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Abs t rac t  

One a s p e c t  of  B i o f l u i d  r e s e a r c h  concerns  t h e  dynamics of  coated d r o p l e t s .  Of s p e c i f i c  
i n t e r e s t  i s  t h e  manner i n  which t h e  shape of a d r o p l e t ,  t h e  motion w i t h i n  it a s  wel l  a s  t h a t  
of a s g r e g a t e s  o f  d r o p l e t s  can be c o n t r o l l e d  by t h e  modulation o f  s u r f a c e  p r o p e r t i e s  and t h e  
e x t e n t  t o  which such f l u i d  phenomena a r e  an i n t r i n s i c  p a r t  of c e l l u l a r  processes .  From t h e  
s tandpoin t  of bioloqv,  an o b j e c t i v e  is  t o  e l u c i d a t e  some of t h e  g e n e r a l  dynamical f e a t u r e s  
t h a t  a f f e c t  t h e  d i s p o s i t i o n  of an  e n t i r e  cel l ,  c e l l  c o l o n i e s  and t i s s u e s .  Convent ional ly  
averaged f i e l d  v a r i a b l e s  of continuum mechanics a r e  used t o  d e s c r i b e  t h e  o v e r a l l  "g loba l"  
e f f e c t s  which r e s u l t  from t h e  myriad o f  smal l  s c a l e  molecular  i n t e r a c t i o n s .  By t h i s  means, 
an a t t empt  is made t o  e s t a b l i s h  cause  and e f f e c t  r e l a t i o n s h i p s  from c o r r e c t  dynamical laws 
of motion r a t h e r  than  by what may have been unnecessary invoca t ion  of metabo l ic  o r  l i f e  
processes .  Tha d i s t i n c t i o n  between what must be  a l i f e  p rocess  and what may r e a l l y  be t h e  
r e s u l t  of more o r d i n a r y  inanimate mechanisms is an important  and c e n t r a l  q u e s t i o n ,  t h e  
r e s o l u t i o n  o f  which w i l l  l e a d  t o  a deeper  unders tanding of b i o l o g i c a l  a c t i v i t y  a s  w e l l  a s  
t h e  o r i g i n  of l i f e .  

Several  t o p i c s  a r e  d i scussed  where t h e r e  a r e  s t r o n g  a n a l o g i e s  between d r o p l e t s  and c e l l s .  
These a re :  encapsulated d r o p l e t s  -- c e l l  membranes; d r o p l e t  shape -- c e l l  shape; adhesion 
and spread of  a d r o p l e t  -- c e l l  m o t i l i t y  and adhesion; foams and mul t iphase  f lows -- c e l l  
aggrega tes  and t i s s u e s .  Evidence is presen ted  t o  show t h a t  c e r t a i n  concepts  of continuum 
theory  such a s  s u r f a c e  t e n s i o n ,  s c r f a c e  f r e e  energy,  c o n t a c t  ang le ,  bending moments, e t c .  
a r e  r e l e v a n t  and a p p l i c a b l e  t o  t h e  s tudy  of c e l l  b iology.  

1. I n t r o d u c t i o n  

A primary o b j e c t i v e  of b i o l o g i s t s  i s  t o  unders tand t h e  s t r u c t u r e  and f u n c t i o n  of b a s i c  
molecular  complexes t h a t  c o n s t i t u t e  l i f e  processes .  A t  t h i s  fundamental l e v e l  o f  i n q u i r y  -- 
t h e  d i r e c t  bio-chemical i n t e r a c t i o n s  between molecules  -- f l u i d  dynamics i s  n o t  a p p l i c a b l e  
(a l though mathematical a q a l y s i s ,  p r e s e n t l y  eschewed, could be used more e f f e c t i v e l y ) .  How- 
ever ,  when t h e  focus o f  s tudy  t u r n s  t o  t h e  exp lana t ion  o f  t h e  comparat ively l a r g e  s c a l e  
phenomena t h a t  r e s u l t  from a myriad o f  molecular  r e a c t i o n s ,  continuum theory  becomes a 
n a t u r a l  and o f t e n  p r e f e r r e d  means of i n v e s t i g a t i o n  a s  it does when t h e  corresponding 
t r a n s i t i o n  i n  physics  is made from s i n g l e  t o  many p a r t i c l e  systems. T h i s  i n  f a c t  is a 
p e r t i n e n t  analogy t h a t  w e l l  i l l u s t r a t e s  t h e  a n t i c i p a t e d  r o l e  of cortinuum mechanics i n  
biology. To say t h a t  t h e  movements o f  o r  w i t h i n  a c e l l  a r e  explained by t h e  c o n t r a c t i l e  
c a p a b i l i t y  of c e r t a i n  p r o t e i n  molecules  is  about  a s  s a t i s f y i n g ,  and a s  p r e d i c t i v e ,  a s  t h e  
knowledge t h a t  a l l  mechanics fo l lows  d i r e c t l y ,  i n  some way, from t h e  a p p l i c a t i o n  of Newton's 
laws o f  motion t o  each and every  c o n s t i t u e n t  p a r t i c l e  of a medium. I t  is n o t  g e n e r a l l y  
recognized w i t h i n  biology t h a t  ( a )  t h e  l a r g e  s c a l e  dynamical consequences of t h e  i n t e r -  
a c t i o n  o f  ve ry  many p a r t i c l e s  neeit n o t  be d i s c e r n i b l e  on t h e  n o l e c u l a r  s c a l e  o r  even 
p r e d i c t a b l e  from t h a t  s t andpoin t ;  ( b )  t h e  n e t  e f f e c t  on t h e  aggrega te  can be d i s t i n c t i v e ,  
new phenoniena which t ranscend  t h e  behavior  of t h e  i i c l iv idua l  e lements  such a s  waves, in -  
s t a b i l i t i e s ,  p a t t e r n s  and s t r u c t u r e .  A s  a r e s u l t -  t h e r e  is a p a u c i t y  of c e l l  p h y s i o l o g i c a l  
d a t a  t h a t  i s  r e l e v a n t  t o  continuum formula t ions  and v e r y  few experiments  a t t empt  t o  measure 
t h e  v a r i a b l e s  and parameters  t h a t  c h a r a c t e r i z e  t h e  r h e o l q y  of a medium o r  its dynamic 
response. (Even less can be s a i d  about  acceptance o r  t h e  u s e  of mathematics and mathe- 
mat ica l  models.) Unfor tunately ,  b i o l o g i s t s ,  l i k e  o t h e r  s c i e n t i s t s ,  can s c a r c e l y  maintain  
c o n t r o l  over  t h e  v a s t  flow of informat ion w i t h i n  t h e i r  own s p e c i a l t i e s .  However, t h e  
p resen t  s i t u a t i o n  does  exemplify t h e  o p p o r t u n i t i e s  and cha l lenges  i n h e r e n t  i n  t h e  renewed 
and growing c o n t a c t  between two venerab le  d i s c i p l i n e s ,  and t h e s e  w i l l  b e  s t r e s s e d  here .  

