
     motility 
     metabolism 
!
!
     self-replication 
!
!
!
!

!
!
!
!

evolution

some small steps toward Artificial Life      

life?

✔
✔

Light Activated  
Colloidal swimmers 

science (2013)

3 generations nature (2011)  
!
Exponential Growth 

Doubles every Diurnal temperature/light 
  cycle - 24 generations and counting

✔

Sean Young in Blade Runner
✔ Growth rate depends on environment 

       one species takes over system
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What I cannot create   
       I do not understand

Feynman's last board 
at Caltech. February 20, 
2008 at 5:33 am
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From Vicsek’s webpage

Biology or Physics?



`Living’ Crystals from Light Activated Artificial Surfers

Jeremie Palacci Stefano Sacanna

Dave Pine

•  Flocking - Physics or Biology?   
•  Diffusive vs Active Colloids 
•  Light Activated Swimmers/Surfers 
•  Clustering by Collisions

TPM

Hematite

3-Methacryloxypropyl !
trimethoxysilane



~v ~v

Two	  types	  of	  par-cles	  by	  magne-sm	  along	  cube	  (111)

In field B
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Segrega-on	  in	  a	  magne-c	  field
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Manipula-on	  with	  a	  magne-c	  field
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Proof	  that	  collisions	  cause	  clusters/crystals

Light	  on

Then	  Light	  on

Field	  on	  Light	  off

Field	  on

No	  Field
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Actually learned something about Non-equilibrium systems: 
!
If things slow down when density increases 

Flux out < Flux in  
density increases more 
⇒ Things Flock 

!
!Sounds Trivial but: 
!

It does’t work in equilibrium  
e.g. diffusion 

!
!



11

Self-Replication?



Remi Dreyfus Mirjam  Leunissen  William Irvine  Stefano SacannaTong  Wang 

Pine
Ned

Grierstein

Minfeng LiRuojie  Sha 

Marcus Weck

Joy Romulus

Corinna Maas  

Kunta Wu

Lang Feng

Xiaojin He



Colloidal Lighthouse

Specific Interactions with DNA

C/CAA/GTT/ATG/A

G/GTT/CAA/TAC/T

We want specificity, control and reversibility in 
interactions



Polystyrene particles, d=1µm 
Neutravidin coated  
From Molecular Probes

Why Use DNA? 
Because it’s “easy”, it’s been done, and it works 
   -- you can buy everything you need

DNA with biotin end        www.idtdna.com
100 nmole 
DNA oligo $60.00

250 nmole 
DNA oligo $75.00

1 µmole 
DNA oligo $115.00

Don’t even have to calculate melting temp



Ned Seeman, NYU  
The father of DNA nanotechnology 

Kavli Prize 2010 
“DNA: Not Merely the Secret of 

Life”  

Moreover people have done stuff with it:

http://news.bbc.co.uk/olmedia/250000/images/_254498_seeman300.jpg


-Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J. Nature 1996, 382, 607 
!
 -S. Y. Park, A. K. R. Lytton-Jean, B. Lee, S. Weigand3, G. C. Schatz & C. A. Mirkin,  Nature 451, 553 (2008),           
      DNA-programmable nanoparticle crystallization	

!
!
-Nykypanchuk, D., Maye, M. M., van der Lelie, D. & Gang, O. 
     DNA-guided crystallization of colloidal nanoparticles. Nature 451,549552 2008)..

Programmed Assembly of DNA-Functionalized Nanoparticles 

Colloids

Now:  NYU, Harvard, Penn 

http://www.nature.com/nature/journal/v451/n7178/abs/nature06508.html#a3


 0.5 µm radius polystyrene sphere  
covered with Neutravidin

20 nm

Sticky end  
11 bases

50 bases~20 nm

Ntot≈104 DNA/sphere?

Biotin

Number of possible DNA bonds ~ 200

G R



From bio - problem is not specific interactions 
                     problem is to prevent non specific interactions

Easy - but doesn’t work! 
not always specific 
not always reversible



Stabilization

-F108 : neutral triblock copolymer (Pluronic) PEO-PPO-PEO. h ~ 15 nm 

-PDEGA-b-PAA : amphiphillic charged diblock copolymer. (Rhodia Inc. 
Cranbury)Poly(diethyleneglycol ethylether acrylate)-Poly(acrylic acid)-  

 1K-4K (6 DEGA, 55 AA)   

 3K-12K (18 DEGA, 165 AA)  

 6K-24K (36 DEGA, 330 AA) 

L~20 nm h



Aggregation, reversibility and 
kinetics
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Self -replication?









