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*T. Rizvi, Liquid crystalline biopolymers, J. Molecular Liquids 2003.



Liquid Crystal Biological Polymer Processing
[systematic technology transfer from nature to engineering |

Spider silk: Biospinning Fiber Spinning

Mussel Byssus: biological reaction injection molding

6+1 bundles

American Jonmal of Botany 93(100) 14551465, 2006,



Onsager Self-Assembly Rigid Rod Model
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Maier-Saupe-Doi Rigid Rod Model

LIJ — e_q)/kBT /Z / = fe—Q/de2u (partition function)
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INSTITUTE oF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER
J. Phys.: Condens. Matter 17 (2005) 53609-53618 doi:10. 1088/0953-8084/17/45/055

Kinetic pathways of the nematic—isotropic phase
transition as studied by confocal microscopy on
rod-like viruses

M Paul Lettinga', Kyongok Kang', Arnout Imhof?, Didi Derks? and
Jan K G Dhont!
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Macroscopic Chirality in Liquid Crystalline Phase

Cholesteric order=f ( pitch, handedness, helix axis)
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Chiral Nematics: Rules and Regulations

1. Molecular asymmetry;optical activity

PBG, L =90nm HPC,Lp =12nm
e PR . o
[ E E Ll —[I:Hﬁ—E-L ’LQ Zﬂ Ris CH,CHOH,
A CHDR -

2. Some are formed by hellcal molecules
PBG DNA collagen

3. Geometric packing

oL/D>4+e¢ Loxa =50nm,cp,, =100mg/ml

A.C. Neville, Cambridge UP, 1993



Landau-deGennes Chiral Nematic Model
macroscopic chirality :h,R/L,P

molecular chirality

®(u,Vu)=-3/2k,TUQ :uu’

3/2k TUL? [(VXQ){TJQ] : [quu +(‘L"Juun

orientation/excluded volume chirality
1 ] > U 5. U 21 L 41T 2 Landau-deGennes
f/cKT =~ 1-— |tr(Q”) - —tr(Q°) +—[tr(Q")] f ==21(VxQ)+| — |Q Self-Assembly Mode
2\ 3 3 4 g 9 .
2
S=l+—\/1 (—ch(aJJ U|c=2.7[1+4ﬂ:2(ij ]
3 Po pO
| _ |
as- . i P 4 ask ' YRy e °
| 7 | _ smaller pitch
ads ' - 4 a4 ' f"’;
| !/_/ .- | f_,,- -
’ g e | | g ‘"~ 1 | higher packing
(RN ] ezl | y -
a1k | . : a1 i =
28 2'.1' : 28 20 ' 81 Bz 33 E.I.-l- DH 27 28 29 = _Ii_ - ;:I- - -af_e - -:4:.3 a4

4] Ly

de Jeu and Longa, Phys.Reports (1980), Lhuiller&Rey JNNFM (2004), de luca and A.D. Rey PRE (2004)



Chiral Nematic: A Frustrated Mesophase

Short-fragment (146-bp) DNA , chickdn erythrocytes ©ona (mg/mL)
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L | PEG 35,000 soltions (10:1 TE at pH 7.8, 0.5 M NaCl; scale bar = 5 pm).
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Landau-deGennes Chiral Self-Assembly Model
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Modeling Biological Liquid Crystals

I. DNA solutions: textures and flows

Landau-deGennes, Leslie-Ericksen Nematodynamics

I. Biphasic Equilibrium: Tactoids

Liquid Crystal Laplace-Herring Equation

Main Task: Use modeling to recognize and characterize
biological liquid crystal self-assembly



I.Packing helices into small volumes— condensed phases of DNA

Table 6. Sequence of the different hguid crystalline and crystalline phases with characteristic parameters
determined for DNA in (.25 M ammonium acetate buffer
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Liquid Crystallinity in Spreading DNA Drops

Table I Molecular Weights of DNA Sample:

Before use, these DNA samples were redissolved in water Sonication Mo

: ; . or buffer solution by standing still for 2 weeks. To compare el ® (kbop)
the pH dependence of this phenomenon, solutions at pH 3.0,  gpao 0 53
diluted solution of salmon sperm DNA under drying process e
i i acid or aqueous sodium hydroxide to the original DNA 2332 2‘5 Llié
! solution, whose pH was 6.8. The concentrations of these SD-6 ﬁ ]:2

DINA solutions were at first adjusted to 31 mgfml, which is  sp-1 10 0.26
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II. Looking at the I/L.C Phase Boundary: Biological Tactoids
At coexistence bioL.Cs drops should be tactoids!

