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S U M M A R Y  

I t  has been shown exper imenta l ly  t h a t  even in a shaken sys tem the  r a t e  a t  which 
virus and  similarly sized particles in suspension ar r ive  at  a surface can be accura te ly  
predic ted  from the theo/-y of Brownian  mot ion.  Equa t ions  are deduced  f rom which 
the  ra te  of arr ival  of particles on fiat and  spherical  surfaces can be calculated.  Exper i -  
ments  with various non-biological surfaces have  shown tha t  all t h e  impinging par t ic les  
are adsorbed when a sufficient concen t ra t ion  of ions is present .  The  effects of var ious  
concent ra t ions  of different salts  on ra tes  of par t ic le  adsorp t ion  have  been  invest igated.  
I t  is concluded tha t  the  results are a t  var iance  wi th  cur ren t  theories  of part icle-  
surface interact ions.  T h e y  also suggest t h a t  a considerable de lay  in t h e  s t a r t  of a 
virus infection m a y  result  f rom the  long t ime needed  for  the  vi rus  to reach a cell 
surface. 

I N T R O D U C T I O N  

Virus part icles produce  a biological effect on ly  af te r  adsorpt ion  to  a cell surface,  and 
for this to occur  the  virus obvious ly  has to  be able to  reach the  surface and  in te rac t  
with it. Viruses are not  ac t ive ly  motile and  must  re ly  for  t r anspor t  on thei r  own 
r andom Brownian  mot ion  and  on movemen t s  of the  fluid in which t h e y  are suspended.  

The  exper iments  to  be described here were an a t t e m p t  to find out  the  factors  
de termining  the  rate  a t  which part icles in a suspending fluid reach a surface and  wha t  
then determines  whether  t hey  will be adsorbed to  i t .  Of pa r t i cu la r  in teres t  was the 
quest ion of whe ther  the adsorpt ion  of a virus part icle  to a cell surface differs in any  
significant way  from the adsorp t ion  of a non-biological ob jec t  of a similar size to  an 
inorganic surface. The first par t  of this paper  is concerned wi th  the  t h e o r y  of Brownian  
mot ion as it relates to  the ra te  a t  which par t ic les  in suspension will be expec ted  to  
arr ive z t  a surface. The  second par t  is a descr ipt ion of exper iments  to  de te rmine  

• the rate  a t  which virus particles and  po lys tyrene  la tex  spheres are ac tua l ly  adsorbed  
by  various non-biological surfaces. The  counts  of the numbers  of adsorbed p. rt icles 
were made  "either with the  electron microscope or by  using rad ioac t ive ly  labelled 
particles.  In  a s t tbsequent  pape r  these basic observat ions  will be ex t ended  to  the  
adsorp t ion  of viruses, to cell monolayers  and to cells in suspension. 
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rad ius  of par t ic le  
adsorb ing  area  
concen t ra t ion  of part icles in the  fluid (number  per uni t  volume} 
concen t ra t ion  of par t ic les  at  the  s t a r t  
d e p t h  of  fluid a b o v e  surface 
diffusion cons tan t  of  par t ic les  
base of n a t u r a l  logarithms" (2.7z8) 
fract ion of the  ini t ial ly suspended  part icles adsorbed  
Bo l t zmann ' s  cons t an t  (I .38- Io  -~)  

K, ra te  cons t an t  
~n, an  in teger  
n, n u m b e r  of adsorb ing  spheres  per  uni t  volume 
N,  n u m b e r  of par t ic les  adso rbed  per  uni t  surface  area  
P .  n u m b e r  of  tmadso rbed  part icles  per  uni t  vo lume  
r, d is tance  f rom cent re  of adsorb ing  sphere  
R,  r ad ius  of adsorb ing  sphere  
t, t ime  
T, abso lu te  t e m p e r a t u r e  (°C -t- z73) 
x, space  co-ord ina te  no rma l  to adsorb ing  surface  
fl, cons t an t  of in tegra t ion  
• /, v i scos i ty  of suspend ing  fluid 

W e  consider  first t he  p rob lem of a fiat surface  covered  to a d e p t h  d wi th  a suspension 
of  un i form spherical  part icles  mov ing  wi th  a diffusion cons tan t  D. An express ion is 
de r ived  for the  n u m b e r  of par t ic les  tha t  collide with the  surface  in a t ime t. This 
express ion  gives the  m a x i m u m  rate  a t  which par t ic les  can be  adso rbed  on to  the  
surface,  i.e. when e v e r y  part ic le  tha t  collides wi th  it remains  p e r m a n e n t l y  a.*tached. 
Mot ion  of  the  fluid and  s ed imen ta t i on  of the  par t ic les  are ignored as it will be shown 
ex pe r imen t a l l y  t h a t  in mos t  cases  t h e y  have  a negligible effect on the  result .  

Par t icIes  in r a n d o m  mot ion  conform to the  diffusion equa t ion  which,  if the  
x-coord ina te  is t a k e n  in "the direct ion normal  to  the  surface,  has the  form 

d c O~c 

Ox 2 

where  ¢ is the  concen t ra t ion  of par t ic les  a t  arty point .  
Fo r  spher ical  part icles mov ing  in Brownian  motion,  the  diffusion cons tan t  D 

is g iven  b y  1 
leT 

6.~ttla 

where  k is Bo l t zmann ' s  cons t an t  (I .38.  ;o-X6), T the  abso lu te  t empera tu re ,  7/ the  
v i scos i ty  of the  suspending  fluid and  a the  radius  of  the  part icles.  If ,  in addi t ion  to  
B r o w n i a n  mot ion ,  o the r  fac tors  are ac t ing  b u t  the  mot ion  remains  r andom,  t hen  the  
same  equa t ion  (x) will hold  b u t  D will be larger  t h a n  the  va lue  given b y  equa t ion  (z). 

In i t ia l ly  the  par t ic les  are un i fo rmly  suspended  wi th  a concen t ra t ion  e v e r y w h e r e  
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o f  c ~ o 0. A d s o r p t i o - ~  s t a r t s  a n d  i f  w e  a s s u m e  t h a t  e v e r y  c o l l i s i o n  w i t h  t h e  s u r f a c e  
l e a d s  t o  a p e r m a n e n t  a t t a c h m e n t  o f  t h e  p a r t i c l e ,  t h e n  a t  t h e  s u r f a c e  v ~ o s i n c e  
t h e  a d s o r b e d  p a r t i c l e s  a r e  n o  l o n g e r  f r ee  t o  d i f f u s e .  A c o n c e n t r a t i o n  g r a d i e n t  is  t h u s  
set. u p  a n d  t h e  ra te  a t  w h i c h  p a r t i c l e s  h i t  a u n i t  a r e a  o f  s u r f a c e  i s  g i v e n  ( f r o m  t h o  

d e f i n i t i o n  of  t h e  d i f f u s i o n  c o n s t a n t )  b y  

d,V D(Oc)  (3, 
d - T =  " ~ f f x = o  

w h e r e  - ~  is  t o  be  o b t a i n e d  b y  s o l v i n g  t h e  d i f f u s i o n  e q u a t i o n  (x) fo r  t h e  a p -  
. ~ o  

