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SUMMARY

It has been shown experimentally that even in a shaken system the rate at which
virus and similarly sized particles in suspension arrive at a surface can be accurately
predicted from the theory of Brownian motion. Equations are deduced from which
the rate of arrival of particles on flat and spherical surfaces can be calculated. Experi-
menis with various non-biological surfaces have shown that all the impinging particles
are adsorbed when a sufficient concentration of ions is present. The effects of various
cancentrations of different salts on rates of particle adsorption have been investigated.
It is concluded that the results are at variance with current theories of particle-
surface interactions. They also suggest that a considerable delay in the start of a
virus infection may result from the long time needed for the virus io reach a cell
surface.

' INTRODUCTION

Virus particles produce a biological effect only after adsorption to a cell surface, and
for this to occur the virus obviously has to be able to reach the surface and interact
with it. Viruses are not actively motile and must rely for transport on their own
random Brownian motion and on movements of the fluid in which they are suspended.
The experiments to be described here were an attempt to find out the factors
determining the rate at which particles in a suspending fluid reach a surface and what
then determines whether they will be adsorbed to it. Of particular interest was the
question of whether the adsorption of a virus particle to a cell surface differs in any
significant way from the adsorption of a non-biological object of a similar size to an
inorganic surface. The first part of this paper is concerned with the theory of Brownian
motion as it relates to the rate at which particles in suspension will be expected to
arrive at a surface. The second part is a description of experiments to determine
" the rate at which virus particles and polystyrene latex spheres are actually adsorbed
by various non-biological surfaces. The counts of the numbers of adsorbed p: rticles
were made ‘either with the electron microscope or by using radioactively labelled
particles. In a subsequent paper these basic observations will be extended to the
adsorption of viruses to cell monolayers and to cells in suspension,
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THEORY

Sununary of symbols used

&, radius of particle

A, adsorbing area

¢, concentration of particles in the fluid (number per unit voline}
&g, concentration of particles at the start

i, depth of fluid above surface

D, diffusion constant of particles

¢, base of natural logarithms (2.718}

/. fraction of the initially suspended particles adsorbed
%k, Boltzmain's constant (1.38-10-19)

K, rate constant

2, an integer

#, number of adsorbing spheres per unit volume

N, number of particles adsorbed per unit surface area
P, number of unadsorbed particles per unit volume
r, distance from centre of adsorbing sphere

R, radius of adsorbing sphere

t, time

7', absolute temperature (°C - 273)

x, space co-ordinate normal to adsorbing surface

B, constant of integration

7, viscosity of suspending fluid

We consider first the problem of a flat surface covered to a depth & with a suspension
of uniform spherical particles moving with a diffusion constant D. An expression is
derived for the number of particles that collide with the surface in a time £ This
expression gives the maximum rate at which particles can be adsorbed on to the
surface, 7.e. when every particle that collides with it remains permanently attached.
Motion of the fluid and sedimentation of the particles are ignored as it will be shown
experimentally that in most cases they have a negligible effect on the result.
Particles in random motion conforin to the diffusion equation which, if the
x-coordinate is taken in the direction normal to the surface, has the form

de e

wﬁu__dxz (1)

where ¢ is the concentration of particles at any point.
For spherical particles moving in Brownian motion, the diffusion constant D

is given byl
AT
- bana

= (2)
where & is Boltzmann’s constant (1.38-i07'%), T the absolute temperature, n the
viscosity of the suspending fluid and a the radius of the particles. If, in addition to
Brownian motion, other factors are acting but the motion remains random, then the
same equation (1} will hold but D will be larger than the value given by equation (2).