Continuum mechanics o f f e r s  t o  cel l  bioloqy,  t h e  means t o  s tudy  t i s s u e  morphogenesis, 
growth and d i f f e r e n t i a t i o n ,  c e l l  p rocesses  t h a t  invo lve  dynamic change, motion and flow, 
a s  w e l l  a s  t h e  c o n d i t i o n s  t h a t  main ta in  equ i l ib r ium.  The d e s c r i p t i o n  of p a t t e r n s ,  f lows  
and s t r u c t u r e s  i n  t e n s  of concinuurn s t a t e  v a r i a b l e s  and r h e o l o g i c a l  parameters  w i l l  pro- 
v i d e  unders tanding of t h e  dynamical p r i n c i p l e s  t h a t  govern g l o b a l  phenomena. The u s e  o f  
dimensional a n a l y s i s  w i l l  e n a b l e  d a t a  t o  be i n t e r p r e t e d  and c o r r e l a t e d ;  exper iments  w i l l  
be suggested and exper imental  t echn iques  adapted;  t h e o r e t i c a l  models and a n a l o g i e s  w i l l  
h e l p  fo:nulate and test  hypotheses and provide f o r  d e t a i l e d  a n a l y s i s  of  s p e c i a l  even ts .  

In  r e t u r n  b io logy  g i v e s  t h e  continuum mechanician a miraculous " f l u i d "  medium, an awe 



i n s p i r i n g  chemica l ,  m e t a b o l i c  sys t em where ~ l m o s t  a n y t h i n g  :o i~ce ivab le  can  o c c u r  and Beeme 
a c t u a l l y  t o  o c c u r  somewhere. K i t h  s u c h  wondrous m a t e r i a l ,  what must  be a l i f e  p r o c e s s  and  
what can  b e  t h e  r e s u l t  o f  more ordir .ary inan ima te  dynamics become c e n t r a l  q u e s t i o n s  t o  b e  
r e s o l v e d .  The p o l y m e r i z a t i o n  o f  c o n t r a c t i l e  f i b e r s  is a f a v o r e d  omnibus e x p l a n a t i o n  o f  much 
c e l l u l a r  a c t i v i t y  b u t  a l t h o u g h  t h i s  i r  i ndeed  a most  impor t an t  mechanism, non-metabol ic  
dynamic p r o c e s s e s  o f t e n  g i v e  a s i m p l e r  i n t e r p r e t a t i o n  of e v e n t s .  T h i s  d o e s  n o t  mean t h a t  
when a n  i n a n i m a t e  mechanism i s  a d e q u a t e ,  a  more compl i ca t ed  l i f e  p r o c e s s  is unnecessa ry .  
But it does  r e q u i r e  a r a t i o n a l i z a t i o n  o f  why i n  e v o l u t i o n a r y  d e v e l o ~ n n e n t s  a complex p r o c e s s  
h a s  s u b s t i t u t e d  f o r  a s i m p l e r  one .  Q u e s t i o n s  o f  t h i s  t y p e  must  l e a d  t o  d e e p e r  u n d e r s t a n d i n g  
o f  b i o l o g i c a l  p r o c e s s e s .  

B i o l o g i c a l  f l u i d  dynamics,  t h a t  is t h e  f l u i d  dynamics o f  cel ls  and t i s s u e s ,  c o n c e r n s  t h a t  
most  complex m a t e r i a l  rheo logy  y e t  s t u d i e d .  Al though i n  most  c i r c u m s t a n c e s  f l o w s  a r e  s low,  
c e l l u l a r  m a t e r i a l  i s  c h e m i c a l l y  a c t i v e  i n  t h e  ex t r eme ,  most d e f i n i t e l y  a non-Newtonian 
c o l l o i d ,  emul s ion  o r  m i x t u r e  s u b j e c t  t o  t empora l  and s p a t i a l  changes  of s t a t e  from s o l  t o  
g e l ,  a l l  w i t h i n  an ensemble o r  o r g a n e l l e s  o f  v a r i o u s  compos i t ions  and f u n c t i o n s  -- minu te  
de fonnab ie  domains e n c l o s e d  by a l i p i d / p r o t e i n  membranes o f  e x t r a o r d i n a r y  p r o p e r t i e s .  More- 
o v e r ,  even  t h e  s i m p l e s t  hydrodynamic a n a l o g i e s  and s i m u l a t i o n s  of cells and t i s s u e s  l e a d  to  
unso lved  f l u i d  problems o f  c u r r e n t  i n t e r e s t  i n  chemica l  e n g i n e e r i n g ,  rnicrohydrodynamics,  
po lymer i c  and i n t e r f a c e  s c i e n c e s .  

Corresponding t o p i c s  i n  b i o l o g y  and f l u i d  dynamics a r e  rough ly  t h e  f o l l o w i n g :  ce l l  
rheo logy  -- v i s c o e l a s t i c i t y ;  c e l l  membranes -- i a t e r f a c e s  and m ~ n o l a y e r s ;  cel l  shape  -- 
d r o p l e t  dynamics; cel l  adhes ion  and m o t i l i t y  -- l i q u i d  adhes ion  and s p r e a d i n g ;  ce l l  
a g g r e g a t e s  -- foams, e m u l s i o n s  and m u l t i - p h a s e  m i x t u r e s .  Some s p e c i f i c  problems w i l l  
i l l u s t r a t e  t h e s e  c o n n e c t i o n s  and t h e  feedback t h a t  c o n t i n u a l l y  g e n e r a t e s  new q u e s t i o n s .  