p r o p r i a t e  b o u n d a r y  c o n d i t i o n ~ .  W e  a l r e a d y  h a v e  fo r  t h e s e  

t = o c ~ c o for o<~ x<~ d (4) 

l > o  c = o f o r x = o  (5) 

a n d  a t h i r d  c o n d i t i o n  d e p e n d s  o n  w h e t h e r  t h e  p a r t i c l e s  a r e  a d s o r b e d  o r  r e f l e c t e d  
a t  t h e  t o p  s u r f a v e  o f  t h e  f l u id .  I n  t h e  f o r m e r  ca se ,  f o r  $ ~> o 0 - -  o f o r  x --~ d w h i l e  
in  t h e  l a t t e r  w e  i n t r o d u c e  a n  a r t i f i c i a l  " m i r r o r  i m a g e "  f l u i d  a b o v e  t h e  t o p  s u r f a c e  
w i t h  ¢ = o a g a i n  o n l y  w h e n  x ~ ~d.  S i n c e  w e  s h a l l  b e  c o n c e r n e d  m a i n l y  w i t h  c a s e s  
w h e r e  a d s o r p t i o n  o n  t h e  t o p  s u r f a c e  i s  p r e v e n t e d  a n d  s i n c e  in  a n y  c a s e  t h e  d i f f e r e n c e  
o n l y  a f f e c t s  t h e  n u m b e r s  a d s o r b e d  t o  t h e  s u r f a c e  a f t e r  l o n g  t i m e s ,  t h e  s e c o n d  c o n d i t i o n  
w i n  b e  t a k e n  t o  a p p l y  a n d  w e  s h a l l  h a v e  

t ~>o c ~ o f o r x  ~ 2d (6) 

T h e  s o l u t i o n  of  t h e  d i f f u s i o n  e q u a t i o n  (x) w i t h  t h e  b o u n d a r y  c o n d i t i o n s  (4), 
(5) a n d  (6) is  g i v e n  b y  z 

1~1 ~ o o  

4co [(~,n + a)~tx] e_(2 m + l)Z~SDt/4 d, y g ~  (S-~,~ + ' s in 
l 

f O l i O  

": 0-~ -- ~ : ~ c o s  . m  2a + ,)nx_ e_(2 m + ~)~Dtt4 a, 

C) a n d  ~ x ~ o = ~ ~-'c° e -12m + 1)2~'~Dl[4da 

O n  s u b s t i t u t l n g  t h i s  b a c k  i n t o  e q u a t i o n  (3) w e  o b t a i n  

d,V ~ 2Dco'~, ~° u_(z m 4- I)~'.~IM]4 d~ 
dt d d.., 

a n d  o n  i n t e g r a t i o n  t h i s  g i v e s  t h e  n u m b e r  o f  p a r t i c l e s  a d s o r b e d  o n  u n i t  a r e a  a f t e r  a 
t i m e  t a s  

~Co [ ' ~  ~ ~ e_¢Zm +x)~*-Dt14 a~] 
N = ~ .... - ~ 2  t.m~-o (2)n + 1 )  ~ 

w h e r e  fl is  a c o n s t a n t  o f  i n t e g r a t i o n .  N o w  a s  t b e c o m e s  l a r g e ,  t h e  e x p o n e n t i a l  t e r m  
t e n d s  t o  z e r o  so  t h a t  /3 is,  i n  f a c t ,  t h e  n u m b e r  o f  a d s o r b e d  p a r t i c l e s  p e r  u n i t  a r e a  
w h e n  t = ~ ,  i.¢. t h e  n u m b e r  or is~na31y i n  s u s p e n s i o n  a b o v e  u n i t  a r e a ,  T h u s  fl --= cad 
and so the fraction /of the particles originally in suspension which axe adsorbed to 
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a flat  sur face  a f t e r  a t ime  t ( a s s u m i n g ' t h a t  e v e r y  collision be tween  a pa r t i c l e  a n d  t h e  
sur face  leads to  adso rp t ion )  is g iven  b y  

.~  8 m ~ _ w  I f z m  --  1}", ' t~-Dt/4d 2 

T h e  inf ini te  series can  be r ep laced  b y  one of two a p p r o x i m a t i o n s  ( accura te  to  b e t t e r  
t h a n  r % )  d e p e n d i n g  on  tile va lue  of D t / d  z. Fi rs t ,  for D t / d a  = o to  o.~2, 

1 1 3  v ~ b ~  
-- a (7) 

This  express ion  ho lds  un t i l  40°,/, of the par t i c les  h av e  been a d s o r b e d  on  the  surface .  
F o r  D t / d  = = 0.06 to  ~, 

t~..-,-t" D l  j qd:~ 
5.,,~ ' °  

a n d  th i s  a p p r o x i m a t i o n  can  be used  when  more  t h a n  2 8 %  of the  par t i c les  h av e  been  
a d s o r b e d .  

In  t e r m s  of  the  a c t u a l  n u m b e r  :'V of particlc.~ ad so rb ed  per  un i t  a r ea  these  ex-  
press ions  b e c o m e :  for  less t h a n  4 0 %  of t he  par t i c les  a d s o r b e d  

_V ~ ~. ~ 3 % ~/I~7, (9) 

for  m o r e  t h a n  ~8~0 of  the  pa r t i c l e s  a d s o r b e d  

( ~ 'r"Dt/4d~) N = cod i e . (Fo) .,g 

Foc  part icL-s  in B r o w n i a n  m o t i o n ,  t he  val t te  of the  diffusion c o n s t a n t  D to  be used  
in e q u a t i o n s  (7) to  (ro) is g iven  b y  e q u a t i o n  (z), 

%Ve now der ive  an  express ion  fo r  the  m a x i m u m  ra t e  a t  which  par t i c les  can  be 
a d s o r b e d  b y  a suspens ion  of  eel',% i . e .  when  e v e r y  collision b e t w e e n  a par t ic le  a n d  a 
cell  l eads  to  p e r m a n e n t  adso rp t ion .  T h e  ceils a re  a s s u m e d  to  be u n i f o r m  spheres  of  
rad ius  R a n d  t h e  effects  of  s e d i m e n t a t i o n  an d  c o n v e c t i o n  again  ignored,  

F i r s t  we cons ide r  the  case  of a single sphere  which  adso rbs  pa r t i c les  f r o m  an  
e f fec t ive ly  inf ini te  v o l u m e  of  f luid c o n t a i n i n g  in i t i a l ly  co par t i c les  in un i t  vo lume .  
W h e n  a d s o r p t i o n  s t a r t s  t he  c o n c e n t r a t i o n  a t  the  ceil sur face  falls to  zero (since t h e  
a d s o r b e d  par t i c les  are  no  longer  f ree  to  diffuse) an d  a c o n e e n t r a t i o ,  g r ad i en t  is se t  
up.  Af t e r  a t ime  i n t e r v a l  t the  c o n c e n t r a t i o n  v of par t ic les  a t  a n y  d i s t ance  r f rom the  
c e n t r e  of  t he  sphe re  will  be g iven  by  n 

R %  I" r - .  R 
c °  - -  c = - 7 -  \ I __ ,,~f - ~ t  ( ~ i ) 

2 % l l ) t )  

w he r e  the  d i f fns lon constarLt D of the  par t ic les ,  if t h e y  a re  spher ica l  an d  m o v e  in 
B r o w n i a n  m o t i o n  on ly ,  is g iven  b y  e q u a t i o n  (2). E r r  s t a n d s  for e r ro r  f u n c t i o n  ( i . e .  