Initially the particles are uniformly suspended with a concentration everywhere
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of 6 = 6. Adsorption starts and if we assume that every collision with the surface
leads to a permanent attachment of the particle, then at the surface ¢ = o since
the adsorbed particles are no longer free to diffuse. A concentration gradient is thus
set up and the rate at which particles hit a unit arca of surface is given (from the
definition of the diffusion constant) by

dV” D E)c)
x=o0

d¢ ox 3

dc -
where (_é?) is to be obtained by solving the diffusion equation (1) for the ap-
B A =0

propriate boundary conditions. We already have for these

-

t=0 c=cgloro< r<d (4)

>0 c=o0forxr =0 {(3)

and a third condition depends on whether the particles are adsorbed or reflected
at the top suriave of the fluid, In the former case, for ¢ > o ¢ = o for ¥ = d while
in ihe latter we introduce an artificial “‘mirror image™ fluid above the top surface
with ¢ = o again only when x = 2d. Since we shall be concerned mainly with cases
where adsorption on the top surface is prevented and since in any case the difference
only affects the numbers adsorbed to the surface after long times, the second conditioa
will be taken to apply and we shall havs

{0 ¢=aofory = 2d (6}
The solution of the diffusion equation (1) with the boundary conditions (4),
(5) and (6) is given by?

] :miuo [(.: m -+ l)nx] c_(2 m 4 10)%aE Dt fyd®
‘ e (2 + ]}_—l:

=0 '
de _ 2% 08 [(-— m + 1)’!4’] o-{2m + 1)%2 Dtjya?
dx d 2d

and OC) Z

On substituting this back into equation (3} we obtain

M=o

0 (2 + 1)%n® Difqd?

=00
&'\_f _ 2Dr’,‘0m? e-(2m + 1)2x? DY 4d?
dt d St

M=o

and on integration this gives the number of particles adsorbed on unit area after a
time { as

N=f-— 2 [ i I e-lzw 4 :}2n-D£,'4d2]
1 (zm + 1)

where £ is a constant of integration. Now as ¢ becomes large, the exponential term
tends to zero so that g is, in fact, the number of adsorbed particles per unit area
when ¢ = oo, 7.e. the number originally in suspensxon above unit area. Thus § = ¢
and so the fraction f of the particles originally in suspension which are adsorbed to
References ¢, 23.
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a flat surface after a time ¢ (assuming that every collision between a particle and the
surface leads to adsorption) is given by

.\r 8 n=m 1
f == - == - ———
B Fr (zm -~ 1)2
M=o

e (2 At D

The infinite series can be replaced by one of two approximations {accurate to better
than 1%) depending on the value of D¢/, First, for Dt/d® = o to 0.12,
1.13 v Dy
foe —S—— (7}

F
This expression holds until 4o%, of the particles have been adsorbed on the surface.

For Dt/d? = 0.06 to o=

2 ] .
f=1— = o gl )

and this approximation can be used when more than 289, of the particles have been
adsorbed.

In terms of the actual number N of particles adsorbed per unit area these ex-
pressions become: for less than 409, of the particles adsorbed

N = .3 cn\,/})?, (a)

for more than 282, of the particles adsorbed

8 3 2
N = c¢d (1 — = TP ) (ro)

Foyr particlcs in Brownian motion, the value of the diffusion constant D to be used
in equations (7) to (10) is given by equation (2).

We now derive an expression for the maximum rate at which particles can he
adsorbed by a suspension of cel’s, 7.¢. when every collision between a particle and a
cell leads to permanent adsorption. The cells are assumed to be uniform spheres of
radius R and the effects of sedimentation and convection again ignored.

First we consider the case of a single sphere which adsorbs particles from an
effectively infinite volume of fluid containing initially ¢, particles in unit volume.
When adsorption starts the concentration at the cell surface falls to zero (since the
adsorbed particles are no longer free to diffuse) and a concentratici: gradient is set
up. After a time interval ¢ the concentration ¢ of particles at any distance » from the
centre of the sphere will be given by*

K ¥ —— R
c‘,—c:_ﬁ](lﬁ-crf—,f) (rz)
¥ 2V i

where the diffusion constant D of the particies, if they are spherical and move in
Brownian motion only, is given by equation (2). Erf stands for error function (i.e.