A BA AB B

A’B’ B’ B’A’ A’
assembly 

of complementary 
daughter 

 

exposure to UV

raise T 
above Tmelt

Basic Replication Scheme

Seed

Tweezer assembly of seeds Seeds are colloidal particles



B B
B B

A’B’ B’ B’A’ A’

!
Previous generation ‘catalyzes’ ligation of next generation 

in soup low conc. palindrome 
Tpalindrome  < T

on seed high conc palindrome  
T <  Tpalindrome



A BA AB B

A’B’ B’ B’A’ A’
TCGACAGTTCCA 

AGCTGTCAAGGT 

Transverse pair 

For recognition and 
reversible bonding 

No             pairs 

In sequence  

TA 

AT (  ) 

A’

A

How can we do this?

Watson - Crick 
Transverse Bonds

CCTAGXXCTAGG
GGATCXXGATCC

Palindromic 
Longitudinal  Bonds

B’

B’



UV

Weck Group

New UV activated crosslinker - Cinnamate



~3000DNA/µm*2�

�

Particle
Strand

Surface Strand
with cinnamate
in purple sticky 
end

Linker Strand
with cinnamate

(1)

(2)

(3)

(4)

(5)

High temperature 
50°C

Anneal to 
25°C

Heat up to 50°C 
and wash out 

unbound strands

Permanent	

UV crosslink 
certain region

Forming specific 
binding sites

Photolithography with Cinnamated DNA



   Submitted to  
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F igure 3. 
(a) middle , (b) left-bttom and (c) middle are exposed pattern with different feature 

sizes( ~14µm in (a) ~4µm in(b) and ~1.5µm in (c) 
(a) left, (b) left-���������
��������������
���
����������������������������s are flipped in low 

temperature, giving similar feature with few non-specific binding. 
(a)(b)(c) right are green fluorescently labeled conjugate images showing almost the same 
feature of exposed pattern with < 0.5µm in difference.  (b) is one confocal image when small 
and medium pattern are printed together.(c) is actually a 2x zoom-in image for the small 
����������	�� 
 
 
 
 
 
 
 
 

Photolithography with Cinnamated DNA

Exposed Pattern

DNA pattern decorated with colloids 
with complementary DNA

DNA pattern decorated with 
fluorescent complementary DNA

Lang Feng



x3 speed

Melting of ‘NY’

31



Multi-functionalized surfaces

(7)

(8)

(9)

We can label different regions with 
whatever we want



Understanding the physics?



       - 11 base Sequence: CCAAGTTATGA 
       - 50 mM NaCl 
       - C0 = 1 µM 

- 
         
       -ΔH° = -77.2 Kcal/mol 
       -ΔS° = -227.8 cal/K.mol

f=1/2

Melting Temperature Tm for Watson-Crick pair

+ KC0(1-f) C0(1-f) C0f

Tm 



Quantitatively understanding the DNA mediated interactions

Remi	

Dreyfus

Mirjam	

 Leunissen  

PRL 102, 048301 (2009)!
Soft Matter 5, 2422 (2009)

�����
�	�����

Mean%Field%Approximation:%
�
 = [1 + �%exp(��%��tether)]�� ,%where% ��tether = ��DNA° � T�Sp %
��	 = ���%ln(�
 � 1)%

Kun-Ta	

Wu  

Lang	

Feng
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Temperature (℃) 
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100%coverage 
~160 bonds

2.5%coverage 
~4 bonds

Data 
Model 

Thermodynamics
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T ln(1 + ke��Ftether/kBT )



Problems	  with	  Palindromes  



A BA AB B

A’B’ B’ B’A’ A’

Basic Replication Scheme

A BA AB B

A’B’
B’ B’

A’

A’

Everything seems to work but they don’t come apart completely

Assemble daughter

Heat up 



Palindromes are made to  
bind specifically to  
each other



Palindromes are made to  
bind specifically to  
each other

Which means they can 
also form loops



Palindromes are made to  
bind specifically to  
each other

Which means they can 
also form loops

Which means they can 
bind non specifically 
by concatenation

Lang 
 Feng



Topoisomerase*I*should*prove*
this*topological*interac5on*

Topoisomerase*I*
Unknot**ssDNA*or*

*dsDNA*with*nicks*
(NE*buffer,*BSA*buffer)*

Snapshots)from)Youtube)video�

entanglement binding

adding topoisomerase

Topoisomerase 1 should prove this 
topological interaction!

Topoisomerase I	

unknot ssDNA or	

dsDNA with nicks

Phys. Rev. Lett. 109 , 188301, (2012)



DNA Tiles



Ned’s Simple Bulged 3-Arm

Junction Triangle (1996)

J. Qi, X. Li, X. Yang & N.C. Seeman,

J. Am. Chem. Soc., 118, 6121-6130 (1996).



Jianping Zheng, Jens J. Birktoft, Yi 
Chen, Tong Wang, Ruojie Sha, Pamela 

E. Constantinou, Stephan L. Ginell, 
Chengde Ma!

& Nadrian C. Seeman!
Nature 3 September 2009



A BA AB B

A’B’ B’ B’A’ A’

Different systems, same idea
Colloids

BTX DNA Tiles
1 µm

40 nm



!
!

BTX 
bent triple 
crossover 
motif

Roujie Sha 
Tong Wang