2 x 

. . . .  J" er fx  v : t  o 

On d i f f e r en t i a t i ng  e q u a t i o n  (Ix) a long a n o r m a t  to the  sur face  of  t h e  ad so rb in g  
sphe re  a nd  us ing t he  express ion  

d ( r - -  R) _ _x;_~ c--("--  R) "°' 4Dr 
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we ob ta in  

d-7 ~ ~ /  r %/'~ Dt  
(,2) 

Now the rate of arrival of the  particles on the surface of the  sphere is given, b y  the  
definition of D, as 

- ~  = 4 ~ t R  D r = R 

i . e . ,  using equat ion  (I2) af ter  subs t i tu t ing  r = R,  

= ~ • (~3) d t  %' ~ D/  

Suppose now tha t  we have  not  an infinite volume of fluid bu t  one whose volume is 
nevertheless considerably larger than tha t  of the  adso~-bing sphere. Excep t  near  the 
surface of the  sphere, we shall have a near ly  uniform bu t  s lowly falling concentra t ion 
v of particles and the ra te  of adsorpt ion will thus  be  very  nearly" given b y  subs t i tu t ing  
c for co in equat ion  (I3) 

d t  ~ 4 ~ R~'Dc + ~¢/~-D-t " 

I f  now then there are not  one but  n similar adsorbing spheres in uni t  volume,  we can  
wli te ,  af ter  separat ing tile variables,  

and  af ter  integrat ion 

c = v o e -4~*~RD (t + R ~/~[:zD) . 

The fraction of the original number  of  particles adsorbed on tile cells af ter  a t ime t 
is thus  finally obta ined  

/ ------c°--c ~ I -  e _ 4 ~ z ~ R D  (t + R V ' t / ~ D ) .  (i4) 
CO 

The rate  of adsorpt ion of part icles to cells has often been expressed in t e rms  of: 
a ra te  cons tan t  I f  defined b y  the equat ion 

d P  
I e P u  

d* 

i .e.  P = Po e-K~2t  

or / ~-- i - - e  - K n t  {*5) 

where P is the number  of una t t ached  part icles per  uni t  vo lume at any  t ime t and • .... 
the number  of adsorbing cells. This use of a ra te  constant  was in t roduced some t ime:  
ago as a convenient  w a y  of expressing rates of phago adsorp t ion  b y  bactor la4-1.  
However ,  equat ion (i4) shows tha t  in fact  K so defined will only be a cons tan t  w h e n  
the second te rm in the exponent ia l  R t % / ~ D  is negligible compared, wi th  ~. T h i s  

requires tha t  R is ve ry  much smaller than  ~ ,  Now for viruses, D is of the  order  of.i 

Io  -8 so tha t  after,  say,  6o see, %/~-D-t-is abou t  I4  t~. Thus  for the adsorpt ion  of phage: 
to  bacteria,  which have a radius ~f abou t  o. 5 v, K is a t rue cons tan t  and is a u s e f u l  

. . . ' :  

R e # r e t w 4 $  p .  23.  
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measure  of the  ra te  of adsorption.  In  such cases I{ = 4~RD as can be seen by  com- 
p a r i n g  equat ions  (14) and  (I5). But  equa t ion  (z5) has also been used for adsorp t ion  
of viruses to red  blood ceils ~ and  to tissue cul ture  cells 8.'~ which have radii of 4-1o  tz 
and  here K should no t  be a cons tan t  unti l  about  an hour  a f te r  adsorpt ion  s tar ts .  
V~rith these larger ceils, therefore ,  the  use of a ra te  cons tan t  m a y  no t  be a sa t i s fac tory  
way of expressing rates  of adsorpt ion.  For  adsorp t ion  on to  flat surfaces and cell 
monolayers  the  use of a ra te  cons t an t  1~ is cer ta in ly  qui te  unjustifiable.  As equat ions  
(7) and  (8) show, for a fiat surface it is only  in the  la ter  sta~es of adsorpt ion  t h a t  an 
equa t ion  of the form of (15) is app rox ima te ly  valid and  even then any  measurement  
of a ra te  cons tan t  would depend  ent i re ly  on the depth  of fluid used. 

EXPERIMI~" NTAL 

Preparation o/the adsorbi.~g s.ue/ace~ 
Elec t ron  microscope specimen suppor ts  were prepared  in the  usual  x,:a'y with a 

film of nitrocellulose. In  some exper iments  this film was then covered wi th  a layer  
of carbon b y  placing the  suppor t s  xo cm below a pair  of carl)on rods passing 5o A irt 
a high v a c u u m  for 2 sec ~°. In o the r  cases the  films were covered wi th  a l ayer  of alu- 
minium or  gold by  evapora t ing  oft to  them a small length  of 3vire hung  f rom a tungs ten  
f i lament in a high v a c u u m  as for  tile usual  meta l -shadowing technique of electron 
microscopy.  

Glass coverslips were also used as adsorbing surfaces. These were well cleaned 
and  then  broken  into rec tangula r  pieces measuring z e ra-×  I cm. FQr some of the  
exper iments  a layer  of a luminium was s imilar ly deposi ted on them. 

Polystyrene latex partides 
Po lys ty rene  l a t ex  spheres are avai lable  in disti l led wate r  suspensions containing 

part icles of  a uni form size ~x. (These suspensions are available th rough  the  generosi ty  
of the  Dory Chemical Corporat ion,  l~Iidland, Michigan, U.S.A.) The part icles can be 
ob ta ined  as monodispersed suspensions cover ing a range of sizes between 0.08 t~ 
and  x.2/~ in d iamete r  and  the  following ba tches  were used:  LS-odo-A; LS-o55-A; 
LS-o66-A; x5N-8;  58o-G (the l a t t e r  is no longer obtainable) .  

"i-he d iamete r  of the  part icles in ba tch  58o-G has been accura te ly  de te rmined  
in a numbe r  o[ laborator ies  and  a figure of 0 2 5 9  tz agreed on. The  d iameters  of the  
part ic les  in the o the r  batches were measured  by  mixing them with  580 G and  measur-  
ing the  ra t io  of the  d iameters  on electron micrographs.  The results were conf i rmed 

• b y  measurements  made  on electron micrographs  of the  particles on a luminium replicas 
of a s t anda rd  gra t ing;  in this  case the  ra t io  of par t ic le  d iameters  to  the space be tween  
the  gra t ing  rulings was found. The  mean  diameters  ob ta ined  were:  LS-o4o-A, 0.08#; 

i LS-o55-A,  o .16#;  x5N-8. 0.46#;  LS-o66-A. o.69#. In  some eases these figures are  
i apprec iab ly  (up to  z5°/o) lower than  those  gi:-en b y  the  manufac tu re r s  (c/. KELLZN- 
i: BERGER'S  re l t l a rks lg - ) .  