2 .  Su rvey  

Some o f  t h e  b i o l o g i c a l  phenomena which my c o l l e e g u e s  and I have  s t u d i e d  u s i n g  continuum 
t h e o r y  a r e  c e l l  c l e a v a g e ,  c e l l  a d h e s i o n  and m o t i l i t y ,  ce l l  membranes ( a s  monolayer  c o a t i n g s  
on d r o p l e t s ) ,  c e l l  c u l t u r e s  and c a p i l l a r y  growth.  

The re  a r e  e s s e n t i a l l y  two c l a s s e s  o f  problems r e p r e s e n t e d  h e r e .  One c o n c e r n s  mot ion  of  
and w i t h i n  a cel l  and t h e  o t h e r  d e a l s  w i t h  t h e  dynamics o f  cel l  a g g r e g a t e s .  I n  t h e  fo rmer ,  
t h e  r e l e v a n t  l e n g t h  s c a l e  i s  t h e  s i z e  o f  t h e  c e l l ,  which though s m a l l ,  i s  s t i l l  v e r y  much 
g r e a t e r  t h a n  molecu la r  d i s t a n c e s .  I n  t h e  l a t t e r  t h e  ce l l  i t s e l f  may b e  viewed a s  t h e  b a s i c  
e l emen t  o f  t h e  t i s s u e  f l u i d  a s  l ong  a s  t h e  phenomenological  s c a l e s  a r e  many ce l l  l e n g t h s .  
(However, b o t h  s c a l e s  a r e  u s u a l l y  m i c r o s c o p i c  i n  t h e  l i t e r a l  s e n s e .  Large  and cana l l  d i s -  
t a n c e s  a r e  r e f e r r e d  t o  t h e n  a s  m i c r o s c o p i c  o r  submic roscop ic  and u l t r a f i n e ,  r e s p e c t i v e l y . )  

A continuum theory  based on s u r f a c e  t e n s i o n ,  s low v i s c o u s  f l o w  and an  approx ima te  
momentum e q u a t i o n  s i m i l a r  t o  Darcy ' s  law, was f o r m u l a t e d 4  t o  d e s c r i b e  t h e  growth and 
movement o f  c e r t a i n  c e l l  c u l t u r e s  i n  r e s p o n s e  t o  a d i s t r i b u t i o n  o f  n u t r i e n t .  I n  t h i s  model,  
a  new c e l l  forms,  expands t o  p r o p e r  s i z e ,  and pushes  a s i d e  n e i g h b o r i n g  cells o f  t h e  c u l t u r e .  
The f o r c e s  o f  d i s p l a c e m e n t  a r e  t r a n s m i t t e d  w i t h  a t t e n u a t i o n  th roughou t  t h e  cel p o p u l a t i o n .  
The t o t a l  p r e s s u r e  deveioped i n  t h i s  way ci iuses i n t e r n a l  m i g r a t i o n  o f  cells and a d r i f t  o f  
t h e  e n t i r e  co lony  a s  it b u i l d s  i n  t h e  d i r e c t i o n  o f  a r i c h e r  s u p p l y  o f  n u t r i e n t .  The 
i n t e r n a l  mot ion  i s  assumed t o  be  p r o p o r t i o n a l  t o  t h e  necja t ive  g r a d i e n t  o f  t h e  p r e s s u r e  and 
a s u r f a c e  t e n s i o n  f o r c e  p r o p o r t i o n a l  t o  t h e  mean c u r v a t u r e  o f  t h e  tumor s u r f a c e  m a i n t a i n s  
t h e  co lony  a s  a compact and c o n t i n u o u s  mass. I n  e s s e n c e  t h e n ,  t h e  c u l t u r e  is s i m i l a r  t o  a n  
i n c o m p r e s s i b l e  f l u i d  w i t h i n  a v a r i a b l e  d o n a i n  i n  which t h e r e  a r e  s o u r c e s  and s i n k s .  T h i s  
t h e o r y  and e l a b o r a t i o n s  o f  i t 2  a r e  Found t o  y i e i d  good agreement  w i t h  o b s e r v a t i o n s .  

The c o m p e t i t i o n  between s u r f a c e  and i n t e r i o r  f o r c e s  t h a t  c o n t r o l  t h e  s h a p e  o f  t h e  c o l o n y ,  
mo t iva t ed  a n  examina t ion  o f  dynamic i n s t a b i l i t y  of  such  c u l t u r e s 3 ,  T h i s  a n a l y s i s  
e s t a b i i s h e d  t h e  c o n d i t i o n s  i n  which t h e  s l i g h t  s u r f a c e  d i s t o r t i o n s  t h a t  a r i s e  l e a d  t o  t h e  
p o s s i b l e  d i v i s i o n  o f  o r  d i s i n t e g r a t i o n  o f  t h e  co lony .  T h i s  l i x e  o t h e r  a n a l y s e s  makes 
t h e  i m p o r t a n t  p o i n t  t o  b i o l o g i s t s  t h a t  i n s t a b i l i t i e s  a r e  a n a t u r a l  p a r t  o f  b i o l o g i c a l  
development . 

T h i s  example o f  t h e  c o n t r o l  o f  shape  by s u r f a c e  t e n s i o n ,  and t h e  form o f  t h e  most  
prominent  mode o f  i n s t a b i l i t y  s u g g e s t e d  t h a t  ce l l  c l e q v a q e  c o u l d  a l s o  b e  approached a l o n g  
s i m i l a r  l i n e s .  A t h e o r y  o f  c y t o k i n e s i s  was p r e s e n t e d  i n  which c y t o p l a s m i c  s t r e a m i n g ,  
fur row development ,  c o n t r a c t i l e  r i n q  fo rma t ion  and d i v i s i o n  a r e  a l l  d i r e c t  and r e l a t e d  
e f f e c t s  o f  a dynamical  i n e t a b i l i t y  t h a t  i s  caused  by t h e  m o d t l a t i o n  o f  t e n s i o n  a t  o r  n e a r  
t h e  membrane s u r f a c e  d u r i n g  anaphase .  Based on e a r l i e r  work , a comple t e ly  f :u id  model 
o f  c l e a v a g e  dynamics was c o n s t r u c t e d  i n  which a n  e f f e c t i v e  s u r f a c e  t e n s i o n  s i m u l n t e s  t h e  
sum o f  a l l  f o r c e s  e x e r t e E  w i t h i n  t h e  boundary s t r u c t u r e  o f  a ce l l .  The dynamical  p r o c e s s  
h y p o t h e s i z e d  was shown t o  b e  u n s t a b l e  and once  t r i a g e r e d  deve lops  r a p i d l y  w i t h o u t  f u r t h e r  
s t i m u l a t i o n .  The pr imary  p a t t e r n  o f  i n s t a b i l i t y  e x h i b i t s  t h e  t y 2 i c a l  s h a p e  of  fu r row 
f o r m a t i o n  a t  t h e  e q u a t o r ;  t h e  t i m e  s c a l e  of t h i s  e x c i t a t i o n  i s  a l s o  c o n s i ~ l t e n t  w i t h  



