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Although discovered almost a century ago, it was until the mid sixties that liquid
crystals were just regarded as curious materials that exhibited unusual properties as they
melted from a solid to a liquid state of matter. Today liquid crystals (LC) have become the
basis of many advanced technologies. They are extensively used in displays of
wristwatches, calculators, laptop computers, aircraft and many appliances and have newer
applications in flat-panel television, large switchable privacy windows, optical computing
and optical devices for communication networks. The future of liquid crystals is envisaged
to look even more promising because of their important role in biology and their hitherto
not fully discovered potential for applications in food, agriculture, medicine, high
performance materials development and other industrial and biotechnological processes.

Major classes of biological compounds including lipids, proteins, carbohydrates and
nucleic acids have all been found to exist in various liquid crystalline phases in vivo as
well as in vitro under well-defined conditions. Their liquid crystalline structure is
envisaged to have a very important role in their biological functions and self assembly
processes. In order to get a better insight into biological processes at supramolecular level
it is very important to have, in depth, knowledge of properties of liquid crystalline
materials. This paper gives a brief introduction to liquid crystals and reviews literature on
liquid crystalline behaviour of biopolymers both in vitro and in vivo in relation to their
implications in the fields of biology, medicine and material science.

1. LIQUID CRYSTALS: THE FOURTH STATE OF MATTER

Matter can exist in many different stable states called phases. The basic difference
among states of matter is that the constituent particles are arranged in different geometrical
configurations under different thermodynamic conditions. In general, for given external
conditions such as temperature, pressure, volume etc., specific molecular interactions
determine the possible configurations of the given system. In a crystalline solid, particles
are orderly stacked in a lattice which is symmetric only under a discrete set of translations
and rotations. Certain physical properties observed in asymmetric directions may differ.
So, crystalline solid state has low symmetry and is anisotropic and ordered. In a physical
system of gaseous and liquids the constituent particles are distributed in a geometrically
symmetric configuration. Its physical properties are independent of the direction of
observation. So gaseous and liquid states commonly called fluid state, have full
translational and rotational symmetry and are isotropic and disordered. Condensed matter
which exhibit intermediate thermodynamic phases or mesophases between the crystalline
solid and simple liquid state is now called liquid crystal. This fourth state of matter
generally possesses orientational or weak positional order and thus reveals several
physical properties of crystals but flows like liquids.

1.1. Thermotropic Liquid Crystals

If transitions between the phases are brought about by action of heat alone, the resultant
mesophases are called thermotropic [1- 5]. In the simplest case, the so-called nematic
liquid crystals, the molecules possess only orientational but no long range positional order.
The direction of preferred alignment can be described by a unit vector; the director L
which is simply the symmetry axis of the orientational distribution. In nematics the
distribution function is rotationally symmetric around the director, i.e. they are uniaxial. If
a nematic liquid crystal is made of chiral molecules, i.e. the molecules differ from their
mirror image, a cholesteric liquid crystal is formed. In cholesteric liquid crystals, the
direction of preferred orientation forms a helical structure, with the helical axis



perpendicular to the director. Liquid crystalline phases characterized by additional degrees
of positional order due to their layered molecular arrangement are termed as smectic liquid
crystals. In smectic A (SmA) liquid crystals the molecular orientation is perpendicular to
the layers, whereas the director is tilted in the SmC phase. Both show no positional order
within the layers and therefore are often considered as two-dimensional liquids. The SmC
phase of chiral molecules may form a helical structure which is denoted as SmC*. There
are other smectic phases (smectic B, D, E, F, G, H, I, J, K etc.) with some cubic or
hexagonal positional order within the layers [4]. Discotic nematic, columnar nematic and
discotic mesophases are common in liquid crystals made of disc shaped molecules [5].

