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Abstract 
Most lipids do not pass, on heatino', d i rect ly  

f rom a crystal l ine s t ruc ture  to an isotropic struc- 
ture.  They  are of ten characterized by a number  of 
in termedia te  phases, ranging  f rom the plastic 
crystal ,  where the center of gravi ty  of the mole- 
cule may  rotate  about  one or more axes while the 
three-dimensional  order  of the crystal  remains,  to 
nematic  l iquid crystals,  which have b i ref r igent  
proper t ies  of crystals  and yet  are character ized 
by completely r andom ordering of the molecular  
centers. The smeetic and eholesterie l iquid crys- 
talline s t ruc tures  are most commonly encountered  
in lipids. The s t ruc tu ra l  characterist ics of these 
systems are discussed. 

Of pa r t i cu la r  interest  in living systems are 
l iquid crystals,  which are formed by eholesterie 
esters and m a n y  prote in  materials,  and the two- 
dimensional crystals  (smeetic s t ruc tu re ) ,  which 
are formed by f a t t y  acid derivatives. The me- 
chanisms of energy  t r ans fe r  and the mechanical  
a l ignment  in these l iquid crystall ine systems are 
unique and require  different considerations f rom 
those found  adaptable  to liquids or solids. The 
proper t ies  of l iquid crystals which might  best 
be associated with l iving systems will be discussed, 
including surface proper t ies  and diffusivity. 

Introduction 

T H E  IDEA T H A T  L I Q U I D  crystals are in t imate ly  in- 
volved in cell s t ruc tu re  is not  new. This idea was 

proposed by  Lehnmnn  (1),  one of the first investiga- 
tors in this area. The first article published on liquid 
crystals in the Engl ish  language dealt  with the role 
of l iquid crystals  in l iving systems (2). At  tha t  time 
however people could see no advantage in associating 
liquid crystals  with cell formation.  The lack of u t i l i ty  
and l imited knowledge of the s t ruc ture  and proper t ies  
of liquid crystals  resul ted in their  d isappearance f rom 
biological l i t e ra ture  unt i l  recent years. Wi th  the 
present  state of knowledge however, the u t i l i ty  of 
considering the role of l iquid crystals in l iving systems 
can be shown. 

Solids, liquids, and gases are limited in the types 
of electrical and mechanical  phenomena to which they 
will respond;  l iquid crystals  have inherent  s t ruc tura l  
characterist ics which make then especially responsive 
to external  forces. Observations of living systems make 
it quite clear tha t  they  cannot be composed of iso- 
t ropic  l iquid and crystal l ine solids since thei r  prop- 
erties do not  meet the requirements  of living systems, 
tha t  is, mechanical  f reedom to move and to take on a 
mul t ip l ic i ty  of shapes while, at the same time, they 
possess a high degree of order ing at relat ively long 
ranges;  these conditions are uniquely  met by  l iquid 
crystals. They  allow for  liquid-like diffusion and for 
the transmission of energy  and informat ion in a selec- 
tive manne r  over long distances. Also, l iquid crystals  
respond to detect ion of heat, light, sound, mechanical  
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pressure, and chemical environment  with unprece- 
dented sensitivity. Thus they  are ideal building blocks 
for living systems. 

At  the present  time the role of liquid crystals in 
biological systems has only begun to be realized. In 
papers by Chapman  and Byrne  (3),  Luzzati  and 
Husson (4),  Cope (5) ,  and Dintenfass (6) studies 
have been made of liquid crystall ine materials which 
are found in biological systems. More recently 
Stewart  (7) has summarized the role of liquid crystals 
in vivo. These observations are highly significant. 
They establish the background that  permits  an ex- 
pansion of knowledge to the physical processes within 
the cell. Among the topics in this paper  are the general 
propert ies of l iquid crystals  and their role in sensory 
systems, in cellular shape, and in the transmission of 
information. Also to be considered is the relat ionship 
of the type of l iquid crystal  to its location in living 
organisms. 

Liquid Crystalline Forms 
Liquid crystal l ine systems are classified as nematic, 

eholesteric, and smectic. L iquid  crystalline s t ructures  
may be p repared  thermal ly  ( thermotropic systems) 
f rom one component  or by t rea tment  of certain com- 
pounds with a controlled amount  of water  or other 
polar solvent ( lyotropie  systems).  Lyotropic  systems 
can also be p r e p a r e d  f rom three or more components. 

The molecules which are considered in liquid crys- 
talline s t ructures  are asymmetr ic  so molecular orienta- 
tion must be considered in three directions. In  the 
nematic s t ruc tu re  the molecules are in a paral lel  or 
near ly  parallel  a r r angement  of the molecules. The 
center of g rav i ty  of the molecule is mobile in three 
directions with restr icted rota t ion about at least one 
axis. 

Fro. 1. A three-dimensional schematic representation of the 
isotropie liquid, the nematic structure, and two possible con- 
figurations of the smectic structure. 
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FIG. 2. A photograph of terephthal-bis-p-fluoroaniline in the 
nematie structure at 227C. Thread-like designs (mag./50• 
will be noticed. 

This molecular a r rangement  may be likened to a 
long box filled with round pencils, which can roll 
around and slide back and for th  but remain parallel 
to one another in the direction of the long axis of 
the pencil. A schematic representation of the molec- 
ular a r rangement  in the nematic structure is sketched 
in Pig. 1. A pho tograph  of a nematie s t ructure  is 
found in Fig. 2. 