o b s e r v a t i o n s .  However, t h i s  f i r s t  model i s  much t o o  s i m p l e  t o  be  an  e n t i r e l y  real ist ic  
d e s c r i p t i o n  of a  cel l ,  b u t  it, w i t h  t h e  accompanying expe r imen t s  on  t h e  d i v i s i o n  o f  o i l  
d r o p l e t s  and subsequen t  continuum a n a l y s i s  o f  t h e  ce l l  membrane a s  a  t h i n  e l a s t i c  s h e l l ' ,  
w e l l  i l l u s t r a t e  t h e  c a p a b i l i t i e s  o f  s u r f a c e  f o r c e s  and t h e  manner i n  which  t h e y  may be  
i m p l i c a t e d  i n  t h e  d i v i s i o n  p r o c e s s .  

A common theme i n  a l l  t h i s  work is t h e  c o n t r o l  o f  d r o p l e t  shape  by s u r f a c e  f o r c e s  t h a t  
a r i s e  from t h e  d i s t r i b u t i o n  of a  s u r f a c t a n t  o n  a p u r e  i n t e r f a c e ,  o r  from a  m a t e r i a l  which 
is i n  f a c t  a s e p a r a t e  s u r f a c e  f l u i d .  S e v e r a l  d r o p l e t  problems were  examined i n  o r d e r  t o  
e x p l o r e  t h e  r ange  o f  phenomena a s s o c i a t e d  w i t h  s u r f a c e  f l o w s  and t o  d e v e l o p  g r e a t e r  
i n t u i t i o n  r e g a r d i n g  t h e  p o s s i b l e  r e l e v a n c e  o f  such  e f f e c t s  i n  cel l  b io logy .  For  example,  
it h a s  been shown-hat t h e  d e p o s i t i o n  o f  mass t o  t h e  s u r f a c e  l a y e r  is i n  i t s e l f  s u f f i c i e n t  
t o  c a u s e  s p i c u l a t i o n  o f  a d r o p l e t  i f  t h e  l a y e r  m a t e r i a l  is n e a r l y  i n c o m p r e s s i b l e ,  i .e. ,  t h e  
s u r f a c e  compress iona l  modulus i s  l a r g e .  At e a r l y  times, t h e  s u r f a c e  l a y e r  d o e s  indeed  
behave l i k e  a t r u e  i n c o m p r c s s i h l e  f l u i d  and c r e n a t i o n s  form. Rut t h e s e  p r o t u b e r a n c e s  
d e c r e a s e  i n  s i z e  hnd i n  number a s  t h e  c o m p r e s s i b i l i t y  o f  t h e  r e a l  c o a t i n g  t a k e s  e f f e c t ,  
u n t i l  f i n a l l y  t h e  d r o p l e t  a g a i n  becomes s p h e r i c a l .  E s s e n t i a l l y  too much s u r f a c e  a r e a  f o r  
t h e  c o n t a i n e d  volume c a u s e s  r i p p l e s .  The manner i n  which e x c e s s  a r e a  is a c t u a l l y  
accommodated by f u l l y  n o n l i n e a r  changes  o f  d r o p l e t  s h a p e  -- whethe r  by bumps, i n v a g i n a t i o n ,  
f o l d s ,  o r  a  b reak  up i n t o  s m a l l e r  d r o p l e t s  -- is a  q u e s t i o n  under examina t ion .  

I t  is known t h a t  t h e  d e p o s i t i o n  and d r s o r p t i o n  of s u r f a c t a n t s  a l s o  l e a d s  t o  i n t e r f a c e  
i n s t a b i l i t i e s ~ ' ,  and i n  t h e  combina t ion  o f  t h e s e  e f f e c t s  ( and  3 more complex model o f  t h e  
s u r f a c e )  l i e s  a  p o s s i b l e  e x p l a n a t i o n  o f  a t  l e a s t  t h e  o n s e t  of  c r c n a t i o n ,  v i l l a t i o n ,  and 
s p i c u l a t i o n  of r e a l   cell^'^. 

The c o l l a p s e  of s u r f a c e  n o n o l a y e r s  i s  a  c l o s e l y  r e l a t e d  i n s t a b i l i t y  problem o f  i n t e r e s t  
which i s  be inq  esm,ined s i m u l t a n e o u s l y .  The ma themat i ca l  formal ism dtweloped i o r  d r o p l e t s  
a p p l i e s  i n  t h i s  c a s e  a s  w e l l .  

A s i m i l a r  approach based  on " t h i n  s h e l l "  t h e o r y  of s o l i d  mechanics was used  t o  c o n s t r u c t  
a  model o f  c a p i l l a r y  orowth i n  t i s s u e 1 ' .  Here t h e  s u r f a c e  a r e a  of  t h e  c a p i l l a r y  "cylinder" 
which c o n s i s t s  o f  endotheli .31 ce l l s ,  i n c r e a s e s  a s  t h e  c c l l s  d i v i d e .  T h i s  l e a d 3  t o  s i n u o u s  
and bu lbous  i n s t a b i l i t i e s  of t h e  column. These  d i s t o r t i o n s  secm e s s r n t i a l l y  t re sune a s  
t h o s e  o f  c a p i l l a r i e s  obse rved  i n  s i t u l :  .lnd i n  f a c t ,  t h e  t h e o r y  p r o v i d e s  a n  e x , > l a n a t i o n  o f  
and q u a l i t a t i v e  agrcer lcnt  w i t h  e s p c r i m e n t a l  d a t a .  