As a result of orientational order, most physical properties of liquid crystals are
anisotropic and must be described by second rank tensors. Examples are the heat diffusion,
the magnetic susceptibility, the dielectric permitivity or optical birefringence.
Additionally, there are new physical qualities, which do not appear in simple liquids as
e.g. elastic or frictional torques (rotational viscosity) acting on static or dynamic director
deformations, respectively. Cholesterics give rise to Bragg reflections if the helix pitch is
in the magnitude of the light wavelength. All these properties are extremely sensitive to
external pertubations because of the liquid like fluidity of liquid crystals. Orientational
order and hence birefringence can be easily manipulated with the help of rather weak
external magnetic, electric or optical fields [1,6,7], leading to huge magneto-optical,
electro-optical and opto-optical effects. The most successful applications are liquid crystal
displays well-known from wrist watches, pocket calculators or flat screens of laptop
computer which take advantage of electro-optical effects. More recently, it turned out that
orientational order can also be affected by optical fields leading to rather sensitive opto-
optical effects and nonlinear optical properties, which are important e.g. for all-optical
switching and other photonic devices in future optical information technologies.

1.2. Lyotropic Liquid Crystals

In certain compounds phase transitions between mesophases may also be affected by
addition of appropriate solvents, these liquid crystals are called lyotropic [1,2]. Lyotropic
liquid crystals were actually discovered long before their thermotropic counterparts were
known, however, their significance and important applications are becoming evident
fairly recently [8]. Generally the molecules that make up lyotropic liquid crystals consist
of two distinct parts: a polar, often ionic, head and a nonpolar, often hydrocarbon tail. In
solution, the molecules situate themselves such that either the polar ends are dissolved in a
polar solvent or the nonpolar ends are dissolved in a nonpolar solvent. The opposite end is
kept isolated from the unlike solvent. At low concentrations, the solution looks like any
other particles of solute distributed randomly throughout the water. When the
concentration gets high enough, however, the molecules begin to arrange themselves in
hollow spheres, rods, and disks called micelles. As the concentration increases, the
micelles begin to arrange themselves into loose patterns. One of the first liquid crystal
phases that emerges with the increase of concentration has micelles in the form of a
structure similar to a face-centered or body-centered cubic crystal lattice in which micelles
take the place of individual atoms, ions, or molecules although this pattern is not as stable
or as rigid as that of a solid crystal. At even higher concentrations the molecules move into
another liquid crystalline phase; the lyotropic liquid crystal bilayer. This structure has a
double layer of molecules arranged in a pattern similar to that of smectic liquid crystals in
the thermotropic category. Another structure, called the ribbon phase, may be the
precursor to the bilayer. Ribbon phases involve finite bilayers that end in cylindrical half-
micelles.



2. METHODS TO STUDY LIQUID CRYSTALS

There are several methods used to identify liquid crystalline phases [1,2]. Differential
Scanning Calorimetry (DSC) can be used to determine transition temperatures, therefore
to distinguish phases. But one cannot identify the phase itself by this method. Polarizing
microscopy is the most widely used method in identifying different phases [3,4] and is a
powerful tool when used in combination with miscibility of binary mixtures [4]. One can
look at a thin layer of liquid crystal substances placed in between two glass cover plates.
Depending on the boundary condition and the type of phase, various textures which are
characteristic of a phase are observed. Usually the textures change while going from one
phase to the other. Polarized light microscopy is a useful method to generate contrast in
birefringent specimens and to determine qualitative and quantitative aspects of
crystallographic axes present in various materials. The beautiful kaleidoscopic colors
displayed by specimens under crossed polarizers arises as a result of the interference
between light waves passing through the specimen. Most precise techniques in identifying
phases and arrangements of molecules are X-ray and neutron scattering techniques. These
techniques provide direct information of the positional and orientational characteristics of
liquid crystals.