2 X a :
erfy = ——= e de).,
" o )

On differentiating equation (11) along a normal to the surface of the adsorbing
sphere and using the expression

—d arf d _——_hj) 2= — f——,[:: c“(" — K 4 D! .
dr 24Dt Vi i
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we obtain
de fLey ( ¥y — H) ey v — R)¥/aDr.
—_— = | 1 —erl e 12}
d» ¥E 2+ D1 Yo g Dt (

Now the rate of arrival of the particles on the surface of the sphere is given, by the
definition of D, as
C
= ED( dr)

£.6., using equation (12) after substituting r = R,

_%1;. = 47 R:D, (-}‘f- + v‘ﬁ)' (13)
Suppose now that we have not an infinite volume of fluid but one whose volume is
nevertheless considerably larger than that of the adsorbing sphere. Except near the
surface of the sphere, we shall have a nearly uniform but slowly falling concentration
¢ of particles and the rate of adsorption wili thus be very nearly given by substituting
¢ for ¢, in equation (13) .

de 1 I
— L - ::R%Dc(——--;——w).
ar —4 I VaDi

If now then there are not one but » similar adsorbing spheres in unit volume, we can
write, after separating the variables,

j?— = —ﬁ-41nRD(

R
dt
vV D.‘)
and after integration

¢ = ¢, a—tnn RD (t + R VinD).

The fraction of the original number of particles adsorbed on the cells after a time ¢
is thus finally obtained

f=co;:0 = | — e-4mBRD (t + R VUaD) (14)

The rate of adsorption of particles to cells has often been expressed in terms of.
a rate constant K defined by the equation

—_ _d(§ = KPn

te. P =P, oKt
or f = I — g-dint {I5).

where P is the number of unattached particles per unit volume at any time ¢ and #.
the number of adsorbing cells, This use of a rate constant was introduced some time:
age as a convenient way of expressing rates of phage adsorption by bacteriat-e..
However, equation (x4} shows that in fact K so defined will only be a constant when.
the second term in the exponential R4 /#/zD is negligible compared with ¢, This:
requires that R is very much smaller than 4 /7Dt Now for viruses, D is of the order of:
107% so that after, say, 60 sec, A/aDt is about 14 p. Thus for the adsorption of phage:
to bacteria, which have a radius of about 0.5 g, K is a true constant and is a useft.lf
References p. 23.
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measure of the rate of adsorption, In such cases K = 47%RD as can be seen by com-

“paring equations (14) and (15). But equation {13) has also been used for adsorption
of viruses to red blood cells” and to tissune culture cells?.? which have radii of 4-10 u
and here K should not be a constant until about an hour after adsorption starts.
With these larger cells, therefore, the use of a rate constant may not be a satisfactory
way of expressing rates of adsorption. For adsorption on to flat surfaces and cell
monolayers the use of a rate constant K is certainly quite unjustifiable. As equations
{7) and (8) show, for a flat surface it is only in the later stages of adsorption that an
equation of the form of (15) is approximatcly valid and even then any measurement
of a rate constant would depend entirely on the depth of fluid used.

EXPERIMENTAL
Preparation of the adsorbing surfaces

Electron microscope specimen supports were prepared in the usual way with a
film of nitrocellulose. In some experiments this film was then covered with a Jayer
of carbon by placing the supports 10 cm below a pair of carbon rods passing 50 A in
a high vacuum for 2 secl®. In other cases the films were covered with a Iayer of alu-
minium or gold by evapoerating on to them a small length of wire hung from a tungsten
filament in a high vacuum as for the usual metal-shadowing technique of electron
microscopy. :

Glass coverslips were also used as adsorbing surfaces. These were well cleaned
and then broken into rectangular pieces measuring 2 cm-x 1 cm. For some of the
experiments a layer of aluminium was similarly deposited on them.

Polystyrene lafex barticles

Polystyrene latex spheres are available in distiiled water suspensions containing
particles of a uniform sizetl. (These suspensions are available through the generosity
of the Dow Chemical Corporation, Midland, Michigan, U.S.A.) The particles can be

" obtained as monodispersed suspensions covering a range of sizes between ¢c.08 p
and 1.z p in diameter and the following batches were used: L5-040-A; LS5-055-A;
LS-066-A; 15N-8; 580-G (the latter is no longer obtainable).