Part ic le  counts  in the  suspensions were de te rmined  f rom the  d r y  weights  of 
:: o . I  ml volumes of  the  suspensions as supplied which conta ined  a b o u t  xo°/o w]w o~ 
:: solids. A figure of I .o5 g/ml was taken  for the  dens i ty  of the  latexlZ, In. The  ca l ib ra ted  
s u s p e n s i o n s  were then  aec-arately d i lu ted  wi th  a s,aitable volume of water  before  use.  

:::!:iRa,,~,** #. ~s. 
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[a~-P]-labdled ~owl plague virus 

WECKER AND SCIt~.FER 14 a n d  FRANKLIN, RuBIN a n d  D,xws ~ h a v e  r e p o r t e d  t h e  
i nco rpo ra t i on  of sap in to  fowl p lague  a n d  Newcas t l e  disease viruses  g rown in t issue 
cu l tu re  wi th  v e r y  m u c h  h ighe r  ac t iv i t i e s  t h a n  those  o b t a i n e d  b y  o t h e r  worke r s  
g rowing  vi ruses  in eggs. T h e  t e c h n i q u e  desc r ibed  he re  has  g iven  the  h ighes t  specific 
label l ing  so far  r e p o r t e d  for  an an ima l  virus .  

Six zo -day -o ld  chick  e m b r y o s  were  t r e a t e d  wi th  t r y p s in ,  washed  l0 a n d  resus-  
p e n d c d  in I5O ml  of  the  fol lowing m e d i u m :  2.5 ml ca l f  se rum,  0.5 ml  l a e t a l b u m i n  
h y d r o l y s a t e ,  IOO uni t s  penicil l in,  IOO /~g s t r e p t o m y c i n  a n d  5 ° un i t s  Myco.~tatin pe r  
IOO ml  Gey ' s  solut ion.  I5 ml  car r ie r - f ree  s~P (3 mC) was a d d e d  to  t h e  suspens ion ,  
which was d i s t r i b u t e d  in 3 I - l i t re  R o u x  flasks a n d  i n c u b a t e d  o r e -  ":ght. Fowl  p lague  
v i rus  (Du tch  s t ra in)  was a d d e d  to  the  suspens ions  to  g ive  2.3" Io  3 p l a q u e - f o r m i n g  un i t s  
per  ml. The  vi rus  was h a r v e s t e d  a f t e r  3 day s '  i n c u b a t i o n  a t  37 °. 

The  fluid was  d e c a n t e d  a n d  coo led  to  I ° a n d  the  v i rus  a d s o r b e d  on to  fowl  rod  
cells. The  t i ssue cells lef t  in the  cu l tu re  flasks were  su sp en d ed  in Gey ' s  so lu t ion  
w i t h o u t  b i c a r b o n a t e  a n d  f rozen  a n d  t h a w e d  twice.  T h e  l i b e r a t ed  v i rus  was  s imi l a r ly  
a d s o r b e d  on  to  red  cells and  all t he  r ed  cells were  t h e n  poo led  a n d  well w a s h e d  w i t h  
ice-cold saline. The  v i rus  was e lu t ed  f rom t h e m  b y  i n c u b a t i n g  a t  37 ° for  3 ° rain.  
A f t e r  s e d im e n t ing  the  cells, t h e  s u p e r n a t a n t  c o n t a i n i n g  the  e l u t e d  v i rus  was d i a ly sed  
ove rn igh t  a n d  t he  v i rus  par t ic les  d e p o s i t e d  b y  cen t r i fug ing  a t  zo ,ooo  g for  2 h. T h e  
depos i t  was r e s u s p e n d e d  a n d  t he  final  p r o d u c t  h a d  a v i rus  pa r t i c l e  c o u n t  ( d e t e r m i n e d  
b y  eiecttoxl mic roscopy)  of  8. 4" 1o x° pa r t i c les  per  ml  an d  a specific a c t i v i t y  o f  lO6O 
coun t s / r a in  per  h a e m a g g l u t i n a t i n g  dose.  

[aaZl]-labellcd vacain.ia vir~- s 

A suspend;ion of vace in ia  virus  v.a_~ o b t a i n e d  f r o m  r a b b i t s  a n d  c o n c e n t r a t e d  
a n d  p a r t l y  pur i f ied  b y  d i f fe ren t i a l  c en t r i fuga t ion .  T h e  v i rus  was t h e n  f loccu la t ed  in 
x M NaCP 7, wa shed  and  the  h igh ly  pur i f ied  p r o d u c t  was s u s p e n d e d  in o .oo  4 M phos-  
i-.hate--ciIrate buffer ,  p H  6.5. 2.3 ml (I .8 m g  virus) r ece ived  18 o .3o mg la*I -~- ca r r i e r -  
f ree  iodine d ropwise  unt i l  the  so lu t ion  had  a f a in t  ye l low eo lour  fo l lowed b y  o.15 ml  
0.25 AI g lyc ine  buffer ,  p H  9"5- Th is  dcco lour l sed  the  solut ion,  which  was  t h e n  d i a lysed  
to  r e m o v e  all the  r a d i o a c t i v i t y  not  b o u n d  to  the  v i rus .  Of 2o 5 brC a d d e d  ini t ia l ly ,  
34/zC r e m a i n e d  in the  v i rus  suspension.  

A dsorptio'~ 

"/he l a t ex  par t ic les  were  a d s o r b e d  on  to  the films cove r ing  the  e l ec t ron  m ic ro sco p e  
spec imen  support.~ b y  p lac ing  d r o p s  of  a b o u t  2 m m  d i a m e t e r  of a suspens ion  c o n t a i n i n g  
IOX°-Io 1~ par t i c les  per  ml on each  fihn. T h e  p r e p a r a t i o n s  were  lef t  in a w a t e r - s a t u r a t e d  
a t m o s p h e r e  for  var ious  t imes  up  to  30 min  a n d  t h e n  the  s u p p o r t s  were  w a s h e d  in a 
large v o l u m e  of dis t i l led w a t e r  to  r e m o v e  the  u n a d s o r b e d  par t ic les .  

L a t e x  par t ic les  were  a d s o r b e d  on to  the  covers l ips  b y  filling zo-ml  t es t  t u b e s  
w i t h  a suspens ion  of io~-zo  8 par t ic les  per  ml.  T h e  eovers l lp  was t h e n  i n t r o d u c e d  an d  
t he  t u b e  ~ toppered .  A d s o r p t i o n  was a l lowed to  c o n t i n u e  for  va r ious  t imes  u p  to  2o h 
w h e n  the  covers l ips  were  r e m o v e d a n d  w a s h e d  in a s t r e a m  of dis t iUed wate r .  