The u s e  of an e f f e c t i v e  s u r f a c e  t e n s i o n  t o  nlodel t h e  nrembralre and s u b c o r t i c a l  s t r  : tu re  
of t h e  c e l l  n a t u r a l l y  qave rise t o  t h e  q u e s t i o n  of whether  a d h c s i o ~ r  and m o t i l i t y  o f  c e l l s 1 '  
c o u l d  a l s o  be  s i m u l a t e d  by d r o p l e t s 1 " .  

I n t e r f a c i a l  t e n s i o n s  between membrane, s u b s t r a t u m  and amhicnt  mcdiilm must be  a  p a s t  o f  
t h e  p h y s i c a l  mechanism by which an  a l m o s t  s f h r r i c a l  c e l l  r a p i d l y  f l a t t e n s  a f t e r  m i t o s i s .  
Chemlcal <.hanges i n  t h e  cc l l  s u r f a c e  a t  d i v i s i o n  proh-ibly i n c r e a s e  t h e  a f f i n i t y  o f  membrane 
molecu le s  f o r  t h o s e  of t h e  s u b s t r ~ t u m  o r  so. i d  boundary providinc: t h e r e b y  t h e  main f o r c e s  
f o r  t h e  i n i t i a l  e x t e n s i o n  of a  ce l l .  The i n t r i n s i c  proctxss  may bc  somewhat analof lous  t o  
t h e  s p r e a d  o f  a  l i q u i d  d r o p l e t  on 3 s o l i d .  Al thouqh t h e  c e l l  a t t a c h e s  t o  t h e  s u r f a c e  st 
o n l y  thousands  oi sites ma in ly  a lonq i t s  p c r i p h c r y T " ,  w h i l e  tilere a r c  many b i l l i o n s  o f  
b ind inq  s i tes  f o r  .I l i q u i d  d r o p l e t ,  t h i s  i s  s t i l l  p robab ly  a  s u f  f i c i e n t l y  l a r g e  sample  f o r  
tllc 5;imc hi~rr l  ol' s t a t i s t i ~ . ; a l  ; r v c r ; ~ g i ~ q  tci .appl\. tl::it I I I \ J ~ * I . ! ~ C S  .I C O I I ~  ~ I ~ I I I I ~ I ~  thc01.y .  I t  h0111.l 
t h e n  f o l l o w  t h a t  s u c h  c o n c e p t s  a s  s u r f a c e  f ree e n c r q y ,  sp read inq  and c o n t a c t  a n o l e  have 
l o o s e  a n a l o q s  i n  c e l l  a d h e s i o n  and m o t i l i t y .  ( I t  shou ld  b e  n o t e d  t h a t  t h c  s p r e a d i n g  o f  
a  l i q u i d  d r o p l e t  i s  i n  many r e s p e c t  an unsolveti  problem. The e s a c t  n a t u r e  of t h e  boundary 
c o n d i t i o n s  a t  t h e  advancing l i q u i d / s o l i d  boundary is u n c l e a r ' ?  and t h i s  r e f l e c t s  t h e  un- 
c e r t a i n t y  abou t  t h e  p h y s i c s  o f  f l u i d  a t t a c h m e n t  of a  s u r f a c r  which i m p l i e s  t h e  c o n d i t i o n  of  
n o - s l i p .  

We advanced .I modelL ' f o r  t h e  movcmcnt o f  a  sn la l l  d r o p l c t  on .I s u r f a c e  s p e c i f i c a l l y  
a d a p t e d  f o ~  t h e  h iqh  v i s c o s i t y  of ce l l s .  T h i s  was based on t h e  l u b r i c a t i o n  e q u a t i o n s  and 
used t h e  concep t  o f  dynamic c o n t a c t  a n q l e  t o  d e s c r i b e  t h e  f o r c e s  t h a t  a c t  on t h e  f l u i d  a t  
t h e  c o n t a c t  l i n e .  Thc s p e c i f i c  p r o b l a s  s o l v e d  w i t h  t h i s  t h e o r y  were t h e  s p r e a d i n g  and 
r e t r a c t i o n  of a  c i r c u l a r  d r o p l e t :  t h e  advance  o f  a t h i n  two-dimensional  l a y e r ;  t h e  c r 2 e p i n y  
of a  d r o p l e t  on a  coatt?d s u r f a c e  t o  a  r e g i o n  of q s e a t e r  adhes ion ;  t h e  d i s t o r t i o n  of d r o p l c t  
shape  owing t o  s u r f a c e  con tamina t ion .  A more i n t e n s i v e  a n a l y s i s  o f  t h e  equationsl\hhvwed 
t h a t  an  advancing d r o p l e t  bccmles  more pear-shaped i n  o u t l i n e ,  w i t h  a  b r o a d e r  advancinq 
c o n t a c t  l i n e  and A narrower  r e t r e a t i n g  edge .  T h i s  h a s  some of t h e  f e a t r l i c s  o f  m o t i l e  cells: 
however, numer i ca l  methods w i l l  have t o  be employed t o  examine f u r t h c ~ '  t h e  shape  and 
s t a b i l i t y  of t h e  edge  con tour .  

The s i m i l a r i t i e s  between t h e  spreaci of a ce l l  and of a d r o p l e t  t h a t  were  n o t e d  by 
Greenspan and ~ o l k r n ? n l \  hhac been e x p l o i t e d  t o  a  remark.-ible d e q r c e  i n  t h e  z x p e r i m e n t s  o f  
Folkman and Nosc~ma .  @. They hnve shown t h a t  t h e  stray-e o f  a c c l l  can  d e t e r m i n e  whether  DNA 



s y n t h e s i s  w i l l  b e  p e r m i t t e d ;  t h e  t e c h n i q u e  used  was t o  c o n t r o l  t h e  d e g r e e  o f  s p r e a d i n g  on 
c o a t e d  t h e  p l a s t i c  s l i p s ,  i . e . ,  by modify ing t h e  i n t e r f a c i a l  t e n s i o n  i n  t h e  known manner. 
The f a c t  t h a t  cel l  s h a p e  can  b e  proven t o  c o r r e l a t e  w i t h  cel l  f u n c t i o n  substantiates s a n e  
o f  t h e  e a r l i e r  hypo theses  r e l a t i n g  shape  and f u n c t i o n " .  T h e r e  i s  now c o n s i d e r a b l e  
evidence ' :  t h a t  s u r f a c e  t e n s i o n  and c o n t a c t  a n g l e  a r e  mean ingfu l  and u s e f u l  c o n c e p t s  i n  
ce l l  b i o l o g y ,  b u t  more work is r e q u i r c d  b e f o r e  t h e  a d v a n t a g e s  o f  t h i s  v i e w p o i n t  a r e  
a c c e p t e d .  