The diameter of the particles in batch 580-G has been accurately determined

in a number of laboratories and a figure of 0.259 p agreed on. The diameters of the
. particles in the other batches were measured by mixing them with 580 G and measur-
~ing the ratio of the diameters on electron micrographs. The resulis were confirmed
" by measurements made on electron micrographs of the particles on aluminium replicas

of a standard grating; in this case the ratio of particle diameters to the space between
" the grating rulings was found. The mean diameters obtained were: LS-040-A, 0.08u;
'LS-085-A, 0.16p; 15N-8, 0.464; LS-006-A, 0.6gu. In some cases these figures are
" appreciably (up to 15%) lower than those given by the manufacturers (¢f. KELLEN-
“BERGER'S rernarks!?).
Particle counts in the suspensions were determined from the dry weights of
" 0.z m! volumes of the suspensions as supplied which contained about 10% w/w of
."solids. A figure of 1.05 g/ml was taken for the density of the latex3,13, The calibrated
-::__'sﬁspensions were then accuarately diluted with a suitable volume of water before use.
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[32P]-labelled fowl plague virns

WECKER AND SCHAFERM™ and IFRANKLIN, RUBIN and Davis!® have reported the
incorporation of 32P into fowl plague and Newcastle disease viruses grown in tissue
culture with very much higher activities than those obtained by other workers
grawing viruses in eggs. The technique described here has given the highest specific
labelling so far reported for an animal virus,

Six 10-day-old chick embryos were treated with trypsin, washed?® and resus-
pended in 150 ml of the following medium: 2.5 ml calf serum, 0.5 ml lactalbumin
hvdrolysate, 100 units penicillin, 100 ug streptomyein and 50 units Mycostatin per
100 ml Gey's solution. 15 ml carrier-free 2P (3 mC) was added to the suspension,
which was distributed in 3 1-litre Roux flasks and incubated over ight. Fowl plague
virus (Dutch strain) was added to the suspensions to give 2.3 - 10? plaque-forming units
per ml. The virus was harvested after 3 days’ incubation at 37°.

The fluid was decanted and cooled to 1° and the virus adsorbed on to fowl red
cells. The tissue cells left in the culture flasks were suspended in Gey’s solution
without bicarbonate and frozen and thawed twice, The liberated virus was similarly
adsorbed on to red cells and all the red cells were then pooled and well washed with
ice-cold saline. The virus was eluted from them by incebating at 37° for 3o min,
After sedimenting the cells, the supernatant containing the eluted virus was dialysed
overnight and the virus particles deposited by centrifuging at zo,coc g for 2 h. The
deposit was resuspended and the final product had a virus particle count (determined
by electron microscopy} of 8.4-101° particles per ml and a specific activity of 1060
counts/min per haemagglutinating dose.

(181 -labelled vaccinda viri:s

A suspension of vaccinia virus was obtained from rabbits and concentrated
and partly purified by differential centrifugation. The virus was then flocculated in
I M NaCl¥, washed and the highly purified product was suspended in 0.604 M phos-
thate-citrate buffer, pH 6.5. 2.3 ml (1.8 mg virus) received’ 0.30 mg 131 - carrier-
free iodine dropwisc until the solution had a faint yellow colour fellowed by o.15 ml
c.25 M glycine buffer, pH g.5. This decolourised the sotution, which was then dialysed
to remove all the radicactivity not bound to the virus. Of 205 uC added initially,
34 #C remained in the virus suspension,

Adsorption

The latex particles were adsorbed on to ihe filims covering the ¢lectron microscope
specimen supports by placing drops of about 2 mm diameter of a suspension containing
101%-101 particles per ml on each filin. The preparations were left in a water-saturated
atmosphere for varicus times up to 30 min and then the supports were washed in a
large volume of distilled water to remove the nnadsorbed particles.

Latex particles were adsorbed on to the coverslips by filling 10-ml test tubes
with a suspension of 10’108 particles per ml. The coverslip was then introduced and
the tube stoppered. Adsorption was allowed to continne for various times up to 2o h
when the coverslips were removed and washed in a stream of distilled water.