B Helical Flagella Salmonella typhimurium.
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. R week ending
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Amyloid fibrils

=1 pm (d)e)(f). The 50 wm scale bar
o all the images. The line segments represent the
ve samples are shown in the J phase. in the I-N
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droplets: ¥ droplets in an § background (d).

Liquid Crystal Laplace Equation
AP =—(V,-K)y, + W(—Vsk nn + (V, -k)(n-k)z)

V )
spherical non—spherical A

The shape yields interfacial and bulk elasticity moduli
A.D. Rey, JCP (2004), PRE(2004), S.Das and A.D. Rey MTS (06)
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Biological Fibrous Composites

“Nature uses Cholesteric Liquid Crystal Self-Assembly
to produce High Performance Structural Composites”

Main Issues: How do they form? What controls the Kinetics?
Develop models that describe selection/evolution of fiber
orientation.

Y. Bouligand, “Liquid crystal and their analogues in biological
systems”, Solid State Physics, Academic Press, 1978

M.M. Giraud-Guille, “Twisted Liquid Crystalline Supramolecular
Arrangements In Morphogenesis”, International Review of Cytology,
1996

A.C. Neville, “Biology of Fibrous Composites”, Cambridge University
Press, 1993



Cross-section of a crab carapace Cross-section of a human bone
chitin

collagen
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Fig. 4.3. Ultrastructural architecture of the procuticle. (a) Fractured cuticle of the
rear surface of the head of the dragonfly Sympetrum sanguineum. (b) Schematic of
the enticle lamella. FB, fibers; FO, preferred orientation of the fibers; LA, layers of
fibers.

A.C. Neville, “Biology of Fibrous Composites”, Cambridge University



Helicoids: Plywood architecture with chiral nematic order

Normall cress-section Fiber Obligue cross-section

== orientation Arced patterns
b T
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Neville, Tissue & Cell 20, 133 (1988). A.C. Neville, “Biology of Fibrous Composites”, Cambridge University
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Kinetics of Composite Formation

Traveling Fronts

Static Solitons:
Topological Defects

Skaife JJ, Abbott NL, (2001)
Langmuir, 17, 5595-5604.




Solitons and Traveling Fronts: Sink-Source-Saddle Connections

R Q(z)=S nn-g +§(mm-ll)
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Chiral Self-Assembly Model
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Nucleation and Growth: Solitons + Traveling Fronts (Hex. Sym)
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Directed Growth: Unidirectional Traveling Fronts
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Moving Homogeneous Flat Phase Ordering Fronts
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V<0: U <Uc=2.7 stable I > N phase
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Popa-Nita and T.J. Sluckin, J. Phys. 11(1996).



Process Kinetics: Speed of Chiral Fronts
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“The shell can take between a few hours and a few weeks
to fully harden, depending on species. They do this by
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ilk Spinning

Spider

“Nature uses Liquid Crystal Self-
I Assembly to produce Super-fibers”

Main Issue: use modeling to discover
& spider biospinning principles of value

BN to super-fiber manufacturing.




Spinning of synthetic
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Spider Silk Fiber Biospinning Process

Table 1. 13C labeling percentages of silk sam ples from M edulis

DogsY, DOgsY, DECODER, DECODER, Relatlve abundance _s h eets

Af 1-13¢ Ala, % 1-12¢ Gly, % 1-13¢C Alla, % 1-1B3¢ Gly, % of amino aclds,* %
Ala 27.2(17) 10.0(7) 11.8 (6} 10.1 (24) 22
Gly 3.9 (10) 59.4 (2) 1.2(8) 481 (23) 40 cr Stals
Frov 1.2(1) 1.6 (8) 1.6(8) 1.4(4) 3
Tyr —1.1 (23 —1.0 (25} —1.0{15) 1.5(5) 4
Glu 4.0(3) 3.5(2) 1.2(3) 29(4) 10

Theabsolute labeling degree of the five most abundantamine acidsin silkis givenin percentage, togetherwith
the relative abundance of the respective amino acids inmolar percertage. The title of each column refers to the o i - -
experiment and the intended labeling. S0s are given in brackets. 1y
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presumably for removal of woter.

1.synthesis 2.self-assembly 3.flow-process 4. solidification

v
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2. Silk Liquid Crystal Self-Assembly
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periodic orientation texture

Spinneret

Knight and Vollrath,
Biomacromolecules, 2(2), 2001

Polarized Optical Micrograph
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Biospinning Model
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On-going work:
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