The smectic s t ruc ture  is stratified; the molecules are 
arranged in layers with their long axes approximately 
normal to the plane of the layers. The centers of 
gravi ty  of the molecules are mobile in two directions 
(in their plane) ; they can rotate about one axis. The 
molecules in the smectic s t ructure  may be ordered by 
ar rangement  in neat rows within individual layers 
or the molecules within a layer may be randomly 
distributed. A schematic representation of the molec- 
ular ar rangements  in the smeetic structure is shown 
in Fig. 1. 

The first a r rangement  in the layers resembles a 
field of corn planted in rows with the stalks regular ly  
placed within the row whereas the other represents 
random sowing. The planes can slide without hin- 
drance over similar neighboring layers. 

I f  the s t ra ta  in the smectie s t ructure are not affected 
by external forces, they lie parallel to each other. 
When the smectie s t ructure  is attached to a surface 
or is under  the influence of a force, the well-arranged 
parallel s t ra ta  take a var ie ty  of directions and may 
fold back on each other. The forms which the strata 
assume, especially the surfaces of the strata, are a 
series of Dupin  cyclides. In  these both sheets of their 
surface of centers degenerate into curves. Confocal 
textures are common in the smeetic structure and often 
occur near the t ransi t ion temperature  of the smeetie 
to the isotropic state. Under  microscopic observation 
the outline of the ellipse and hyperbola in the focal 
conic texture appear  as dark lines. The location of the 
ellipse and hyperbola  in the structure represent op- 
tical discontinuities in the medium; they are the loci 
of points at  which the s trata  undergo a sharp change 
of direction. 

Each eonfocal cluster (domain) has its layers 
ordered in such a way that  their surfaces form a series 
of cyclides. This a r rangement  often gives rise to 
polygonal s t ructures  which result in a split into 
pyramidal  and te t rahedra l  blocks. The dark lines and 
the blocks can be seen in Fig. 3. 

FIG. 3. Photograph of terephthal-p,p'-dibutylaminobenzoate 
in the smectic structure. The dark lines representing the out- 
line of the ellipse and hyperbola will be noted, also the confocal 
domains (50X). 

The cholesteric s t ructure  has such unique optical  
properties (8) tha t  it is often considered separate  
f rom the nematic and the smectie structures. I t s  name 
is derived f rom cholesterol, most of the derivatives 
of which exhibit this structure.  In  actual pract ice  it 
undoubtedly  represents a special condition of the 
nematic phase. The cholesteric s t ructure  has a uni- 
form twist of its optical axis, which gives rise to an 
appearance of layer ing and many  of the ou tward  
textures of the smectic phase. However the repeat ing  
layers in the cholesteric s t ructure  are greater  than  
1,000 A thick. This value may be contrasted with 
the smectic s t ructure ,  where the layers are about  the 

Oe* length of the molecules, i.e., about 20 2~. Fig.  4 
schematically represents the molecules in the cho- 
lesteric a r r angement  by ovals. As can readi ly be seen, 
the molecular packing shows a helical pa t t e rn  which 
gives rise to the layered arrangement .  

Some of the more common properties of and the 
relationships among the three liquid crystall ine states 
are recorded in Fig.  5 (9,10). 

FIG. 4. A three-dimensional schematic diagram of the cho- 
lesteric structure. The molecules are represented by the el- 
liptical patterns. The orientation of the long axes of the 
molecules on the steps will be observed. The molecules have 
completed a rotation from the bottom step to the top one. 
This orientation pattern creates a helical design. 
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NEMATIC STRUCTURE 
A 1. Molecules parallel but not 

stratified. Zk ISOTROPIC 
2 Uniaxial and positive op- �9 ~ �9 . . LIQUID s hcal nelnatic-liquid s ign.  

/ : ~ *  3. No optical rotating power point 
~7/.4~' attributed to structure. 

/~e, SMECTIC STRUCTURE NEMATIC 
/ . ~ r  1. Molecules parallel and in ~ / ~ c '  STRUCTURE ~o 

/ _<~ A layers. 
CRYSTALLINE , /  v" ~ ) 2. Uniaxial and positive op- �9 " ~  

STATE ~crys t a ] - smec t i c  tical sign. s ~ ' ~ " " ~  
�9 •  point 3. No optical rotating power ,,leetio.~.~ ]~%);ff] 
"~,4. ~ attributed to structure, poC'~~ CHOLESTERI(! ~ ' _ ~ "  

bW, STRUCTURE ~ CHOLESTERIC STRUCTURE ,l~t c ~o'~ r @o ~ 
'%%.~ 1. Major portion of molecule 

~c; ~ in plane but side chains 
~ ~ displaced producing a heli- /k 

~ cal design. ~ ISOTROPIC 
~e* ~ 2. Negative optical sign. cholesteric- LIQUID 

3. Structure has optical ac- liquid 
tivity, point 

Fro.  5. Rela t ionship  among  s tabi l i ty  ranges  of crystall ine,  l iquid crystalline, and liquid states.  
t empera tu res  is des ignated  on a r rows .  