In  o r d e r  to  economize  on the  vo lumes  requ i red ,  this  t e c h n i q u e  was s l igh t ly  
modi f ied  for  the  ~tdsorption of the  v i rus  par t ic les .  An  o.I  ml  v o l u m e  of t h e  l abe l led  
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v i rus  suspens ion  was run  be tween  the covers l ip  and  'the inside of the  tes t  t u b e  which  
had  been t r e a t e d  wi th  sil icone. 

Counts o[ adsorbed flarlides 

The  n u m b e r  of  l a t ex  par t i c les  ad so rbed  on to  each  film was co u n t ed  d i r ec t l y  
wi th  tbe  e l ec t ron  microscope .  T h e  mean  n u m b e r  of par t ic les  per  field a t  a magni f ica t ion  
of a b o u t  ~-: 600o was found  a n d  the  a rea  ,ff t im fieId m e a s u r e d  in t e rms  of  the  d i a m e t e r  
of  the  l a t ex  par t ic les .  

The  suspens ion  of  t he  largest  l a t ex  particle.~ (Ba tch  LS-o66-A) was ad so rb ed  
on  to  coverslip,~ a n d  c o u n t s  m a d e  wi th  ~ pha.se c o n t r a s t  microscope .  Th e  field was 
def ined  hy  a r e c t a n g u l a r  s top  a n d  its a rea  m e a s u r e d  w i th  a m i c r o m e t e r  oyepieee.  

The  f r ac t ion  of  the  v i rus  par t ic les  a d s o r b e d  on  to the  covers l ips  wa_s m e a s u r e d  
b y  t he  ra t io  of  the  r a d i o a c t i v e  c o u n t  which was fo u n d  on t h e  well  w a s h e d  covers i [ps  
a f t e r  a d s o r p t i o n  to  t h a t  found  when  the  whole  of the  a d d e d  v o l u m e  was d r i ed  d o w n  
on  to  t h e m .  

T h e  radioac¢ive  c o u n t s  in the  case  of the m~I i so tope  were m e a s u r e d  wi th  a sodiutn  
iodide c r y s t a l  sc in t i l la t ion  c o u n t e r  and  tim sap isotope wi th  un en d  window Geiger  
c o u n t e r .  

RF, SULTS 

W h e n  p o l y s t y r e n e  l a t ex  ol- v i rus  par t ic les  were a d s o r b e d  on to  an a l u m i n i u m  surface ,  
tLe  n u m b e r  a d s o r b e d  in a g iven  t ime  was found  to  be i n d e p e n d e n t  of the  c o n c e n t r a t i o n  
of e l e c t ro ly t e  a d d e d  to  the  suspens ion  ; in fac t  a d s o r p t i o n  p ro ceed ed  eq u a l l y  fas t  f rom 
dis t i l led wate r .  W i t h  all tile o t h e r  sur faces  used,  however ,  a d s o r p t i o n  o n l y  occur red  
a t  t he  m a x i m u m  ra t e  when  sufficient  e l ec t ro ly t e  was present  an d  was slow or  neglig- 
ible f r om dist i l led w a t e r  o r  sucrose  so lu t ions .  There fo re ,  ex cep t  in the  case of  
a l u m i n i u m  sur faces ,  i % s o d i u m  chlor ide  was a d d e d  to  the  suspens ions .  I t  was then  
f o u n d  t h a t  t he  n u m b e r  of pa r t i c les  a d s o r b e d  per  un i t  a rea  in a g iven  t i m e  was the  
same for  e v e r y  t y p e  of  sur face  and  in exce l len t  ag r eem en t  wi th  the  ca l cu l a t ed  n u m b e r  
of  pa r t i c les  col l id ing wi th  the  a rea  as a resu l t  of B ro w n ian  m o t i o n  (equa t ions  (2) 
a n d  (9))- T h e  a c tua l  n u m b e r s  of l a tex  par t i c les  (58o-G) a n d  vacc in i a  par t ic les  ad so rb ed  
f rom  d r o p s  on to  va r ious  films in 4 min  a n d  c o u n t e d  wi th  the  e l ec t ron  mic roscope  
a re  g iven  in T a b l e  I.  

Accord ing  to  t h e o r y  {equat ion  9) it is the  squa re  of  t h e  n u m b e r  of a d s o r b e d  
par t i c les  t h a t  shou ld  increase  l inear ly  wi th  t ime an d  the  fulf i l lment  of th is  p red ic t ion  
is s hown  in Fig, r whe re  t he  squa res  o¢ t he  n u m b e r s  of  l a t ex  par t i c les  of t w o  d i f fe ren t  
sizes (58o-G a n d  LS-o55-A) a d s o r b i n g  on  to  c a r b o n  films and  c o u n t e d  w i th  the  
e l ec t ron  mic roscope  h a v e  been p lo t t ed .  T h e  d r aw n  lines were ca l cu la t ed  f rom eq u a -  
t ions  (z) a n d  (9) a n d  a t  t he  o b s e r v e d  po in t s  weU. 

T o  a vo id  a n y  effects  f rom e v a p o r a t i o n ,  which was ap t  t o  o ccu r  despi te  the  use 
of s a t u r a t e d  a tmosphe re s ,  these  e x p e r i m e n t s  wi th  drops  of suspens ions  adso rb ing  
to  f i lms were  o n l y  Iol lowed for  t ime5 up  to  30 rain.  A d so rp t i o n  for  longer  t imes  was 
s tud ied  b y  us ing covers l ips  i m m e r s e d  in suspens ions  of the  largest  l a t ex  par t i c les  
(LS-o66-A) a n d  in th is  case  the  effect  of v a r y i n g  degrees  of shak ing  on t h e  r a t e  of  
a d s o r p t i o n  was  also inves t iga ted .  In  these  longer  e x p e r i m e n t s  c l u m p in g  of t~c  l a t ex  
suspens ions  was a c o m p l i c a t i n g  f ac to r  when  sa l ts  were  present  and ,  to  av o id  this  
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T A B L E  I 
i 

L A T E X  P . ~ k R T I C L E S  A I ~ S O R B a z t D  T O  V A I ~ I O U . ~  F I I ~ I ~  

A s u s p e n . ~ i o u  i n  1 %  s o d i u m  c h l o r i d e  o f  l a t e x  p a r t i c l e s  o f  d i a m e t e r  o . 2 6  l~ [2 ,5-  I o  t° p ~ t r t i c l e s J m l  
a n d  a s u s p e n s i o n  o f  v a c e i n | g  p u t ' c i t i e s  ( 2 . 6 - 1 o  TM p~t r t i c l e s ]ml}  w e r e  a d s o r b e d  fo r  4 r a i n  a t  zx ° 

{q = .o .o  ~ ) 

1~.~?~ t,' t~,tlng eaL~orbed ( 5: .ql:'*J " r., -r,¢ma 
el dsorbing sur/ace 

Late.~" |~aceDli~r 

N i t r o c e l l u l o s e  5.3 4- o,~. 6 . 0  4- o . I  
C a r b o n  5 ,4  q- o , I  6 .1  ± o . l  
A l u m i n i u m  5 .5  ~ 0 .2  6 ,2  ~ o. 3 
G o l d  4-9 -& 0 .5  5 .6  ,-4- o. 4 
B r o w n i a n  t h u o r v  c o l l i s i o n  

f r e q u e n c y * * "  5 . 6  6 . 3 " * "  

* V a r i a t i o n  in  t h e  c o u n t  p e r  l i e ld  s h o w n  t o  h~ .ve  a P o i s s o n  d l s e r i b u t i o n .  
** C a l c u l a t e d  f r o m  e q u a t i o n s  (2] a n d  (9). 