3. LIQUID CRYSTAL BIOPOLYMERS

Stiff nonelectrolyte polymers form highly ordered, liquid crystalline phases above a
critical concentration dependent on the persistence length [1,2,9,10,11]. Formation of
nematic or cholesteric liquid crystalline phases by semi-rigid polymers, such as
polybenzyl-L- glutamate, in organic solvents has been studied in detail [9,10], and has
been predicted theoretically [11,12]. Phase behaviour of semi-rigid polyelectrolytes like
most biopolymers, however, is still unclear and require much more experimental and
theoretical work. A strong polyelectrolyte is surrounded by a counterion layer, which
determines the effective axial ratio and excluded volume [13-16]. Because polymer phase
behaviour depends on the effective polymer dimensions, the critical concentration for
biopolymer ordering is a sensitive function of ionic strength and counterion type. The
polyelectrolytes like DNA, fibrous proteins and certain polysaccharides involved in
numerous supramolecular associations in vivo are known to exhibit both thermotropic
and/or lyotropic liquid crystalline properties. In some cases the mesophases formed by
biomolecules have lamellar structures, whereas in other situations they form columnar
phases. Many liquid crystalline biomolecules are found in cell membranes, indicating that
such structures have properties that are dependent on liquid crystallinity for their function
[17]. Some important biopolymeric liquid crystals are described very briefly in the
following subsections.

3.1. DNA Liquid Crystals

Several experiments confirm the existence of liquid crystalline phases of DNA, both in
preparations in vitro and in vivo [18-26]. DNA is especially well suited for studying these
polymer liquid crystals because DNA molecules can be easily tailored and manipulated
with modern biochemical and molecular biological techniques. It is, for example, possible
to prepare solutions of DNA molecules all having the same length, from a few nm to
several cm. At present this is not possible with any other polymer. As the aqueous solution
concentration of DNA is slowly increased, the macromolecule undergoes spontaneous
phase transitions to form at least three distinct liquid crystalline phases; precholesteric,



cholesteric and some smectic-like domains at concentrations comparable to those in vivo.
These phase transitions occur over relatively narrow ranges of DNA concentration.

DNA packaging in vivo is very tight, with volume concentrations approaching 70% w/v
in sperm heads, virus capsids and bacterial nucleoids [22-24]. There is now considerable
body of evidence for the liquid crystallinity of DNA in bacteria and dinoflagellates [24]
and it has been recently proposed [ 25 ] that the liquid crystalline behaviour of
chromosomes may provide an efficient mechanism for separation of daughter
chromosomes from one another and from the as yet unreplicated parental chromosome and
segregation into the future daughter cells. Recent work on twisted liquid crystalline states
in purified nucleosome core particles [26, 27] is consistent with the hypothesis that
ordered states also exist in the chromosomes of eukaryotic cells and that topologically
similar mechanisms are involved in the separation of chromatids.

3.2. Proteins and Peptide Liquid Crystals

Many proteins and peptides have been found to form liquid crystalline structures both in
vitro and in vivo. Semi rigid secondary structures like D-helix and D -sheets are found to
have a larger tendency to self organize as compared to random coils and there is evidence
for coupled helix - coil and anisotropic - isotropic transitions in many peptides. [28]. A
detailed systematic study of liquid crystalline behaviour of proteins is required for
understanding the nature and working of protein liquid crystals in biological systems and
for utilizing the knowledge in medicine and materials engineering, etc. A brief discussion
of some promising areas of protein liquid crystal research is given here.

3.2.1. Collagen Liquid Crystals

Collagen alignment has long been recognized to be important in the structure of bone and
cartilage. Less well known are the "Langer lines" [29] in the skin, corresponding to
predominant orientations of collagen fibres, which are determined, at least in part, by
stresses during development and growth [30]. These collagen fibres are expected to
conduct (positive) electricity preferentially along the fibres due to the bound water, which
are predominantly oriented along the fibre axis. In the fibrous forms, the triple-helical
molecules aggregate head to tail and side-by side into long fibrils, and bundles of fibrils in
turn assemble into thicker fibres, and other more complex three-dimensional liquid
crystalline structures. Some collagens assemble into sheets constructed from an open,
liquid crystalline meshwork of molecules. All these structures are formed by self-
assembly, in the sense that they need no specific "instructions" other than certain
conditions of pH, ionic strength, temperature and hydration. The process seems to be
predominantly driven by hydrophilic interactions due to hydrogen-bonding between water
molecules and charged amino-acid side-chains [31]. However, the precise mesophase
structures resulting from different conditions of self-assembly show endless variations
[32].