ISOTROPIC 
ncmatic- LIQUID 

liquid 
point 

Nomencla ture  fo r  t rans i t ion  

A large n u m b e r  of compounds ,  when t rea ted  with 
a polar  solvent, do not f o r m  an isotropic system but 
f o r m  one which has the p roper t i es  of a l iquid crystal-  
line s t ructure.  Since a solvent  is responsible for  the 
fo rmat ion  of the l iquid crystal ,  the phenomenon is 
described as lyot ropic  mesomorphism.  Lyot ropic  
l iquid crystals  are s t rong ly  b i re f r igen t  and  m a y  va ry  
in t ex ture  f rom a tu rb id  free-flowing fluid to a waxy  
substance or a clear gel. M a n y  systems of two or more 
components  can fo rm lyot ropic  l iquid crystal l ine sys- 
tems. Amphiphi les  and  wa te r  or amphiphi les ,  soap, 
and  water  a re  typ ica l  examples.  

An  interes t ing example  of a lyotropic  system is 
tha t  of po ly-y-benzyl -L-g lu tamate  in different  solvents. 
Robinson (11) found  tha t  the po lyg lu tamates  in cer- 
ta in  organic solvents, such as dioxane and  methylene 
chloride, f o rm the cholesteric s t ructure .  In  dioxane 
the solution is opt ical ly  negat ive,  and  in methylene 
chloride it is positive. The sense of the twist  in the 
two solutions mus t  be opposite,  and  a p rope r  com- 
binat ion of these two solutions will resul t  in an un- 
twis ted s t ruc ture  which has the appea rance  of the 
nemat ic  s t ructure .  

F o r  the purpose  of b rev i ty  the general  proper t ies  
of a typica l  lyot ropic  sys tem have been summarized  
in Fig.  6. Different  systems m a y  have proper t ies  dif- 
f e ren t  f rom those described in Fig.  6, bu t  those are 
i l lustrat ive.  Some of these proper t ies  will be con- 
s idered as they arise in a considerat ion of the role of 
l iquid crystals  in cell s t ruc tures .  

Specific Molecules in Living Systems 

I l lus t ra t ive  of l iquid crys ta l l ine  systems, related to 
l iving systems, are the associat ion of cholesterol with 
lecithin to fo rm a lamel lar  s t r uc tu r e ;  the association 
of cholesterol, water ,  and  bile salt  to fo rm liquid 
crystal l ine s t ruc tu res ;  and  the combinat ion of phos- 
phol ipids  and water  to f o r m  l iquid crystal l ine struc- 
tures.  Many  phosphol ip ids  will also form liquid 
crysta l l ine  s t ruc tu res  on heating.  

A typica l  example  of a phosphol ip id  is the phos- 
pba t idy le thano lamine  molecule. The molecule may  b~ 
represented  : 

O 
Jl 

0 H 2 C - O - C - R  
II I 

R ' - C - O - C H  0 

H - C - O - P - O - C H 2 C H e N H 3  § 
I 

O- 

The side chains (i.e., R and  R ' )  may  contain double- 
bond character  and  thus  give a kink to one or both 
of the chains, which resul ts  in a looser packing than  
would result  if  the chains were sa turated.  The solu- 
bil i ty characteris t ics  of the molecule may  be repre-  
sented schematically,  as follows: 

NH~ § 
I 

CH2 
I 

CH2 
I 

0 
I 

- 0 - - P = 0  
I 

0 

CH2 
1 

CH 
/ 

0 
/ 

C = 0  

R" 

Water  soluble portion of 
the molecule 

\ 
CH2 
I 

0 
I 
C=O 
I 

R 

Water  insoluble portion of 
the molecule 

The R and R '  chains genera l ly  contain 14 to 18 car- 
bon chains. The "head"  of this phosphol ipid  molecule 
is polar  and hydrophi l ic .  The hydrocarbon  port ion 
of the molecule is nonpo la r  and  is insoluble in water.  
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F i g u r e  6 a 

Gene ra l  Ou t l ine  Desc r ib ing  the Proper t ies  of L y o t r o p i c  Mesophases  ( a m p h i p h i l e  and  w a t e r )  
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Sugges ted  
S t r u c t u r a l  

A r r a n g e m e n t  

TtT  ~ g  ~ g  

z'$~..,,| ~. f,,, 

/ 

.+ 

. . t  

% 

/ 
% W a t e r  b 
( app rox ima te  

r a n g e )  

Phys ica l  
S ta te  

Gross  
Charac te r  

F reedom of 
Movement  

Microscopic 
P rope r t i e s  
(crossed 
nicols)  

X-ray da ta  

S t r u c t u r a l  
order  

0 

Crys ta l l ine  

opaque  
solid 

none  

b i r e i r i n g e n i  

r i n g  p a t t e r n  
3 - 6  )~ 

3 d imens ions  

5 - - 2 2 - - ! 5 0 ]  