The s t u d y  o f  t h e  dynamics o f  e n c a p s u l a t e d  d r o p l e t s  h a s  been ex tended  by c o n s i d e r i n g  a 
s u r f a c e  c o a t i n g  which is an  o r i e n t e d ,  p o l a r  f l u i d  o f  e i t h e r  a monolayer  o r  a b i l a y e r  
s t r u c t u r e .  The g e n e r a l  t h e o r y  of p o l a r  f l u i d s 2 3  was adap ted  f o r  s u c h  s u r f a c e  and 
g e n e r a l  c o n s t i t u t i v e  laws were  de t e rmined  t % a t  r e l a t e  s u r f a c e  stress, s t r a i n ,  bending manent 
and a non-Newtonian r h e ~ l o g y ' ~ .  The bending ;moment o f  t h e  membrane a r i s e s  f r a n  t h e  
p r e f e r r e d  o r i e n t a t i o n  o f  t h e  m o l e c u l e s  t h a t  form t h e  s u r f a c e  l a y e r .  I t s  impor t ance  h a s  been 
d i s c u s s e d  i n  c o n n e c t i o n  w i t h  t h e  s h a p e  o f  t h e  r e d  b lood  cell '5 and w i t h  t h e  growth o f  
c a p i l l a r i e s  i n  t i s s u e s 1 ' .  I n  b o t h  c a s e s ,  t h e  bending moment a p p e a r s  as a s t a b i l i z i n g  f a c t o r  
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because  it a c t s  t o  undo d i s t o r t i o n s  o f  an  e q u i l i b r i u m  c o n f i g u r a t i o n  and t o  c u t  o f f  t h e  
growth o f  i n c i p i e n t  wave i n s t a b i l i t i e s  below a c e r t a i n  wave l e n g t h .  However, t h i s  is  n o t  
a s  y e t  a g e n e r a l  c o n c l u s i o n  v a l i d  i n  a l l  c i r cums tances .  The i n t e r p l a y  of  moments, v a r i a b l e  i 
s u r f a c e  t e n s i o n  ( p r e s s u r e )  and chemica l  exchange w i t h  t h e  b u l k  f l u i d  by t h e  d e p o s i t i o n  and 
d e s o r p t i o n  of s u r f a c t a n t s  c o u l d  e a s i l y  produce  a r a n g e  of  new, i n t e r e s t i n g  and s u r p r i s i n g  j 

e f f e c t s .  

We a r e  c u r r e n t l y  examining t h e  dynamics of l i q u i d / l i q u i d  foams ( i .e . ,  c o a t e d  d r o p l e t s  
i n  an aqueous medium) w i t h  t h e  f o c u s  on  an  a c c u r a t e  d e s c r i p t i o n  o f  t h e  mot ion  t h a t  r ~ s u l t s  
from t h e  a d d i t i o n  of s u r f a c t a n t s .  The b e h a v i o r  o f  such  sys t ems  is i n  many ways a n a l o g o u s  
to  assemblages  of c e l l s  i n  c u l t u r e s  and  c o l o n i e s .  Fo r  example,  s p i r a l  p a t t e r n s  o f  mot ion  
a r c  obse rved  i n  such  b i l i q u i d  foams?6 ;  l i k e w i s e  t h e  d c v e l o p e n t  o f  " s i m i l a r "  s p i r a l s  i n  
c u l t u r e d  e p i d e r m a l  c e l l s  h a s  a l s o  been d e ~ c r i b e d ? ~ .  Vhe the r  t h e  u n d e r l y i n g  mechan ica l  and 
v i s c o - e l a s t i c  p r o c e s s e s  a r e  a l s o  ana logous  remains  t o  b e  s e e n . "  One d i f f i c u l t y  is  t h a t  t h e  
f l u i d  dynamics o f  foams i s  e s s e n t i a l l y  a n  undeveloped a r e a  whose t h e o r e t i c a l  f o r m u l a t i o n  is 
n o t  comple t e ly  unde r s tood .  Accord ing ly ,  we have  had t o  b e g i n  w i t h  c e r t a i n  fundamen ta l ,  
i d e a l i z e d  problenrs t h a t  a r e  s e v e r a l  l e v e l s  removed from b i o l o g i c a l  a p p l i c a t i o n s ,  and t h i s  
h a s  indeed  become a s e p a r a t e  program o f  r e s e a r c h .  

The r e s u l t s  of  such  a s t u d y  shou ld  a l s o  b e  d i r e c t l y  r e l e v a n t  t o  o u r  c o n t i n u i n g  
i n v e s t i g a t i o n  of t h e  growth and movement of c e r t a i n  ce l l  c u l t u r e s  and s o l i d  tumors  i n  
r e s p o n s e  t o  a changinq chemica l  envi ronment .  Development o f  a more e l a b o r a t e  compressib:e 
f l u i d  model o f  t i s s u e s  is n e c e s s a r y  i n  o r d e r  t o  s u b s t a n t i a t e  o r  t o  g e n e r a l i z e  t h e  e m p i r i c a l  
dynamical  law t h a t  h a s  been assumed. We would t h e n  b e  b e t t e r  p o s i t i o n e d  t o  i n q u i r e  a b o u t  
t h e  dynamic r e s p o n s e  of c u l t u r e s  t o  s t i m u l i ,  and t h e  e f f e c t s  o f  s p a t i a l l y  v a r y i n g  
r h e o l o q i c a l  p r o p e r i t e s .  

