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Introducing DNA
[
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* A basic building-block of any life form
 Huge amount of ‘know-how’

* Relevantto alarge variety of disciplines:
Physics, chemistry, biology, information science,

engineering(s)



Basic DNA functions:
e encodes genes
* probably also other functions (junk DNA?)

* has a mechanism of reproduction



DNA reproduction:
e splitintwo “"mirrorimage” copies

e each copy collects its counter-part from environment

Some aspects of this process are largely unknown...



DNA wires

DNA motors

[Porath et al.,
Nature 403, 635 (2000)]
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DNA nanotechnology

Andre V. Pinheiro’, Dongran Han'?, William M. Shih®*4** and Hao Yan'?*

DNA molecules have been used to build a variety of nanoscale structures and devices over the past 30 years, and potential
applications have begun to emerge. But the development of more advanced structures and applications will require a number of
issues to be addressed, the most significant of which are the high cost of DNA and the high error rate of self-assembly. Here we
examine the technical challenges in the field of structural DNA nanotechnology and outline some of the promising applications
that could be developed if these hurdles can be overcome. In particular, we highlight the potential use of DNA nanostructures in
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Challenges and opportunities for structural

molecular and cellular blophysics, as bl
for human health,

[omabegho et al.,
Science 324, 67(2009)]



DNA Denaturation transition

DNA denaturates at ~350K

MEAN VALUE

Interplay of thermal fluctuations and non-linear interactions
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DNA Denaturation transition

“The standard Model”

M. Peyrard and A. R. Bishop, Phys. Rev. Lett. 62, 2755 (1989). s, & 5 e >
T. Dauxois, M. Peyrard, and A. R. Bishop, Phys. Rev. E 47, R44 (1993). M
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DNA Denaturation transition

ANHARMONIC CASE
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T. Dauxois, M. Peyrard, Phys. Rev. E 51, 4027 (1995).

Conditions for transition:
1. Plateau in Morse potential
2. Strong Non-linearity: K decrease with increase (y)

T. Dauxois, M. Peyrard, Mathematics and Computers in
Simulation 40, 305 (1996).




DNA Denaturation transition

BUT...
Different models (with different
interactions) give same denaturation

transition
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DNA Denaturation transition

e How can one distinguish between the two models?
* What are the signatures of the non-linearities?

e Can DNA be used as a thermal device?




Thermal conductivity across the DNA Denaturation transition

Calculating the thermal conductivity :

Step I: Harmonic limits

PBD Dy =0,Ky=K D, = Da* K, = K(1 + p)
1B D, =0,k =K bAH

L Lo D, = Da?, Ky = Ky + ——
K = 0.04 eV /A2

K, =10"5eV/A2 AH =0.44¢V, b = 0.1A2



Thermal conductivity across the DNA Denaturation transition

Calculation of thermal conductance: Harmonic chain approximation

?ﬂi}}u — _Z{Dlu + f{p}yn + I{;e(yn—l + yn—klj +(5f?-1 + {i??--'""r'-j [_’\-‘:y?i{f} + I?Fi{ﬂ] :

yn[f) — (LIZW\J [ du,-"}j;;r}{“‘""‘jﬁnt{wjﬁmi

AT N2 m?2 [ . 6 o 5 0 o o, . .
], = =21 / dww?{ (D1 y — Nw?m?Dy y_1)? N’w’m®(Din_1 + Don)’} ' CoLn >

z —
il
e

1, Y . sin®(q)
i:T =5 / dg — '!jr :
£ Jo 1+ = [1 + 5 — f:-u.n;[q}]

mi

o kpm K2 [1 . 292 232D, A ]
~ B,

K, = — + -
[ P - -
43 mK, —mK}?

Casher and Lebowitz,
4~2 442D,  8yiD, 4yD2 Journal of Mathematical Physics 12, 1701 (1971)

B,=,/1+ — _ _ Ll
; \ mK, mK2  m2K3  miK}]




Thermal conductivity across the DNA Denaturation transition

Numerical Simulation: Langevin Equation (tests also with Nose-Hoover bath)
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Thermal conductivity across the DNA Denaturation transition
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Thermal conductivity across the DNA Denaturation transition
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Thermal conductivity across the DNA Denaturation transition

Local temperature T, = %m (2)

600

500

400

300




Engineering DNA thermal switching

Thymine 4 Rdenins
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Engineering DNA thermal switching
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Engineering DNA thermal switching

Origin of difference at low T: phonon bands
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Engineering DNA thermal switching

Remark: Thermal current and phonon group velocity

Lebowitz-Casher Formula:

sin
R w 1+ K(1+——cosq)
= 2(K + D) — 2K cosq sothat dw _ £:-;inq
dg mw
Inthe largey limit ~°/(mK) > 1
maw _"’
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Engineering DNA thermal switching

In the two-band (A-G) case: [x1][x2] —2 = 2cosq.

o N _ » . .
(1] =2(14+ D, /K)—mw?/K  and [z3] = 2(1+ D2 /K)—mw* /K

Defines the group velocity
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Measuring DNA thermal conductivity
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Backus et al.,
J. Phys. Chem. B, 112, 15487 (2008)

R. Chen
Private communication



Measuring DNA thermal conductivity

Heat-Transfer Resistance at Solid— Liquid
Interfaces: A Tool for the Detection of
Single-Nucleotide Polymorphisms in DNA

Bart van Grinsven,"* Natalie Vanden Bon,* Hannelore Strauven,’ Lars Grieten," Mohammed Murib,"
Kathia L. Jiménez Monroy,' Stoffel D. Janssens, ™ Ken Haenen,"* Michael J. Schéning,” Veronique Vermeeren,*
Marcel Ameloot,” Luc Michiels,* Ronald Thoelen,” Ward De Ceuninck," and Patrick Wagner'?

Finstitute for Materials Research IMO, Yirstitute for Biomedical Research BXOMED, and "IMEC vaw, IMOMEC, Hasselt University, Weterschapspark 1, B-3590
Diepenbeek, Belgium, ~Institute of Mano- and Biotechnalogies INB, Aachen University of Applied Sciences, Heinrich-Mussmann-Strasse 1, D-52428 Jilich,
Germany, and Department of Applied Engineering, X005 University College, Agoralaan, Building H, B-3590 Diepenbeck, Belgium

he detection and identification of
| single-nucleotide polymorphisms (SNPs) ABSTRACT
in DMNA is of central imponance in _ == *
genomic research for several reasons. First, b ;: ® L ,/f 2 ﬁ 2
5NPs are involved in hundreds of genetic >§ = % }"\ *.\g@ { ﬁ.
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that each curled-up fragment can be considered as an
indivichaat-tivermal resistor Ry, (ss-DNA) with a value of
about 3.4 x 102 °0[/W. Interestingly enough, Velizhanin
et di. preaict for individual ds-DNA fragments a thermal
conductivity of gy = 1.8 x 1072 W/(°C-m) at 300 K.’
Considering the 29-mer fragments as stiff rods with a
length of 10 nm and a nominal radius of 1.2 nm, this
conduetivige-translates to a resistance Ry, (ds-DNA) =
1.2 x 10" °C/W 9r roughly one-third of the value we
derivee-axgerimentally for the disordered, single-stranded

@— Impedance Analyzer

Diamond Coating

Van Grinsven et al.,

ACS Nano 6, 2712 (2012)
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Open questions:

* How much of the k(T) is universal?

* Other systems with phase-transitions?

* From 1l-coordinateto 2- coordinate models of DNA?

Thank you for listening ©?%%%

And thank the organizers again for a fantastic workshop!