L i q u i d  crystal- 
line, lamel lar  

clear, f lu id  
modera te ly  
v i scous  

2 d i rec t ions  

nea t  soap 
t ex tu re  

Di f fuse  halo 
at  about  4.5A 

1 d imens ion  

2 3 - 4 0  

L i q u i d  crystal-  
line, face- 
centered cubic  

c'.ear, brittle 
very  v iscous  

Possibly 
none 

Isotropic  w i th  
a n g u l a r  
bubNes 

Diffuse halo 
at  about  4.5X 

3 d imens ions  

3 4 - 8 0  

L i q u i d  crystal- 
line, hexagona l  
compact  

clear, 
v i scous  

1 d i rec t ion  

midd le  soap 
t ex tu re  

Dif fuse  halo 
a t  about  4.5& 

2 d imens ions  

3 0 - 9 9 . 9  

Mice l la r  
so lu t ion  

clear, f lu id  

no r e s t r i c t i ons  

I so t rop i c  w i th  
r o u n d  
bubbles  

None 

g r e a t e r  t h a n  
99.9 

so lu t ion  

clear, f lu id  

no r e s t r i c t i ons  

I so t rop i c  

None  

a Th is  figure is  comparab le  to one p resen ted  by Small, D. M. and Bourg~s  Mar t ine ,  Molecular  Crystals,  l, 541 ( 1 9 6 6 )  bu t  the two compi l a t i ons  
were  p repa red  independen t ly .  

b The  di f ferent  pe rcen tages  of wa te r  show tha t  different  amphiphi les  r o q u i r e  d i f fe ren t  a m o u n t s  of wa te r .  Fo r  soaps,  the  tame] lar  s t r u c t u r e  
genera l ly  occurs between 5--22% w a t e r ;  w i th  some l ipophiles  the w a t e r  may  be as h i g h  as 5 0 % .  The cubic s t r u c t u r e  genera l ly  occurs  be tween  
2 3 - 4 0 % .  

In  the envi ronment  of water  and organic compounds 
present  in l iving systems, phosphol ipid  molecules take 
on the role of the "bui ld ing  blocks" for cell mem- 
branes. The a r r angemen t s  of these phospholipid mole- 
cules follow either the lamel lar  or hexagonal  pa t t e rn  
(4). The lamel lar  s t ruc tu re  is made of a l te rnat ing  
clusters of double layers  of molecules. The hexagonal  
s t ruc ture  has wa te r  molecules enclosed in the interior  
of a cyl inder ;  the po la r  end of the phospholipid 
molecule is dissolved in the water ,  and  the nonpolar  
end of the molecule fills the gap  between the cylinders. 
The two s t ruc tures  are represented  schematically in 
Fig. 7. 

Mechanics of Living Systems 
The mechanical  p roper t ies  of liquid crystals  which 

are applicable to l iving systems may  be i l lustrated by  
consideration of a model sys tem (Fig. 8), which has 
a solid core su r rounded  by  a nematic  s t ruc ture ;  the 
ncmatic  s t ruc ture  is, in tu rn ,  covered by a smectic 
membrane.  This model has m a n y  of the physical  
character is t ics  of a l iving cell and will be capable of 
sensing l ight  and heat  if  i t  has suitable chemical 
composition. 

The nematic  s t ruc tu re  in this model has a number  
of impor t an t  p roper t ies  which may  be utilized. The 
surface energy  in a drople t  of nematic  mater ial  is 
not a constant  bu t  var ies  as a funct ion of the molec- 
ular  a l ignment  with the surface.  In  a nematic ma- 
ter ia l  there is a significant direction which will be 
denoted as 1. The sur face  energy  of the system will 
be denoted as a funct ion of the angle (~) of the normal  
of the surface  to the direct ion 1 (Fig.  9). The cosine 
of y is the direct ion cosine of the surface with respect 
to l. Thus it  may  be represented  to a first approxima-  
tion the var ia t ion  in surface  energy  by (F • AFcos2~) 
dA, where F is the surface  energy  in the direction 
normal  to  1 and  AF is the difference in surface energy 

normal  to 1 and  para l le l  to l;  AF for  most  nemat ic  
s t ruc tu res  is a few ergs per  cm ~ and  is a func t ion  of 
t e m p e r a t u r e  and  chemical composition. I t  has been 
measured  (12) in several  mate r ia l s  as three  ergs pe r  
cm 2 at  the clearing point .  I f  the nemat ic  sur face  is 
p laced in contact  with a liquid, the surface  energy  of 
the in ter face  becomes 

S.E. = # # [ ( r  • areos  ~)-fl]d A 

where fl is the surface  ene rgy  of the liquid. F r o m  
this expression it  m a y  be apprec ia t ed  tha t  the shape 

WATER 

(A) 

A 
v 

water 

water ~ w a t e r  

water f~ 

(B) 

:FIG. 7. Wate r  with phospholipids can produce at  least  two 
molecular a r rangements .  The lalnellar s t ruc ture  is i l lus t ra ted in 
par t  A, where the polar end of the phospholipid molecule is 
dissolved in water  and the hydrocarbon port ions of the mole- 
cules blend together  to form a s t ruc ture  with a l ternate  l ipid 
and  water  p lanar  sheets. The hexagonal  type exhibits  a hexag- 
onal a r r angemen t  of cyl inders;  each cylinder serves as a 
water  tunnel. The polar port ion of the molecule is oriented 
around the circumference of the cylinder. 
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FIG. 8. A s c h e m a t i c  o f  a 
mode l  cell wh ich  shows  the  
loca t ion  o f  l iqu id  c ry s t a l  
s t r u c t u r e s .  