In order to economize on the volumes required, this technigue was slightly
modified for the adsorption of the virus particles. An 0.1 ml volume of the labeiled

References p. 23.
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virus suspension was run between the coverslip and the inside of the test tube which
had been treated with silicone. '

Counts of adsorbed particles

The number of latex particles adsorbed on to each film was counted directly
with the electron microscope. The mean number of particles per field at a magnification
of about - 6000 was found and the area of the ficld measured in terms of the diameter
of the latex particles. .

The suspension of the largest latex particles (Batch LS$-066-A} was adsorbed
on to coverslips and counts made with a phase contrast microscope. The field was
defined by a rectangular stop and its area measured with a micrometer evepicce.

The fraction of the virus particles adsorbed on to the coverslips was measured
by the ratio of the radioactive count which was found on the well washed coverslips
after adsorption to that found when the whole of the added volume was dried down
on to them.

The radioaccive counts in the case of the [ isotope were measured with a sodium

iodide crystal scintillation counter and the *2P isotope with an end window Geiger
counter. i

RESUVLTS

When polystyrene latex or virus particles were adsorbed on to an aluminium surface,
thie number adsorbed in a given time was found to be independent of the concentration
of clectrolyte added to the suspension; in fact adsorption proceeded equally fast from
distilled water. With all the other surfaces used, however, adsorption only occurred
at the maximum rate when sufficient electrolvte was present and was slow or neglig-
ible from distilled water or sucrose solutions. Therefore, except in the case of
aluminium surfaces, 1%, sodium chloride was added to the suspensions. Ft was then
found that the number of particles adsorbed per unit area in a given time was the
same for every type of surface and in excellent agreement with the caleulated number
of particles colliding with the area as a result of Brownian motion (equations (2)
and (g9)). The actual numbers of latex particles {(580-G) and vaccinia particles adsorbed
from drops on to various films in 4 min and counted with the electron microscope
are given in Table I.

According to theory (equation g) it is the squarce of the nuiber of adsorbed
particles that should increase linearly with time and the fulfiliment of this prediction
is shown in Fig. © where the squares of the numbers of latex particles of two different
sizes (580-G and LS-055-A} adsorbing on to carbon films znd counted with the
electron microscope have been plotted. The drawn lines were calculated from equa-
tions (2) and (y) and it the observed points well.

To aveid any effects from evapuration, which was apt to occur despite the use
of saturated atmospheres, these experiments with drops of suspensions adsorbing
to films were only followed for times up to 30 min. Adsorption for longer times was
studied by using coverslips immersed in suspensions of the largest latex particles
{LS-066-A) and in this case the effect of varying degrees of shaking on the rate of
adsorption was also investigated. In these longer experiments clumping of the latex
suspensions was a complicating factor when salts were present and, to avoid this
References p. 23,
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TABLE I

LATEX PARTICLES ADSORHBED TD VARIOUS FILMS

A suspension in 19, sodium chloride of latex particles of diameter 0,26 g (2,5 1ol particlesfml

and a suspension of vaccinia particles (2.6- 101 particlesjml) were adsorbed for 4 min at 21°

{n = o.01}
Darticle vownt adsovbed (5. SE* 1o~ em®
Adsorbing surface
Lates Vaceinie
Nitrocellulose 5.3 £ 0,2 6.0 4+ 0.1
Carbon 5.4 £ 0.1 0.1 L o.x
Aluminium 5.5 0.2 6.2 L 0.3
Gold 4.9 -+ 0.3 5.6 - o.4
Brownian theory collision
frequency ™™ 5.0 6,3 "

* Variation in the count per field shown to have a Poisson distribution.
“* Calculated from equations (2) and {9g).
" " Particles assumed to be spheres of radius 0.11 p.