• " "  P a r t i c l e s  a s s u m e d  t o  b e  s p h e r e s  o f  r a d i u s  o . i  I p .  

Ioo- / I F  

50- ~ ,  

S I0 15 
flUE ( M I n U T e S )  

F i g .  ] .  T h e  s q u a r e  o f  t h e  n u m b e r  o f  l a t e x  p a r t i c l e s  a d s o r b e d  p e r  zo  -7 c m  2 a s  a f u n c t i o n  o f  t i m e .  
C) L a t e x  o . z 6  p d i a m e t e r  in  s u s p e n s i o n  c o n t a i n i n g  1-5" ~o1° p a r t i c l e s / m l ,  • L a t e x  o . ] 6  tt  d i a m e t e r  
i n  s u s p e n s i o ~  2. 3 .  l o  TM p a r t i c l e s / m l .  T h e  d r a w n  l i n e s  g i v e  t h e  t h e o r e t i c a l  v a l u e s  o f  t h e  ~ a u m b e r s  o f  
p a r t i c l e s  c o l l i d i n g  w i t h  t h e  s u r f a c e  d u e  t o  B r o w n i a n  m o t i o n  c a l c u l a t e d  f r o m  e q u a t i o n s  (~) a n d  (9)-  

d i f f i c u l t y ,  t h e  cove r s l i p s  were  a l u m i n i z e d  so t h a t  d i s t i l l ed  w a t e r  s u s p e n s i o n s  c o u l d  
be  used.  A d s o r p t i o n  w a s  a l l owed  to  p roc eed  u n d e r  t h r e e  c o n d i t i o n s  of  a g i t a t i o n  
- - w i t h  the  t u b e s  s t a n d i n g  in a r a c k  (which  will  be  r e f e r r e d  to  as  " a t  r e s t " ) ,  w i t h  t u b e s  
c o n t i n u o u s l y  r o t a t e d  in a ro l l ing  dev ice  a t  z r e v o l u t i o n  in 6 rain ( " ro l l ed" )  a n d  m o r e  
v i o l e n t l y  s h a k e n  b y  a m e c h a n i s m  wh ich  i n v e r t e d  the  t u b e s  3 t i m e s  ~ nctitt ( " s h a k e n " ) .  
R a t h e r  u n e x p e c t e d l y ,  t he  c o u n t s  of  a d s o r b e d  pa r t i c l e s  ( m a d e  wit]- t h e  p h a s e  c o n t r a s t  
m ic roscope )  were  a l m o s t  i d e n t i c a l  in e a c h  of  t h e s e  s y s t e m s  a n d  e v e n  o v e r  p e r i o d s  
of  u p  to  I 8  h all st i l l  fo l lowed  t h e  t h e o r e t i c a l  n u m b e r  of  B r o w n i a n  col l is ions  (Tab le  I I ) .  
T h e  e x p e r i m e n t  w a s  r e p e a t e d  w i th  v a c c i n i a  a n d  fowl  p l a g u e  v i r u s  pa r t i c l e s  s u s p e n d e d  
in  suc rose  a n d  a d s o r b e d  " a t  r e s t "  on  to  a l u m i n i z e d  eover~l ips .  T h e  f r a c t i o n s  of  t h e  
v i r u s  a d s o r b e d  a f t e r  t i m e s  u p  t o  zo  h a s  g i v e n  b y  the  r a d i o a c t i v e  c o u n t s  a r e  s h o w n  
in T a b l e  I I I .  A g a i n  t h e  t h e o r e t i c a l  va l ue s  d e d u c e d  f r o m  e q u a t i o n  (7) were  c lose ly  
fo l lowed .  
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A s u s p e n s i o n  of Iat:+x p~trticlv+ of  d i a m e t e r  o.b 9 it (1.5 + 107 p a r t i c l e s / m l )  a d s o r b e d  o n  to  a h , m i n i n m  
surf i tces  w i t h  v a r y i n g  t lugrecs  of a g i t a t i o n  a t  , u  ~  ̀ {q = o .o t ) .  ~. 

¥'Dpte ( D) Par t i c l e  co~¢ttl~ mtsorbed  ( 4= .qF. +} , rr,- 't . 'em =- 

..It rest  l¢oHvd ~hake) t  • l~',~v~zfiot thcory** 

o , 5  6,a -~ 0,5 (')-5 : °-5 .... 
I 7 . 5  ~ o , 6  

-, t o .  4 - o ,  4 ) z .  3 .:. o. 5 --  
4 i7.() : <,.V; z l .  7 :. o,~; _ 

I ~  4 0 . 4  _: . I .~: .  3 2 .  T !: I ~ 2 0 - . 5  ! .2. ~" 

J 

* V a r i a t i o n s  ill t h e  c o u n t  pt,r l l e l c l  s h o w n  t(~ be  I )o is~onian  in all cases .  
,r,. ( ' a l c u l a t e d  frt)m eqtn : t t ions  ( - )  a n d  (9). 

5.6 
H . O  

I I , - -  ~ 

t .5 . q  

33.7 

T A f~LI'] 11I 

A I ) S O I R P T I C t N  O F  V | R U S  I ' . - ~ R T [ C I . | ; 5  I ' O  . ~ , L I T M I N ' I U M  S L ' R I r A C E S  

l ' a r t i c h , s  s u s p e n d e d  in 0 .25 . l l  s u c r o s e  (Jr ' -  , .o~ z a t  - t ) a n d  a d s o r b e d  f rom a h i r e r  o. t c m  th i ck .  

"~t ~rlggiClc's tt,.l.~¢,tht'd 

T t ~ t e  fit; ttro$ctllcm 
E z pcrDtt~nt l hear~.* 

, - . t ~  

"~ |XCC lR I : L  

F o w l  p l a g u e  * ° -  

3 ' 4  z5 
20 35 3,9 

0.25 7 7 
O . ~  I I I o  

z t 4 r 4 
2 2 I  2 0  

2 0  50 63 

" C a l c u l a t e d  f r o m  e q u a t i o n s  (z) a n d  (7)- 
* * A s s u m e d  s p h e r i c a l  w i t h  retditm o. 1 [ p ,  