Fro.  9. A n e m a t i c  d rop le t  
w i t h  u n i f o r m  o r i e n t a t i o n :  1 
r e p r e s e n t s  the  s i gn i f i c an t  di- 
r ec t ion  in  the  l iqu id  c rys ta l ,  
a n d  7 r e p r e s e n t s  the  angle  
f o r m e d  by  1 a n d  the  n o r m a l  
to the  su r f ace .  

of l iquid crys ta l l ine  droplets  which are un i fo rmly  
al igned m a y  exhibi t  a va r ie ty  of fo rms  v a r y i n g  f rom 
an  oblate to a prola te  spheroid,  depend ing  on the 
p roper t i es  of the l iquid in which they  are immersed.  
I f  I ~ f l ~ F + A F ,  then  the shape of the l iquid crystal-  
line d rop le t  will be a tactoid. In  no case will the 
shape of the l iquid crys ta l  drople t  be a sphere  for 
min imal  f ree  ene rgy  with un i fo rm  al ignment .  

I n  tha t  l iquid crysta l l ine  s t ruc tures  possess va ry ing  
degrees of se l f -a l ignment  of thei r  molecules, i t  follows 
tha t  the al igned condit ion represents  min imal  energy. 
I f  there is a change of direct ion in molecular  align- 
ment ,  an ene rgy  is associated with the ra te  at  which 
it changes d i rec t ion;  s ta ted in a more sa t i s fac tory  
manner ,  there  is a change in the cu rva tu re  of the 
medium.  A t r e a t m e n t  of these concepts is given by 
F r a n k  (13) in a general ized form. F o r  p resen t  pur-  
poses it is necessary only to consider some special 
cases and  how they  affect the nemat ic  phase  in the 
model. 

I f  the az imuth  of the direct ion of a l ignment  is r 
then in a n y  stat ic s i tuat ion (divorced f r o m  discon- 

t inuities and  in ter faces)  the or ientat ion will have to 
sat isfy the equat ion Vu@ = 0. A t  the interfaces the 
mater ia l  will a l ign in a manne r  tha t  will result  in 
minimal  free ene rgy ;  thus the a l ignment  within the 
liquid crys ta l  will depend on the bounda ry  conditions. 
In  the most  general  cases the mater ia l  will have a 
un i form cu rva tu re  for  lowest f ree  energy. This occurs 
in the case of the cholesteric s t ructure ,  which has a 
un i fo rm twist. 

A release of ene rgy  will result  in these liquid crys- 
talline mater ia ls  by  a change of chemical species; the 
energy release, in turn ,  is converted into mechanical  
energy in the fo rm of a torque. The mechanical  
energy will cause a change of shape in the liquid 
crystal.  The in fo rma t ion  of a local chemical change 
in these mater ia ls  will be p ropaga t ed  by  a wave obey- 
ing the fol lowing equat ion 

1 D~r 
~ " r  V ~ ~t~ 

where V ---- the velocity of propagation 
t ---- time 

The information propagated in this manner is quite 
different from information transmitted by chemical 
"messenger." The latter is described by the following 
equation .. 

1 DA 
v~A -- 

K Dt 

I t  will be noticed tha t  the solutions of the diffusion 
equation are self- l imit ing and  have considerably less 
range than  solutions of the wave equat ion (14). In  
the case of the wave equat ion a mechanical  torque 
wave is re lated to a shear  sonic wave in a solid. 

NEMATIC P ~ .  

t/4 / 
II I ~ : : ' ~ , , ' l ~ l l l l l l  

I l!',',i 
, , . ,  , , , .  ~,~:,~,::~,,~ , , ~  

TWIST WAV~- 

I It I II/IIII I I I I / / / / / / / / / / / / /111  I / I I 
~PL ~.x( WAVE 
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FIG. 10. Two r e p r e s e n t a t i v e  s h a p e s  o f  m i n i m a l  s u r f a c e  en- 
e rgy .  The  ob la te  f o r m  t e n d s  to a t o r u s ;  the  p ro l a t e  f o r m  

t e n d s  to two spheres .  
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FIG. 11. A c o m p a r i s o n  o f  to rque  waves  in  n e m a t i c  a n d  
smect ic  l iquid  c rys t a l s .  
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The outer  layer  of the model is a smeetic liquid 
crystal .  This  ma te r i a l  in bulk tends to a r range  itself 
in layers. The surface  energy normal  to the layer  is 
low compared  with the energy  in the direction of the 
layers. In  fact ,  the surface  energy may  increase when 
two layers are  in contact. This is reflected by the 
relat ively la rge  distance between layers in many  
smectic phases. Thus a condition exists where no 
incomplete p lane  is present.  I f  a disc is formed f rom 
a smeetic phase, i t  will tend  to cup and thus reduce 
the edge dimension. In  such films, wr inkl ing  will 
not occur since there  is l i t t le decrease in surface 
energy compared  with  the sharp  energy gained be- 
cause of cu rva tu re  at  the edges of the wrinkles. 

The layer  will close if  the elastici ty of the layer  
is sufficiently low, tha t  is, if  

f a d l >  f f g d s  

In  this equat ion a is the free energy per  uni t  length 
of the edge of the smectic film and g is the energy 
per  uni t  area. I t  can easily be apprec ia ted  t ha t  the 
energy for  film cu rva tu re  per  uni t  area decreases 
linearly. There  will be a size below which the film 
will not close. In  the size region where it  will dose, 
the shape of the closed surface can be var ied by 
changing the elastic constants  in the layer  as a func- 
tion of position. Ano the r  aspect  should be mentioned. 
I f  a smectic film contacts  a region which lowers its 
surface energy,  it will tend to expand its area of 
contact ;  thus  a smectic fihn will engulf  other ma- 
terials tha t  t end  to lower its surface energy. 