N2
150

100

SO'}

s 10 IS
TIME (MINUTES)
Fig. 1. The square of the number of latex particles adsorbed per 10-7 cm? as a function of time,
O Latex 0.26 p diameter in suspension containing 1.5+ 101? particles/ml. @ Latex ©.16 u diameter
in suspension 2.3+ 10' particles/ml. The drawn lines give the thearetical values of the numbers of
particles colliding with the surface doe to Brownian motion calculated from equations (2) and (g).

difficulty, the coverslips were aluminized so that distilled water suspensions could
be used. Adsorption was allowed to proceed under three conditions of agitation
—with the tubes standing in a rack {which will be referred tc as “‘at rest”’), with tubes
continuously rotated in a rolling device at 1 revolution in 6 min (“'rolled”) and more
violently shaken by a mechanism which inverted the tubes 3 times a min {"‘shaken’’).
Rather unexpectedly, the counts of adsorbed particles (made witl the phase contrast
microscope) were almost identical in ecach of these systems and even over periods
of up to 18 h all still followed the theoretical number of Brownian collisions (Table IT).
The experiment was repeated with vaccinia and fowl plague virus particles suspended
in sucrose and adsorbed “at rest’” on to aluminized coverslips. The fractions of the
viras adsorbed after times up to zo h as given by the radioactive counts are shown
in Table ITI. Again the thecretical values deduced from equation (7) were closely
followed.

Refevences p. 23.



vor. 34 (1959) VIRUS PARTICLE ADSORPTION 9

TABLE IT
ANSORPTION OVER LONG TIMLES WITH VARYING AGITATION

A suspension of Iatax particles of diameter 0.69 u (1.5 107 particles/mi} adsorbed on to alumininm
surfaces with varying degrees of agiration at 217 (5 = o.o1).

b8
L Particle counts indsorbed £ -1 SF% ) e pr=31rm®
Time 1y PP —_— ——— e - —— R
AL rest Relled Nirken ¥ Broestfun theorps®
0.5 6.2 - 0.3 L5 - 0.5 5.6
1 7-5 — o0 -— - 8.0
2 lo.g + 0.g 12.3 - o5 — e,z
4 L7.9 ¢ OB 21,7 o0 - — 15.4
1% K15 T B et 3214 1.8 20.5 2.2 33.7

1

L4 L - . . ~ . . .
. Variations in the count per field shown to be Poissonian in all cases.
Calculated from equations {2} and (o).

TABLLE 111

ADIRORPTION OF VIRUS PARTICLES TO ALUMINIUM SURFACES

Particles suspended in 0,25 A sucrose (y == ootz at 21 ) and adsorbed from a laver o.1 cm thick.

o particies adsarhied

Frime ()

e Hrownian
Experiment thearye

Vaceinia®* 3 13 15
10 35 30

Fowl plague™” Q.25 7 7
0.5 TE o

1 Ty T4

2 2t 20

20 56 63

- Calcufated from equations {2) and (7).
Assumed spherical with radius o.11 g,
*** Assumed spherical with radius o.o4 .

*

The effect of ions on adsorption

As already mentioned, the rate of adsorption of particles on to an aluminiom
surface was independent of the salt concentration, but for adsurption on to the other
surfaces investigated (nitrocellulose, carbon, gold and glass) the maximum rate was
only reached when an adequate concentration of ions was provided. In these cases
a typical curve was obtained when the logarithm of the number of particies adsorbed
on unit area in a given time was plotted against the logarithm of the concentration
of salt in the suspension, Fig. z shows the results of an experiment in which latex
particles (580-G) were adsorbed on to nitrocellulose films from suspenstons containing
various strengths of sodium chloride. Plotted as described, the points lie on a line
which rises linearly until the adsorbed count equals the Brownian collision frequer y
and then continues at this level for all higher concentrations of salt. (A slight fali at
very high salt concentrations was sometimes observed, but this was accounted for
by clumping of the particles in suspension.} A similar plot was found with all the
other surfaces and with the different particles. Each curve can thus be represented

References p. 23.
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by two parameters, first the slope of the initial rising portion (i.c. & (log IV)/d(log c)
when N is the number of adsorbed particles in a given area and ¢ is the concentration
of salt: this slope is independent of the units in which N and ¢ are expressed) and
second the minimum salt concentration at which the maximum adsorption rate is
reached. This latter point was about 0.19 sodium chloride for latex adsorbing 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 requirement
found was 59% sodium chloride for vaccinia particles adsorbing on to a gold surface.
LOG, . N

1Q
I.SW
i
1.4
1.2
(o]
1.0
164 o2 162 o I 1o

%, Na Cl

Fig. 2. The logarithm of the number of latex particles (0.26 g diameter; 2.55- 101 particlesfml)

adsorbed per field (1.6 10-% cm?®) in 1 min as a function ol the logarithm of the salt concentration.