*** A s s u m e d  s p h e r i c a l  w i t h  r a d i u s  0 .04/~ .  

The off~a o! ions on adsorption 

As al ready mentioned,  the rate  of adsorpt ion of particle~ on to an a luminium 
surface was independent  of the salt concentrat ion,  but  for adsorption on to the other  
surfaces invest igated (nitrocellulose, carbon, gold and  glass) the max imum rate  was 
only reached when an adequate  concentrat ion of ions was provided. In these cases 
a t y p i c a l  c u r v e  w a s  o b t a i n e d  w h e n  t h e  l o g a r i t h m  o f  t h e  n u m b e r  o f  p a r t i c l e s  a d s o r b e d  

o n  u n i t  a r e a  i n  a g i v e n  t i m e  w a s  p l o t t e d  a g a i n s t  t h e  I o g a r i t h m  o f  t h e  c o n c e n t r a t i o n  

o f  s a l t  i n  t h e  s u s p e n s i o n ,  F i g .  z s h o w s  t h e  r e s u l t s  o f  a n  e x p e r i n a e n t  i n  w h i c h  l a t e x  

p a r t i c l e s  { 5 8 0 - G )  w e r e  a d s o r b e d  o n  t o  n i t r o c e l l u l o s e  f i l m s  f r o m  s u s p e n s i o n s  c o n t a i n i n g  

v a r i o u s  s t r e n g t h s  o f  ~ o d i u m  c h l o r i d e .  P l o t t e d  a s  d e s c r i b e d ,  t h e  p o i n t s  l i e  o n  a l l n e  

w h i c h  r i ~ e s  l i n e a r l y  u n t i l  t h e  a d s o r b e d  c o u n t  e q u a l s  t h e  B r o w n i a n  c o l l i s i o n  f r e q u e r "  y 

a n d  t h e n  c o n t i n u e s  a t  t i f f s  l e v e l  f o r  a l l  h i g h e r  c o n c e n t r a t i o n s  o f  s a l t .  ( A  s l i g h t  f~ l ;  a t  

v e r y  h i g h  s a l t  c o n c e n t r a t i o n s  w a s  s o m e t i m e s  o b s e r v e d ,  b u t  t i f f s  w a s  a c c o u n t e d  f o r  

b y  d u m p i n g  o f  t h e  p a r t i c l e s  i a  s u s p e n s i o n , )  A s i m i l a r  p i o t  w a s  f o u n d  w i t h  a l l  t h e  

other  surfaces and  with  the  different particles. Each curve cam thus  be represented 

Rel~vencus 9. 23. 
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by two parameters,  first the slope of the initial rising portion (i.e. ~ (log N)/~(log c) 
when N is the number  of adsorbed particles in a given area and c is the concentrat ion 
of salt :  this slope is independent  of the units in which N and c are expressed) and  
second the min imum salt concentrat ion at which the max imum adsorpt ion rate is 
reached. This la t ter  point was about o.x o,/o sodium chloride for latex adsorhing on to 
nitrocellulose and was similar for the glass and carbon surfaces. The figures obtained,  
however, were not very reproducible and varied not only  with the type of surfaces 
involved but also from batch to batch of similar surfaces. The highest requlrcment 
found was 5% sodium chloride for vaccinia particles adsorbing on to a gold surface. 

LOGIo N 
1.8 

t.4 I 

~.o] / 0  

,o" ,6~ ,~2 ,6J i ,b 
°]  o N a  CI 

Fig .  z .  T h e  l o g a r i t h m  o f  t i l e  n u m b e r  o f  l a t e x  p a r t i c l e s  (0 .25  it d i a m e t e r ;  2 .55"  lO TM p a r t i c l e s / n i l )  
a d s o r b e d  p e r  f ie ld  (~ .b. I o  -n c m  -~) i n  • r a i n  a s  a f u n c t i o n  t , f  t h e  l o g a r i t h m  o f  t h e  s a l t  c o n c c n t r a t i r m .  
T h e  d a s h e d  l i ne  s h o w s  t h e  t h e o r e t i c a l  Brox~-nian  c o l l i s i o n  f r e q u e n c y .  T h e  s l o p e  o f  t la~ i n i t i a l  r i s i n g  

portion of the graph (fi 10g Nt,~ log ~) is o.'~5. 

On the other  hand,  the slope of the initial portion of the curve showed a remark-  
able cons tancy and  reproducibil i ty.  With in  the limits of exper imental  error, it was 
independent  of the na ture  of the adsorbing surfztce. I t  varied wi th  the different sizes 
of la tex but  with each of the two types of virus particle was the same as for the  
correspondingly sized latex. There was little difference between the  results wi th  
sodium chloride and  those obtained with  other  univalent  cations, bu t  the  slope was 
doubled when divalent  cations (Ca ++ and  Mg++) were used. Trivalent  a luminium salts 
gave a slope, t ha t  was not significantly higher than  the divalent  salts. The valency of 
the  anion had  no effect on the  results, The results wi th  the v~rious particles, surfaces 
and  salts are summarized in Fig. 3 which shows the value of initial cons tant  slope 
8 (log N}/8(log c) plot ted against the size of the particle being adsorbed in the presence 
of various salts. 

EffeGt o /  so luble  proteiT, 

Some experiments wi th  inadequate ly  purifies suspensions of virus particles 
adsorbing on to the films on el tctron microscope specimel~ supports  gave unexpectedly 
10w rates of adsorpt ion:  consistent results were obtained only after  fur ther  purifica- 
Re/erences p. a 3. 
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F i g ,  3. T h e  M o p e  (d l og  :V/*) l og  c) - f  t h e  in i t i a l  r i s i ng  p o r t i o n  ~d p l o t s  o f  t h e  t y p e  sh()v¢ll i l l  Fig.  ; 
a s  a f u n c t h m  o f  t h e  d ia rn t ,  t e r  o f  t h e  p a r t i c l e  b e i n g  nt ts ,>rbod fr4m~ ~u.~pe*~_~i(rn_~ in v a r i o u s  s a l t s :  
O U n i v a l e n t  (NaCI  o r  KCI)  ; • d i v a h ,  n t  (MgCI~ o r  C a ( q  o) : :',. t r i v a l e n t  (AK'I:~). ,X. l a t e x  t).oS It 
d i a m e t e r ;  B,  fowl  p h t g l t e  v i r u s :  ( ' ,  I : t t ex  o . lO te  d i n m e t e r ;  l) ,  v a c c i n i a  virtt.~: ]i', l a t e x  o._'6 H ,.lia- 

m e t e r ;  F ,  l a t e x  o . . l o l t  d i a m e t e r ;  ( ; ,  h l t t ' x  t3.(~)/I d i a m e t e r .  

t i0n. This was supposed  to be due to tlle presence of soluble prote in  which, by adsorb- 
ing on the  surface involved,  confer red  hydrophi l ie  propert ies  on it and  thus hindered 
the adsorpt ion  of the particles.  This conclusion was confirmed by  adding i % bovine 
a lbumin to  a suspension of la tex particles.  The count  of adsorbed part icles fell to  
I o %  of  the  m a x i m u m  Brownian  ra te  and was independen t  of the salt  concent ra t ion  
over  the range o .o i  % to  18% sodium chloride. In  the  absence of the albumin,  o .1% 
or  more  sodium chloride gave the max i mmn adsorpt ion rate. ,%imil~r results were 
ob ta ined  when vaccinia and fuwl plague viruses were adsorbed on to glass, the count  
falling in the presence of 5%  serum to 7.2% and  9.80;, rcspcct ively  of the count  
ob ta ined  when the  part ic les  were adsorbed from G~v's  solution wi thout  serum, 
VVhen the glass coverslips wcrc t r ea t ed  with silicone an even more  marked  depress;or  
was observed .  