3.2.2. Silk Fibroin Liquid Crystals

Silks are protein fibers with remarkable mechanical properties. The discovery of the
structural features that govern these properties is a challenge for biochemistry and
structural biology. The existence of liquid crystalline states in silk fibrion protein have
been found by several authors [33 - 37], but the nature of their formation and maintenance
is presently not clear. The processabiliry of silk from solution to fiber is speculated to be



intimately related to the liquid crystalline property of the polymer. While synthetic
polymers are made of one or two repeating monomer units polymerized to a broad range
of lengths, biological polymers such as silk fibroin are identical molecules of great
complexity made up of nearly 20 different amino acid monomers. A wide range of
tailorable mechanical properties can be achieved by varying the sequence of amino acids.
Frame silk and capture threads in a spider web differ only in amino acid composition. If
we compare spider dragline silk to Kevlar, we find that the silk has lower strength and
stiffness, but ten times greater toughness [38, 39]. While Kevlar is spun from a solution in
hot fuming sulfuric acid, natural silk fibers are produced at room temperature and from
aqueous solutions.

Although both industry and nature can produce high-performance polymers, nature has
evolved far superior methods for processing polymers into materials. These methods allow
nearly optimal utilization of the mechanical properties of the polymer chains, but employ
simpler processing conditions that are chemically and physically far milder than those
used for man-made high strength polymers. If we can learn how the natural processing
results in enhanced physical properties, we should be able to use that knowledge in the
development of superior materials, whether the polymers of which they consist are of
man-made or of natural origin. Materials of biological origin have the additional
significant advantages of intrinsic compatibility with biological systems and
biodegradability.

3.3. Carbohydrate Liquid Crystals

Carbohydrate liquid crystals are very common in nature [40-44], e.g. gangliosides,
steroidal glycosids, Lipid A, lipopolysaccharides, diacylgalactoglycerols, saponins.
Further, many natural occurring carbohydrate polymers form lyotropic solutions, e.g.
cellulose, chitin, xylans etc. Carbohydrate lipids are important to build plant membranes.
Other glycolipids are only dopants in the membranes, but they are important in the cell-
cell recognition process [43]. Some of the naturally occurring glycolipids form
mesophases in nature or are soluted in mesophases. Others have only low concentration in
the body and therefore they do not show liquid crystalline properties in nature, but they
show these behaviors in the pure form.

Carbohydrate liquid crystals are a promissing source of liquid crystals. They can give
various types of mesomorphous materials including ferroelectric LCs, cholesterics
colorants and mesogenic cellulose compounds, but the most classical form of carbohydrate
liquid crystals are the amphiphilic glycolipids. Although these materials are very common
in nature, their liquid crystalline behaviour is mostly undiscovered. Glycolipids are
amphotropic compounds i.e. they can form mesophases in the melt (thermotropic liquid
crystals) as well as in solution (lyotropic liquid crystals) [40-42]. In arthropod cuticle the
helicoid; a cholesteric liquid crystal analogue, is built with rod shaped crystallites of
chitin, a carbohydrate polymer. Within eaich horizontal layer of the exoskeleton the chitin
crystallites are packed parallel to each other. These layers of parallel rods are then stacked
on top of each other, each layer rotated by a small angle [45,46]. This complex molecular
organisation imparts rigidity and strength to arthropod cuticles and is a very good example
of natural composite. As this helicoid structure seems to have originated from self
assembled cholesteric liquid crystalline phase, a deeper study into cholesteric liquid
crystalline behaviour of carbohydrate liquid crystals may lead us to newer methods for the
processing of high performance polymer composites.