Re fe rences  

1. Greenspan,  H.P.,"Models f o r  t h e  Growth o f  a S o l i d  Tumor by D i f f u s i o n " ,  S t u d i e s  i n  
App l i ed  Mathemat ics ,  51,  pp. 317-340. 1972. 

2a.  McElwain, D. and Ponzo, P. ,  "Model f o r  t h e  Growth o f  a S o l i d  Tumor w i t h  Non- 
Uniform Oxygen Consumption", Math. Biosci= 3;, pp. 267-279. 1977. 

2b. McElwain, D. and ~ o r r ' i s ,  L .  " ~ p o p t o s i s  a s  a Volume Loss  Mechanism i n  Math Models 
o f  S o l i d  Tumor ~ r o w t h " ,  Math. ~ i o .  ~ c i . - 3 i ,  pp. 1.47-157. 1970.  

2c. L i ,  Conan, K . N .  The Glucose  ~ $ s t r i b u t i o ; l  i n  9L R a t  B r a i n  M u l t i c e l l  Tumor S p h e r o i d s  
and i t s  E f f e c t  o n  C e l l  N e c r o s i s .  24 page  p r e p r i n t .  

3. Greenspan,  H.P., "On t h e  Growth and S t a b i l i t y  o f  C e l l  C u l t u r e s  and S o l i d  Tumors", 
J. Theor.  ~ i o l :  56, pp. 229-242. 1976.  

4a .  O a e l l ,  G. e t  a l .  "A Mechanica l  Model f o r  E p i t h e l i a l  Morphogenes is" ,  J .  o f  Math. 
9,  pp. 291-295. 1980.  well, G. ,  et  a l . ,  "The Mechanica l  b a s i s  f o r  Morphoqenesis  I: E p i t h e l i a l  Fo ld ing  

and ~ n v a g i n a t i o n .  TO a p p e a r  i n  Developmental  B io log  . iwi .  
5a.  Greenspan,  H.P., "On t h e  Dynamics of C e l l  C1$avagew, J. o f  Theor.  B i o l .  6 5 ,  pp. 79- 

99. 1977. 
5b. Greenspan,  H.P., "On t h e  Deformat ion  of a V i scous  D r o p l e t  Caused by V a r i a b l e  

S u r f a c e  c ens ion, S t u d i e s  i n  Appl ied  Mathemat ics ,  57 ,  pp. 45-58. 1977. 
5c.  Greenspan,  H.P., "On Fluid-Mechanica l  S i m u l a t i o n s  o f  C e l l  D i v i s i o n  and Movement", 

J. Theor.  B i o l .  70, pp. 124-134. 1978. 
6s. B u t s c l i ,  O., I n v e s t i g a t i o n  on Mic roscop ic  Foams and on P ro top la sm,  Black (London) 

6b. Harvey,  E. ,  "Tension a t  t h e  C e l l  S u r f a c e * ,  P r o t o p l a e m a t o l o g i a ,  11, 1954. 
6c .  Hiramoto,  Y . ,  "Mechanics and Mechanism o f  c l e a v a g e  i n  Sea-Urchin Egg*, Symp. Soc.  

1968. 
-&port, R., " C y t o k i n e s i s  i n  M h a l  C e l l s " ,  I n t l ' l  Rev. CytoL 11, pp. 169-213. 
1971.  

7. P u j a r a ,  P. and La rdne r ,  T.J . ,  * A  Model f o r  C e l l  D i v i s i o n ,  J. Biomech., 12 ,  pp. 29 

306 



299. 1979. 
8 .  Greenspan,  H.P. and Landman, K . A . ,  "On t h e  C r e n a t i o n  o t  Coated  D r o p l e t s " ,  t o  b e  

p u b l i s h e d  i n  S t u d i e s  i n  App l i ed  Mathemat ics .  ( 1981) .  
9a.  S c r i v e n ,  L.E. and Miller, C.A., *The O s c i l l a t i o n s  o f  a  F l u i d  D r o p l e t  Immersed i n  

Another  F l u i d " ,  J._Fluid Mech. 32, pp. 417-435. 1968.  
9b. S a v i l l e ,  D.A., "The E f f e c t s  o f  I n t e r f a c i a l  Tens ion  G r a d i e n t s  on t h e  Motion o f  Drops 

and Bubbles" ,  T_he Chemicai  E n g i n e e r i n g  J o u r n a l ,  5,  pp.  251-259. 1973.  
9c .  So rensen ,  T.S., *Chemical  and  Hydrodynamical  A n a l y s i s  o f  S t a b i l i t y  of a S p h e r i c a l  

I n t ~ r f a c e " ,  J. o f  C o l l ~ i d .  and ~ n t e r f a c e  ~ c i ;  56,  pp.  1911205. 1976.  
10a.  ~ r a g l n a ,  E.E. e t  a l . ,  "Format ion  of  Bundles  o f  M i c r o f i l a m e n t s  Dur inq  SpreaTing of  

F i b r o b l a s t s  on t h e  S u b s t r a t e " ,  Exp. C e l l  Res. 97 ,  pp.  241-248. 1976. 
l o b .  Wassexman, P.M. e t  a l . ,  C y t o c h a l a s i n  Induced Ps -~edo-Cleavage" ,  J. C e l l  S c i .  21,  

523-535. 1976. . - - . - . . - - . . . 
10c.  F i s c h e r ,  T. e t  a l . ,  "The Red C e l l  a s  a F l u i d  ~ r o p l e t " ,  ScAence 202, pp. 894-896. 

1978.  
11. Waxman, A.M., "A Continuum Approach t o  Blood V e s s e l  Growth: I. Axisymmetr ic  

E l a s t i c  S t r u c t u r e s " ,  J. Theor .  B i o l .  91,  pp. 273-301. 1981. 
12.  Folkmar., J . ,  "The V a s c u l a r i z a t i o n  of  Tumors", % l e n t i f  i c  A m e r i ~ ,  274, pp. 58-73. 

1976.  
13a.  C a r t e r ,  S.B., " H a p t o t a x i s  and t h e  Mechanism of  C e l l  M o b i l i t y " ,  N a t u r e ,  213, pp. 261- 

264. 1967. 
13b.  H a r r i s ,  A., "Behavior  o f  C u l t u r e d  C e l l s  on S u b s t r a t a  o f  V a r i a b l e  Adhes iveness" .  