The dashed linc shows the theoretical Brownian collision frequency. The slope of the initial rising
portion of the graph {4 log N/d log ¢} is 0.25.

On the other hand, the slope of the initial portion of the curve showed a remark-
able constancy and reproducibility. Within the limits of experimental error, it was
independent of the nature of the adsorbing surfuce. It varied with the different sizes
of latex 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 with
sodium chleride and those obtained with other univalent cations, but the slope was
doubled when divalent cations (Cat*+ and Mg++) were used. Trivalent aluminium salts
gave a slope that was not significantly higher than the divalent salts. The valency of
the anion had no effect on the results, The results with the various particles, surfaces
and salts are summarized in Fig. 3 which shows the value of initial constant slope

8 (log V}/&(log 5) plotted against the size of the particle being adsorbed in the presence
of various salts.

Efect of soluble pratein

Some experiments with inadequately purified suspensions of virus particles
adsorbing on to the films on elc2tron microscope specimel: supports gave unexpectedly
low rates of adsorption; consistent results were obtained only after further purifica-

- References H. 23.
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SLOG N
dLoG C
0.8 -
Q.7 1 TRIVALENT
0.6 4 W
0.5 -
0.4
0.3 UNIVALENT
0.2+
o,
AB c D E £ G
| PP N B S . I . I,
o.1 c.2 0.3 0.4 0.5 0.6 0.7
DIAMETER a4

as a function of the diameter of the particle being adsorbed from suspensions in various salts:

O Univalent {(NaCl or KCI): @ divalent (MpCl, or CaCly): A trivalent (AICL). AL latex v.af p

diameater; 13, fow] plague virus: €, latex o.i6 g¢ diameter; D, vaccinia virus; K, Iatex 0,10 ¢ dia-
meter; F, latex 0.0y diameter; G, Iatex o.0g p diameter.,

Fig. 3. The slope (& log N0 log ¢) of the initial rising portion of plots of the type shown in [Fig. 2

tion. This was supposed to be due to the presence of soluble protein which, by adsorb-
ing on the surface invelved, conferred hydrophilic properties on it and thus hindered
the adsorption of the particles. This conclusion was confirmed by adding 19 bovine
albumin fo a suspension of latex particlies. The count of adsorbed particles {fell to
10% of the maximum Brownian rate and was independent of the salt concentration
over the range 0.01% to 182, sodium chloride. In the absence of the albumin, o.1%
ot more sodium chloride gave the maximum adsorption rate. Similar results were
obtained when vaccinia and fowl plague viruscs were adsorbed on to glass, the count
falling in the prescnce of 59 serum to 7.2% and 9.8%; respectively of the count
obtained when the particles were adsorbed from GEyY’s solution without serum,
When the glass coverslips were treated with silicone an even more miarked depression
was obscrved.

DISCUSSION

At first sight, perhaps the most unexpected feature of this investigation has been
the finding that the rate at which particles of the size of viruses come into collision
with a surface can be almost exactly predicted from Brownian theory even when the
suspension is being well and continuously shaken. This is almost certainly to be
explained by supposing that in contact with the surface is a layer of fluid o.1-1.0
mm thick which remains virtually at rest although the rest of the fluid may be in
motion. An assumption of this sort is in fact the well-established basis of the theory
of viscous flow. Now even large molecules can diffuse rapidly through such a layer
and the rate at which they rcact with a surface can consequently be considerably
increased by shaking the system. On the other hand, particles the size of viruses
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(say between 500 and 2500 A diameter) in Brownian motion will take on an average
about 4 h to diffusc 0.1 mm and some 15 days to diffuse 1 mm. The presence of a layer
of stationary fluid above a surface thus presents a very considerable barrier and
even a shaken suspension is still virtually diffusion-limited.