I f  a smeetie film encloses an isotropic liquid, the 
shape fo rmed  will be de te rmined  by the minimal  sur- 
face energy which, in turn ,  is determined by the 
curvature .  In  general,  the volume can be less than  
the volmne of a sphere  of comparable  surface area 
so the shape assumed will be determined by  a con- 
sideration of min imal  curvature .  Fu r the r ,  the shape 
may  be prola te  or oblate so tha t  for  a single surface 
there will be two shapes of minimal  energy. Fo r  a 
direct  dependence on the radius  of curva ture  the 
shapes will have configurat ions as shown in Fig. 10. 

The smectic phase has m a n y  interest ing dynamic  
proper t ies  jus t  like the nemat ie  phase. Again  there 
is a unique abi l i ty  to t r ansmi t  informat ion  by  me- 
chanical waves. The wave forms are i l lus t ra ted in 
Fig.  1], where they are compared  with s imilar  me- 
chanical waves in the nemat ie  phase. The splay wave 
provides a mechanism for  a low-energy p u m p  in tha t  
it allows for  the inversion of a smectic film with 
little expendi tu re  of energy. 

The mechanical  proper t ies  of liquid crystals  are 
obviously appl icable  to l iving systems. A cell mem- 
brane tha t  has as its p r inc ipa l  component  a smectie 
liquid crys ta l  would be able to t r ans fe r  mater ia ls  
and  ions e i ther  by  splay  waves or by engulfing larger  
particles. 

To i l lus t ra te  the t r an s f e r  of ions the p ropaga t ion  
of a splay wave in a smeetie film will be considered. 
This wave can t r ans f e r  ions through the smectic film 
by a mechanism shown in Fig. 12. The characteris t ics  
of this process can be described by a stable film, which 
acts as a dielectric in a capaci tor  when a potent ial  

FIG. 12. A splay wave of  sufficient ampl i tude to cause a 
reversa l  of  inside to outside.  The wave will be reinforced by 
the capaci ta t ive e n e r g y  re leased .  

F E R G A S O N  AND B R O W N :  L I Q U I D  C R Y S T A L S  A N D  L I V I N G  S Y S T E M S  125 

difference exists. In  a membrane  a mechanica l  wave 
can t r igge r  the ion- t rans fe r  process by  which the in- 
side of the smectic layers  with its a c c o m p a n y i n g  ionic 
species can inver t ,  becoming the outside and  thus  
resul t ing in a net  t r a n s f e r  of electric charges  across 
the layer.  The in fo rmat ion  would be car r ied  by  the 
mechanical  wave, and  the energy  suppl ied  by  the 
inversion of the film would be used to re in force  the 
mechanical  wave. 

As the in ter ior  make-up  of the cell is nemat ic ,  the 
effects of chemical  changes which resul t  in changes  
of shape and  in te rna l  d is t r ibut ion  can be accompl ished  
a t  a much  g rea t e r  ra te  than  would be possible by  
other s tates of mat te r .  This concept is s u p p o r t e d  by  
a n u m b e r  of expe r imen ta l  studies. D in ten fas s  (6) 
has shown tha t  the rheological p roper t ies  of red blood 
cells are such tha t  hemoglobin is obviously not  a t rue  
solution. Pe ru t z  (15) has suggested tha t  the  a r r an g e -  
ment  of hemoglobin in cells is in te rmedia te  between 
the order  of a solid and  the disorder  of a di lu te  solu- 
tion. The l iquid crysta l l ine  na tu re  of hemoglobin  in 
cells is augmen ted  by  observations by D e a r e r  et al. 
(16),  who observed a nemat ie  phase in hemoglobin  
gels, and  by H a n s e n  (17),  who observed t h a t  hemo- 
globin exerts  no osmotic effect. 

Changes  of cel lular  shape could be c rea ted  by  
changes of or ien ta t ion  of the nemat ic  phase  a t  the 
nucleus in ter face ,  thus  genera t ing  a change of or ienta-  
tion in the nemat ic  phase at  the cell wall.  This  
would, in tu rn ,  change the shape of the cell. I n  cases 
where the cell wall  has a stiffness i m p a r t e d  by  a 
prote in  sheath,  the smectic l iquid c rys ta l  could be 
t r iggered  by  sp lay  waves genera ted  in the nucleus  
which could, in tu rn ,  accommodate  a change in ion 
t ransmission.  

Non-nuclea ted  cells will gain  their  shape  f r o m  a 
total  f ree -energy  min imiza t ion ;  the cell wall  c u r v a t u r e  
is considered a long with  the configurat ion of the 
nemat ic  ma te r i a l  contained within  the cell. This  
theory  would p red ic t  both elongated shapes and  oblate 
shapes for  this type  of cell. I f ,  for  some reason,  the 
nemat ic  phase  conta ined within the cell would change 
f rom a state of l inear  a l ignment  to a s ta te  of u n i f o r m  
curva ture ,  a dras t ic  change in cell shape  could be 
expected. This  is the reason why a no rma l  red cell 
becomes sickle-shaped upon deoxygenat ion if  the cell 
contains hemoglobin  G. 