Exp. C e l l  Res. 77 ,  pp.  285-297. 1973. 
13c.  A lb rech t -Bueh le r ,  G . ,  P h a g o k i n e t i c  T r a c k s n ,  C e l l  1 2 ,  pp. 333-339. 1977.  
14a.  Schonhorn ,  H .  e t  aL . ,  " K i n e t i c s  of  Wet t i ng  o f  r f a c e s  by Polymer M e l t s " ,  J. o f  

Appl ied  P h y s i c s  37 ,  pp. 4967-4973. 1966.  
14b. Pegram, S.M. and Maroudas, N.G. ,  " E a r l y  E v e q t s  i n  F i b r o b l a s t  Adheeion t o  G l a s s " ,  

C e l l  ~ e s .  96,  pp. 416-422. 1975.  
r ,  A .  "Loca t ion  o f  C e l l u l a r  Adhes ions  t o  S o l i d  S s b s t r a t a " ,  Dev. B i o l .  35,  
pp. 97-114. 1973.  - - 

15b.  Reve l ,  J . P .  e t  a l . ,  "Adhesion o f  C u l t u r e  C e l l s  t o  t h e i r  Subs t r a tum" ,  Exp. C e l l  Res., 
84.  DD. 207-218. 1974. . .. 

15c.  Gershman, H.  and Roaen, J . J . ,  " C e l l  Adhesion and C e l l  S u r f a c e  Topography",  J .  C e l l  
3% 76,  pp. 639-651. 1978.  

16. Dussan,  E.B., "On t h e  Spreadir .g o f  L i q u i d s  on S o l i d  S u r f a c e s :  S t a t i c  and  Dynamic 
C o n t a c t  L i n e " ,  Annl. Re!. F l u i d  Mech. 11, pp. 371-400. 1979. 

17 .  Greenspan,  H.P., "On t h e  Motion of  a  Sma l l  V i scous  D r o p l e t  t h a t  V e t s  a  S u r f a c e " ,  - - 
J .  F l u i d  MC*. 84,  pp. i25-143. 1978.  

18.  Creenspan,  H.P. and McCay, B., "On t h e  Wet t ing  o f  a  S u r f a c e  by a Very V i s c o u s  
F l u i d " ,  S t u d i e s  i r ,  App l i ec_Mathema t i c s  64 ,  pp.  95-112. 1981 

19. Greenspan,  H.P. ana  Folkman, J . ,  "Hypo thes i s  o f  C e l l  Adhes ion  and A c t i n  C a b l e s " ,  - - 
I. Theor.  Biol:  65, pp. 397-398. 1975. 

20. Folkman, J.  and Moscona, A . ,  "Role  o f  C e l l  Shape  i n  Growth C o n t r o l " ,  N a t u r e ,  273 
pp. 345-349. 1978. 

21. Folkman, J.  and Greenspan,  H.P., " I n f l u e n c e  of Geometry on C o n t r o l  o f  C e l l  Growth", 
B i o c h i m i c ! ~  e t  Biophysics ~ c t a . '  411, pp . -  2 i l -236 .  1975.  

22a.  Van Oss,  C.J.,  " P h a g o c y t o s i s  a s  a  S u r f x e  Phenomena", Ann. Rev. o f  Microbial., 32,  
DD. 19-39. 1978.  . 

22b. T a n f o r d ,  C. ,  " H y d r o s t a t i c  P r e s s u r e  i n  Sma l l  P h o s p h o l i p i d  V e s i c l e s " ,  Proc .  N a t ' l .  
Acad. S c i . ,  76,  pp. 3318-3319. 1979. 

23. Cowin, S.C., "The Theory  of  P o l a r  F l u i d s " ,  Advances i n  AppJied Mechanics ,  1 4 ,  pp. 
279-347. 1974. 

24. Waxman, A . ,  "Blood Vessel Growth a s  a P r o b l e n  i n  Morphogenes is :  A P h y s i c a l  Thcory" ,  
M i c r o v a s c u l a r  Resea& 22, ;p. 32-42. 1981. 

25a. S h e e t z ,  M. e t  a l . ,  B i o l o q i c a l  Membranes a s  B i l a y e r  Coup le s  111. Compecsatory Shape  
Changes Induced i n  Membranes", J. o f  C e l l  B i o l o  70, pp. 193-203. 1976.  

25b. Evans,  E.A. and ~ o c h m u t h ,  R.M., "Mechan mica1 P r o p e r t i e s  o f  Membranes", 
C u r r e n t  T o p i c s  i n  M e m b ~ n e s  and T r a n s p o r t ,  1 0 ,  Ed. F. Bonner ,  Academic P r e s s ,  64 p a g t s .  1978. 

26. Sebb;, F . ,  " M a c r o c l ~ s t e r  Gas-Liquid and B i l i q u i d  Foams and t h e i r  B i o l o g i c a l  
S i g n i f i c a n c e " ,  A.C.S. Symposium S e r i e s  9 C o i l .  D i s p e r s i o n s  and  M i c e l l a r  Behav io r ,  1 8 ,  
pp. 18-39. 1?75 .  . - 

27. Green ,  U. and Thomas, J. ,  " P a t t e r n  Fo rma t ion  by C u l t u r e d  Human Epidermal  C e l l s " ,  
S_cience, 300 pp. 1385-1393. 1978.  

28a. P h i l l i p s ,  H.  and S t e i n b e r g ,  b l . ,  "Embryonic T i s s u e s  a s  E l a s t i c  V i scous  F l u i d s " ,  
11, Dev. B j o l .  59 ,  pp. 124-134. 1977. 

ZBb. ~ h i l l i p s ,  H.  and  S t e i n b e r g ,  M . ,  "Embryonic T i s s u e s  a s  E l a s t i c - V i s c o u s  L i q u i d s " ,  
J. C e l l  S c i .  3 0 ,  pp. 1-20. 1978.  

28c. T h u r s t o n ,  G.B. and Davis ,  S.F. ,  *The V i s c o - E l a s t i c  P r o p e r t i e s  o f  a  S o a p - S t a b i l i z e d  
Oil-In-Water h u l s i o n n ,  J. o f  C o l l o i d .  and I n t e r f a c e  S c i .  69 ,  pp. 199-208. 1979. 