3.4. Lipid and Membrane Liquid Crystal

Membranes are composed of amphiphilic lipids - mostly phospholipids and cholesterol,
with a small percentage of glycolipids. The phospholipids vary in the polar head
compositions and the hydrocarbon chain lengths, but almost all have two hydrocarbon tails
- one saturated and one unsaturated. These tails are flexible, with the most freedom of
movement found at the greatest distance away from the polar head. Although there is still
much to be learned about biological membranes, it is now generally accepted that the
lipids form lyotropic liquid crystalline bilayers in biological membranes [17].

4. ORGANISMS AS POLYPHASIC LIQUID CRYSTALLINE CONTINUUM

The presence and importance of liquid crystals in the cytoplasm and entire living
organism and its role in determining body axes and polarities in development was
recognized by Needham [47] as early as 1935. The obviously birefringent fibres, bones,
teeth, exoskeleton and muscle led many scientists to speculate about the possibility of their
formation through some sort of self assembly processes analogous to liquid crystalline self
assembly. Moreover the presence of helicoid, a cholesteric liquid crystal analogue
throughout biological kingdom, with a large range of polymers [48] further strengthen the
belief that these biomolecules might have been formed by the cholesteric liquid crystalline
self assembly process. These biological helicoids are formed of DNA in dinoflagellates
[49], protein in moth eggshell chorion [50-54], cellulose and hemicellulose in plant cell
walls [55,56] and of chitin in crab and insect cuticle [45,57].

Although it was quite obvious from the above mentioned facts that liquid crystalline
behaviour of biomolecules most probably is involved in forming complex biological
structures, there was no direct evidence that liquid crystalline mesophases actually existed
in living organisms until early the nineties. This hypothesis has now been confirmed as the
result of a novel non-invasive imaging technique, which optimizes the detection of small
birefringences, to give high resolution and high contrast coloured images of living
organisms based on the visualization of coherent liquid crystalline mesophases [58,59]. It
is now known that all the cells in the body are interconnected to one another via the
connective tissues [60] and that the living continuum is liquid crystalline [61]. Ho and
Knight from the supporting evidence from biochemistry, cell biology, biophysics and
neurophysiology [62,63] have proposed that the acupuncture system and the DC body
field detected by Western scientists both inhere in the continuum of liquid crystalline
collagen fibres that make up the bulk of the connective tissues [64]. Bound water layers on
the collagen fibres provide proton conduction pathways for rapid intercommunication
throughout the body, enabling the organism to function as a coherent whole. They have
further proposed that this liquid crystalline continuum mediates hyperactivity to allergens
and the body's responsiveness to different forms of subtle energy medicine and constitutes
a "body consciousness" working in tandem with the "brain consciousness" of the nervous
system and have suggested experiments to test their hypothesis.

5. CONCLUSION

Although the applications of synthetic liquid crystals are now well established in many
important high technology areas, it seems that the future of liquid crystals is now at the
verge of its beginning. Biological polymers have opened a new vista in liquid crystal
research. Knowledge in the field of biological liquid crystals seems crucial for
understanding complex phenomena at supramolecular level which will give a wealth of
information about processes involved in biological organization and function. Further



understanding of the interaction of biomolecular liquid crystals with natural and artificial
electric, magnetic, optical and thermal fields will uncover the intriguing mechanism of
near quantum-energy detection capabilities of biosystems. Monitoring, recording and
eventually controlling the potential effects of electromagnetic fields and other
environmental factors on sensitive biological liquid crystals in vivo, will solve the mystery
of hitherto undiscovered human subtle energies, unusual sensitivities, healing, and
consciousness. A collaborative and concerted research effort of scientists and
technologists from areas as diverse as chemistry, physics, biology, medicine, pharmacy,
material science and electronics will provide vast medical and industrial benefits.
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