Liquid Crystal Sensory Systems 
Pe rhaps  the most  i m p o r t a n t  aspect  of l iquid crys-  

tall ine sys tems is the i r  abi l i ty  to opera te  a t  ene rgy  
levels l imited by  t he rmodynamic  noises of the system. 
Thus kT represen ts  a measurable  energy  in a l iquid 
crystal l ine system. I n  the eholesteric s ta te  the com- 
plete ut i l izat ion of small  energies is seen more  easily. 
In  this ease a helical a r r a n g e m e n t  m a y  v a r y  by  small  
amounts ,  and  the var ia t ion  m a y  be read i ly  visible. 
The energy  for  twis t ing  or un twis t ing  the eholesterie 
phase is : 

K V ( 1 1  1 )  s E =  
2 

K = a force constant  10 -~ dynes (as de te rmined  
by  electric field measuremen t )  

V = the volume considered 

P = the p i tch  where the subscr ip ts  r ep re sen t  
two states 
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I f  visible l ight  is used to observe these materials ,  
a change m a y  be expected in P of one p a r t  in a 1,000 
or 2 • 10 -4 ergs per  cm 3 or less t han  10 -16 ergs in a 
volume compared  with a rod  in the eye of the verte-  
brate .  The value of hv for  green l ight  is 3.3 • 10 -13 
ergs, thus the cholesteric s t ruc tu re  has ample  sensi- 
t i v i ty  for  detect ing the ene rgy  of a photon  of light. 
The associated the rma l  ene rgy  is an order  of magni-  
tude  lower than  hv so the noise associated with such a 
detector  should be l imited by  the shot noise of the 
light.  

The mechanism of the l ight  in te rac t ion  is associated 
wi th  cis to trans i somerizat ion of carotenoid pigments.  
The following descr ipt ion represen ts  one way  to make 
such a t r ansducer  by  us ing  cis-trans isomerization. 
I f  a cholesteric l iquid crys ta l l ine  droplet ,  sa tu ra ted  
wi th  the cis fo rm of a photoreac t ive  species, is sur- 
rounded  by  a l iquid m e d i u m  which is also sa tura ted  
with  the cis fo rm of the same species and  if  the system 
is i r r ad ia ted  with l ight  of the p rope r  wavelength,  
the cis fo rm can be changed to the trans fo rm with 
a high degree of efficiency in both phases. The cis 
to trans t rans i t ion  changes the molecular  a r r angemen t  
of the chemical which, in tu rn ,  is i m p a r t e d  to the 
envi ronment .  The cis-trans t r a n s f o r m a t i o n  creates a 
wave which is t r ansmi t t ed  t h rough  the cholesteric 
l iquid crystal ,  changing its twist.  The cis-trans t rans-  
fo rma t ion  will also take place in the l iquid medium 
which sur rounds  the cholesteric phase, but  this t rans-  
fo rma t ion  will not  be t r a n s m i t t e d  t h rough  any  ob- 
servable  mechanical  change in the liquid. 

Owing to the difference in solubi l i ty  of the cis and 
trans forms,  the pa r t i t ion  of the fo rms  between the 
two media  will equi l ibra te  slowly because of depen- 
dence on diffusion. The concept  to consider careful ly  
is t h a t  the response of the cholesteric phase to light 
is a mechanical  one (a wave p r o p e r t y ) ,  causing a 
change in cu rva tu re  in the s t ruc tu re  whereas the 
r e t u r n  to equi l ibr ium is slow because i t  is a diffusion 
process. 

The concept is appl icable  to a n u m b e r  of sensory 
processes. I t  explains the t r a n s f e r  of in format ion  
in the fo rm of a torque wave th rough  the nervous 
system. The cis fo rm of re t inene  is t r a n s f o r m e d  to 
the trans fo rm in the fluid in the re t ina  by  light 
radiat ion.  The l iquid crys ta l l ine  s t ruc tu re  in the 
re t ina  responds to this t r a n s f o r m a t i o n  in a manner  
out l ined above, thus giving the l ight  response which 
is recorded in the brain.  

One of the most  d r am a t i c  effects observed in liquid 
crys ta ls  is thei r  abi l i ty  to change the i r  f o rm when 
exposed to vapors.  I n  this type  of response the liquid 
c rys ta l  changes as a func t ion  of molecular  shape of 
the i n t rud ing  vapors ,  such t ha t  the presence of func- 
t ional  groups  in the l iquid crys ta l l ine  compound is 
less i m p o r t a n t  than  conf igurat ion of the s t ructure.  
The sensi t ivi ty  of this effect has been shown to be 
less than  0.001% i m p u r i t y  by  weight  in the liquid 
c rys ta l  sys tem (18). This  makes  possible the detec- 
t ion of 10 -17 g of a compound  by  a l iquid crystal  
de tec tor  of cellular size. 

The response of cer ta in  l iquid crystal l ine mater ia ls  
to vapor s  is both selective and  sensitive. I t  seems 
quite reasonable to conclude, based on observat ions in 
i nan ima te  mater ia ls ,  t ha t  the sense of smell can be 
read i ly  in te rp re ted  th rough  the use of l iquid crystal-  
line s t ructures .  The in fo rma t ion  t r ansmi t t ed  f rom 
the sense buds to the b ra in  could be p r o p a g a t e d  by  a 
torque  wave. 