DISC U.qSION 

At first sight,  perhaps  the  most  unexpec ted  feature  of this invest igat ion has been 
the finding t h a t  the  ra te  at  which particles of the size of viruses come into collision 
wi th  a surface can be almost  exac t ly  predic ted  from Brownian theory  even when the 
suspension is being well and  cont inuous ly  shaken. This is almost  ce r ta in ly  to be 
expla ined by  supposing tha t  in contac t  with the surface is a layer  of fluid o . r -x .o  

: m m  th ick  which remains  v i r tua l ly  a t  rest a l though the rest of the fluid m a y  be in 
: motion.  An assumpt ion  of this sor t  is in fact the well-established basis of the t heo ry  

of viscoua flow. Now even large molecules can diffuse rapidly through such a layer  
and  the rate  at  which they  react  wi th  a surface can consequent ly  be considerably  

: inereascd by  shaking the  system. On the  o the r  hand,  particles the size of viruses 

:i lee[ereJzces p. 2 ~. 
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(say between 500 and z5oo A diameter) in Brownish motion will take on an average 
about  4 h to diffuse o.I  m m  and some I5 days  to diffuse I ram. The prdgenee of a layer 
of s ta t ionary  fluid above a surface thus  presents a very considerable barrier and  
even a shaken suspension is still v i r tual ly  diffusion-limited. 

This finding, however, makes it easy to give a reliable estinaate of the fraction 
of the virus particles in a suspension tha t  can reach a surface in a given time, valid 
at  least for t imes up to 2o h. The diffusion constant  of the virus, if the particles can 
be assumed to be reasonably spherical, is first calculated from equation (2) ; the  result 
will be sufficiently accurate  even if o ldy a rough est imate  of particle size can be 
given. Tim value obtained is then  subst i tu ted  either in equat ion (7) .Jr (8), whichever 
is appropriate,  i.," the surface is approximate ly  flat, or in equat ion (I6) for Adsorption 
on to ceils in suspension. The fraction of particles adsorbed af ter  various t imes is 
then  given. 

Such calculations at  once suggest t ha t  there should be a very  variable delay in 
the s ta r t  of infection af ter  the virus is added to a cell system. For  even if only  a thin 
layer of virus suspension lies above the cells it will still be at  least a ma t t e r  of hours 
before half the particles can have reached a cell surface. Such a phenomenon has in 
fact a l ready been observed experimental ly.  C:xIR.~'s 1D has reported tha t  when influenza 
virus infects the allanfoie cells of eggs there is a delay of about  8 h before half tim 
virus has ini t ia ted ~ infection. 

In general terms, the  observations on the effect of ions on adsorpt ion are readily 
explained, t~oth the latex and the virus particles carry  a ne t t  negative charge at  
pH values close to neutra l i ty .  An a luminium surface is posit ively charged and  in 
this case, therefore, there is no barrier to adsorption.  Hence adsorpt ion a lways  
occurred at  the calculated rate a t  which the particle~ diffused to the  aluminised 
surface. All the other  surfaces invest igated were negat ively  charged and  them was 
in consequence an electrostatic barrier to adsorpt ion of jus t  the same kind as t ha t  
responsible for the s tabi l i ty  o'.: a suspension of hydrophobic  particles, i.e. the layer  of 
similarly charged ions t h a t  extends from the surface of each particle out  into the 
fluid. The thickness of this layer can be reduced by  raising the  ionic s t rength  of the 
suspending fluid. Above a certain Strehgth, the surfaces of the particles can then 
come sufficiently close for short range a t t rac t ive  forces to bind them together.  Tha t  
such a process in outline explains the need for the presence of dissolved salts before 
either flocculation or adsorption can occur would be generally agreed. Probably  the 
most satisfac~_ory, and certainly the most elegant, account  along these lines a t t empt ing  
a quant i ta t ive  t r ea tment  of the problem is tha t  of V~.RWEV AYD OVERBEI,:K211, 21. 
Their t r ea tment  deals only with the interact ion of s~milar surfaces, but  it has been 
extended by others to  give an interest ing account  of the adsorpt ion of phage to 
bacteria22, 23, apparen t ly  with some measure of success. There are, however, theoret ical  
objections to the extension of the theory  to interact ion between dissimilar surfaces ~a 
so tha t ,  despite the  obvious need for such a general theory  in m a n y  branches of 
biology, any  application of this sort must  be carefully examined.  Certainly our results 
seem to  be in disagreement with the quan t i t a t ive  predictions of the extended theory,  
since it is possible to use the theory  to obtain an exFression~5 for the  fraction M of 
the collisions between surfaces t h a t  result in firm a t t achmen t  as a funct ion of the 
salt concentrat ion c. Now this fraction M is not s tr ict ly proport ional  to  the number  
of adsorbed particles because some of these m a y  have made several unsuccessful 

Re/erences p. .~ ?. 
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collisions before finally becoming attached,  but when the ratc of adsorption is ncarly 
equal to the Brownish  collision frequency, err  slope ,) log N]IO log v should be nearly 
the same as 0 log M/O log c (if anything it will be larger). According to the theory log 
M should be proportional to log a as, indeed, we 1,ave repeatedly found log N to be. 
But  the resulting constant  slope O log M/O log ~ shouhl vary in direct proportion 
to the particle size and decrease when a salt of a higher valency is used. In our ex- 
periments, the slope was not proportional to particle size and increased when a salt 
of higher valency was used. Again, tJm predicted slopes for univalent  salts are of 
ttm order of zo for the size of  particle we used, while our observed sIopes have  values 
of around o.25. Thus we find the theory of y F m w r v  A,~D OV~.I~lW.~':K does not give a 
satisfactory account  of our results on interactions between dissimilar surfaces. 

The observation that divalent ions douhle the value of the slope 0 log N/O log c 
found with univalent ions but  that trivalent ions have only  a slight additional  effect 
suggests  that perhaps the slope is a function of the  size of the ion.~ rather than their 
valency.  This would  parallel our finding that it is the particle size mad ,mr ~,pparently 
its surface charge  that  is re lated to the  s lope.  

The  m e t h o d  of  c o u n t i n g  Lhe n u m b e r  of  part ic les  adsorhed  to the  films on  electron 
microscope specimen sapports  provides a very simple technique for est imating the 
partic le  c o u n t  in a suspens ion .  As a lready  ment ioned ,  h o w e v e r ,  the  m e t h o d  g ives  a 
reliable figure o n l y  if the  suspens ion  is free from soluble  protein.  

AC ]{NI ) V¢ L I.'. I){ ~ F+ 5IE N'I'S 

We are indebted to Dr. A. S. McF,x~L,~m~ for labelling the vaceinia virus with radio- 
active iodine, to Dr. H. G. PERI-:[It.X for helping with the preparation of the labelled 
fowl  plague virus, and to Dr. C. K,~I't.AN for supplying the vaceinia virus. 
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