This finding, however, makes it easy to give a reliable estimate of the fraction
of the virus particles in a suspension that can reach a surface in a given time, valid
at least for times up to 20 h. The diffusion constant of the virus, if the particles can
be assumed to be reasonably spherical, is first calculated from ecquation (2} ; the result
will be sufficiently accurate even if only a rough estimate of particle size can be
given. The value obtained is then substituted either in eguation {7} ur (8), whichever
is appropriate, if the surface is approximately flat, or in equation (16) for adsorption
on to cells in suspension. The fraction of particles adsorbed after various times is
then given.

Such calculations at once suggest that there should be a very variable delay in
the start of infection after the virus is added to a cell system. For even if only a thin
laver of virus suspension lies above the cells it will still be at least a matter of hours
hefore half the particles can have reached a cell surface. Such a phenomenon has in
fact already been observed experimentally, CATrRxs™ has reported that when influenza
virus infeets the allantoie cells of eggs there is a delay of about 8 h before half the
virus has initiated an infection.

In general terms, the cbservations on the effect of ions on adsorption are readily
explained. Both the latex and the virus particles carry a nett negative charge at
pH values close to neutrality. An aluminium surface is positively charged and in
this case, therefore, there is no barrier to adsorption. Hence adsorption always
occurred at the calculated rate at which the particles diffused to the aluminised
surface. All the other surfaces investigated were negatively charged and there was
in consequence an clectrostatic barrier to adsorption of just the same kind as that
responsible for the stability of a suspension of hydrophobic particles, ¢.e. the layer of
siinilarly charged ions that extends from the surface of cach particle out into the
fluid. The thickness of this layer can be reduced by raising the ionic strength of the
suspending fluid. Above a certain strength, the surfaces of the particles can then
come sufficiently close for short rangc attractive forces to bind them together. That
such a process in outline explains the necd for the presence of dissolved salts before
either flocculation or adsorption can occur wouid be generally agreed. Probably the
most satisfaclory, and certainly the most elegant, account along these lines attempting
a quantitative treatment of the problem is that of VERWEY AND OVERBERKEZMEL,
Their treatment deals only with the interaction of similar surfaces, but it has been
extended by others to give an interesting account of the adsorption of phage to
bacteria??.22, gpparently with some measuve of success. There are, however, theoretical
objecticns to the extension of the theory to interaction between dissimilar surfaces®t
so that, despite the obvious need for such a general theory in many branches of
biclogy, any application of this sort must be carefully examined. Certainly our results
seem to be in disagreement with the quantitative predictions of the extended theory,
since it is possible to usge the theory to obtain an expression® for the fraction M of
the collisions between surfaces that result in firm attachment as a function of the
salt concentration ¢. Now this fraction M is not strictly proportional to the number
of adsorbed particles because some of these may have made several unsuccessful
References p. 23.
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collisions before finally hecoming attached, but when the rate of adsorption is nearly
equil to the Brownian collision frequency, our slope @ log N log ¢ should be nearly
the same as g log M8 log ¢ (if anything it will be larger). According to the theory log
M should be proportional to log ¢ as, indeed, we have repeatedly found log N to he.
But the resulting constant slope @ log M/d log ¢ should vary in direct proportion
to the particle size and decrcase 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, the predicted slopes for univalent salts are of
the order of 10 for the size of particle we used, while our observed slopes have values
of arounc 0.25. Thus we find the theory of VERWEY ann OveErBbreEK does not give a
satisfactory account of our results on interactions hetween dissimilar surfaces.

The observation that divalent fons double the value of the slope @ log N/ log ¢
found with univalent ions but that trivalent ions have only a slight additional cffect
suggests that perhaps the slope is a function of the size of the ions rather than their
valency. This would parallel our finding that it is the particle size and not appuarently
ite surface charge that is related to the slope.

The method of counting the number of particles adsorbed to the films on clectron
microscope specimen sapports provides a very simple technigue for estimating the
particle count in a suspension. As already mentionerl, however, the method gives «
rcliable figure only if the suspension is free from soluble protein.
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