Conclusion 

The liquid crystal l ine s t ruc tu re  is s ingular ly  well- 
fitted to provide complex fo rms  in which organizat ion 
and  labil i ty m a y  be combined in a unique degree. 
S tewar t  (7) has made an in teres t ing s ta tement  about  
the role of l iquid crysta ls  in l iv ing systems, as follows : 

"Liquid  crystals  are not only  present  in tissue; 
they would a p p e a r  to p lay  a s ingular ly  impor t an t  
role in tha t  thei r  s t ruc tu re  is p a r t  and parcel  of bio- 
chemical funct ion and  react iv i ty ,  in normal  tissue and 
in at least one ma jo r  degenera t ive  disease. Even  more 
impor tan t  is the possibil i ty t ha t  l iquid crystal  struc- 
ture  exemplifies, in its process of development  f rom 
relat ively organic precursors ,  the power of e lementary  
physical  growth and  wha t  migh t  be a self-replicat ing 
organizat ion of macromolecules."  

The possibil i ty for  a b road ly  expanded view of the 
physical  processes occurr ing in cells has been shown 
s imply  by the recognit ion of in termedia te  states of 
ma t t e r  and how they  a p p l y  to l iving systems. I t  is 
believed tha t  l iquid crysta ls  will p l ay  an increasingly 
impor tan t  p a r t  in the expand ing  of an unders tand ing  
of biological processes. 
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Discussion 

DR. BURTON: IS this the type  of system tha t  is 
being used for  s tudy ing  var ia t ions  in skin t empera tu re  
by  produc ing  color changes wi th  t empe ra tu r e  sensitive 
mater ia ls  ? 

D R .  F E R G A S O N :  Yes. 
DR. DORITA NORTO_~ (Roswell  P a r k  Memorial  In-  

sti tute,  Buffalo, New Y o r k ) :  P re sen t  address:  The 
Medical Founda t ion  of Buffalo,  73 High  Street,  Buf -  
falo, N.Y. 14203. Toward  the end of your  lecture 
you tended to disclaim the biological funct ion of these 
liquid crystals.  Could you elaborate  on this point?  

DR. FERGASON: ~[ don ' t  mean  to disclaim biological 
function.  I mean to disclaim tha t  they are present  
in the exact fo rm tha t  I presented.  In  other words, 
it is not clear to me tha t  a sensory  system needs to 
be made up of a cholcsteric mater ia l .  I s imply  showed 
tha t  the torque wave (Fig.  11) in the cholesteric 
mater ia l  could ca r ry  env i ronmenta l  information,  such 
as t empera tu re  change, but  such informat ion  could 
be carr ied also in a torque in a smectic phase, which 
p robab ly  would be more adap tab le  to the body system. 
I f  we were to make a model sys tem using the splay 
wave or the bend wave (Fig.  12) in a single mem- 
brane to ca r ry  its signal, and  we charged this me- 
chanism by  deposit ing an electric charge across it, 
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we could induce a chemical change which could cause 
one region of this film to invert. Once this was done, 
it would be free running.  The waves would be prop- 
agated through the film and there would be a deple- 
tion layer of ions around this film so that  any fur ther  
wave would be blocked, until  sucb time as diffusion 
would recharge the ionic species. So you would get 
waves runn ing  through a film, carrying information 
and being helped along by this charge transfer.  We 
can tr igger this mechanism by any number  of ways 
such as by other torque waves, chemical reactions, or 
interactions. Essential ly these are sound waves and 
they must exis t , - - i f  we accept the premise that  there 
are such things as liquid crystals and that  they tend 
to align. I f  this wave exists, then it is an excellent 
way of car ry ing  information.  I t  can be polarized and 
it can carry out a great  var ie ty  of operations. 

DR. NORTON: Would  you care to speculate on the 
relationship between order and energy transfer  in 
biological systems ? 

DR. FERGASON: The smectic film or any  type of 
membrane that  we think of in biological systems, 
even though they have higher and higher degrees 

of order, will have different means of p ropaga t i ng  
informat ion through these ordered systems. Now, 
we have to choose another  mechanism besides an 
electronic-type and solid-state mechanisms are not 
very good since the mobility of charge- t ransfer  by 
solid-state mechanisms leaves something to be desired. 
As we get to higher and higher ordered systems we can 
use more of these forms of energy t r ans fe r  such as 
those I 've  discussed in my lecture. We can ' t  use them 
at all in isotropic liquids, and sometimes they  are 
overshadowed in solids. These waves are ve ry  in- 
t r iguing  in higher order systems, because the force 
constant  increases and therefore the velocity of prop-  
agation increases. I th ink this mechanism could p lay  
a large pa r t  in information t ransfer  in biological 
systems. 

I t  has been questioned whether or not this is an 
instabil i ty wave. This wave is not  an instabi l i ty 
wave - - i t  is a wave str ict ly generated for  the same 
reason tha t  a sound wave is generated. Is there any  
instabil i ty associated with sound wave? I t  is a 
different kind of sound wave in tha t  it requires a 
different directional change and it can exchange 
energy and it can exchange ions. 


