderson 

Philip H. Handle, Lorenzo Rovigatti  and FS  unpublished 



Bridging in-silico and in-charta 
intuitions into real experimental realizations 

•  Limited valence and equilibrium gels 
•  Liquids more stable than crystals 
•  Gelling on heating 
•  Swapping gels 



ACS Nano, 8, 3567-3574, 2014 

DNA nanostars: 
 
Highly flexible 
patchy particles 



Bridging in-silico and in-charta 
intuitions into real experimental realizations 

•  Limited valence and equilibrium gels 
•  Liquids more stable than crystals 
•  Gelling on heating 
•  Swapping gels 



The competitor….. (B particle)  

Two serious  problems to solve: 
 
1)  How to avoid BB pairing ? 
2)  How to increase the entropy cost of bonding ? 

(“palindromic”) 



The proposed solution: 

NANOSTAR-ARM-3’(TGA)GCGTACGC(AAT)-5’  

3’-ATTGCG-5’  3’-CGCTCA-5’ 

AA bonding 

B- particle (competitor) 



AA-bonding:  8 bases paired 
STAR-ARM-3’(TGA)GCGTACGC(AAT)-5’  STAR-ARM-3’(TGA)GCGTACGC(AAT)-5’  

The proposed solution: 



AA-bonding:  8 bases paired 

STAR-ARM-3’-TGAGCGTACGCAAT-5’  
5’-GCGTTA-3’  

5’-ACTCGC-3’ 

STAR-ARM-3’(TGA)GCGTACGC(AAT)-5’  STAR-ARM-3’(TGA)GCGTACGC(AAT)-5’  
AB-bonding:    12 bases paired 

The proposed solution: 



Nupack Evaluations: www.nupack.org 
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Now… experiments: 
The phase diagram 

(ethidium bromide) 
F. Bomboi et al., Nature Commun. 7, 13191 (2016) 



The phase diagram: 

S.	Roldán-Vargas,et	al.,	J.	Chem.	Phys.	
139,		(2013)		

 

F. Bomboi et al., Nature 
Commun. 7, 13191 (2016) 
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The T-region where the gel breaks  
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A swappable DNA gel 





The essence of the vitrimers:   
 
      1) non-stochiometric binary mixture of limited valence particles 

2) swap mechanism 

Stochiometric  
No free-ends 

Non-Stochiometric  
Several free-ends 





X 

X 

X 

x  = 0.33 

x  = 0.28 

x  = 0.25 

cA=75µM 

Preliminary results 

What do we expect according to  
Flory-Stockmayer in the limit where 
all possible bonds are formed 

(only a-b bonds) 
FLUID GEL 
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An all DNA vitrimer !
(a)

Tetramer Bridge
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An all DNA vitrimer !
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An all DNA vitrimer !
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An all DNA vitrimer !
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x  = 0.33 
 
 
No  
free-ends 

Onset of a  equilibrium gels of long-living bonds 



x  = 0.25 
Several free ends 

Fast-restructuring gel 
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Conclusions 
 
Beside their nanotech applications 
 DNA-made particles can be exploited to 
bring in-silico and in-charta intuitions into 
real experimental realizations. 
 

We have seen applications to: 
Equilibrium gels  

Ultrastable liquids 
Unconventional dynamics 

Re-entrant gel 
Swapping gel 
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Animation by L. Rovigatti 


