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The aggregation of poliovirus and reovirus was followed in buffers at various
pH values by means of a single particle analysis (SPA) test. The SPA test used
here was modified from the original test reported earlier to prevent disaggregation
ofvirus clumps from invalidating the results. The modified SPA test demonstrated
that the efficiency of aggregation, which is a measure of the percentage of
collisions which are effective in producing an aggregate, may vary widely depend-
ing on the conditions in which the virus is placed. The modified SPA test was
also used to demonstrate that the kinetic features of viral aggregation follow the
classical laws of colloid particle aggregation, which in turn are solely dependent
upon diffusion of the particles as caused by brownian motion.

In a previous paper (3) we reported that the
state of aggregation of a virus suspension was
strongly dependent on the ionic composition of
the suspending medium. Although different vi-
ruses gave differing results, generally both reo-
virus and poliovirus were stable in saline solu-
tions at or near physiological strength, and di-
lution into water at pH 7 or into buffers at low
pH caused aggregation to occur. Aggregation in
water at pH 7, however, was found to be revers-
ible by the addition of salts. Furthermore, diva-
lent or monovalent ions incorporated into the
buffers at low pH were capable of preventing
aggregation. In addition to these data, collected
by electron microscopy, kinetic curves of aggre-
gation were generated by the single particle anal-
ysis (SPA) test, which utilized the different sed-
imentation rates of different aggregate sizes in
the ultracentrifuge to determine the relative pro-
portion of single particles remaining in a virus
suspension. These kinetic curves indicated that
virus particle aggregation was similar to, but not
identical to, theoretical curves of aggregation as
calculated by the equations of von Smolu-
chowski (9, 10). We have determined that the
discrepancy between the calculated and ob-
served kinetic curves lay in the manner in which
the test was performed, and we have modified
the SPA test accordingly to produce results
which now yield a closer fit to the predicted
curve of aggregation.
These studies have been undertaken to pro-

duce a method which will provide quantitative
data on the amount of aggregation in a virus
suspension. As such, they are particularly appro-
priate to viral disinfection studies in which ag-

gregation has been implicated in complications
in the results (1). The modified SPA test de-
scribed here allows such a quantitation, and the
nature of the modification and the general char-
acteristics of viral aggregation are described.

MATERIALS AND METHODS
Viruses and cell lines. The Mahoney strain of

poliovirus type 1 and the Dearing strain of reovirus
type 3 were grown in roller cultures of HEp-2 and L
cells, respectively. Purification and plaquing tech-
niques have been described (2, 8), although purified
virus stocks were also prepared in sucrose gradients in
0.05 M tris(hydroxymethyl)aminomethane-hydro-
chloride, pH 7.2, as well as phosphate. Physical assays
of poliovirus and reovirus by agar pseudoreplication
and kinetic attachment methods have been previously
described (6, 7). The SPA test has also been described
(3). Briefly, an SPA test is an ultracentrifugal method
of determining the concentration of single particles
remaining in a viral suspension and is based on the
difference in sedimentation velocity between single
particles and aggregates. Conditions for the centrifugal
run are selected such that aggregates are forced into
the bottom half of the tube, leaving singles in the top
half. The top half is then removed, plaque titrated,
and compared to a control of known monodispersed
virus.

Buffers. All buffers were made with American
Chemical Society primary standard buffer salts or
enzyme grade reagents whenever possible. All solu-
tions were prepared in distilled, deionized water, then
filtered through membrane filters (Millipore GS; 0.22-
pm average porosity) for sterilization and to remove
as much debris as possible to which virus particles
might attach. Phosphate-buffered saline consisted of:
NaCl, 0.14 M; KCI, 0.003 M; Na2HPO4-KH2PO4, 0.01
M, pH 7.4; MgCl2, 0.5 mM; CaCl2, 1.0 mM; and glucose,
0.1%.
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RESULTS
Quantitative aggregation of poliovirus.

In our previous publication (3) we showed that
the aggregation of poliovirus and reovirus could
be quantitated by the use of the SPA test and
that the kinetic curve showing the rate of aggre-
gation could be divided into two phases: (i) an
initial rapid aggregation phase and (ii) a level
phase during which little or no further aggrega-
tion took place. This type of kinetic curve was
found to be at variance with the theoretical rate
curves of aggregation as defined by von Smolu-
chowski (9, 10) who determined that aggregation
should be a continuing process, not marked by
a period during which no aggregation takes
place. Furthermore, we also found that aggre-
gation of reovirus at pH 3 was characterized by
greater aggregation at lower virus concentra-
tions than at higher concentrations. This char-
acteristic is not accounted for by the von Smo-
luchowski calculations which predict lesser ag-
gregation for lower particle counts. Poliovirus
never exhibited this apparent reversal of pre-
dicted behavior. However, when experiments
were undertaken to examine in detail the first
phase ofthe kinetic aggregation curve, it became
apparent that the final amount of aggregation
was relatively constant from experiment to ex-
periment regardless of the length of time be-
tween samples. For example, with 7 x 109 polio-
virus particles per ml at pH 3, the titers of the
aggregated supernatants after centrifugation
were about 0.4 logio below that of the control at
pH 7, regardless of whether samples were taken
at 1-min intervals or 4-min intervals. We consid-
ered the most probable explanation for such
behavior to be disaggregation of the clumps
formed at low pH. This could most likely happen
when the reaction sample, 0.5 ml in a 5-ml
centrifuge tube, was diluted to 5 ml immediately
before the centrifugation. Therefore, it was nec-
essary to devise a test which would examine this
possibility without a dilution step. The test fi-
nally used was conducted as follows. (i) A 5-ml
amount of 0.05 M glycine-hydrochloride buffer,
pH 3.0, was added to five cellulose nitrate cen-
trifuge tubes (0.5 by 2 inches [1.27 by 5.08
cm]), and 5 ml of 0.05 M phosphate buffer, pH
7, was added to a sixth tube. (ii) At hourly
intervals, 5 ,ul of a poliovirus preparation was
added to each of the pH 3 tubes (final particle
count, 7.5 x 108 particles per ml), and when virus
was added to the fifth pH 3 tube, virus was also
added to the pH 7 tube. (iii) After 1 h more, all
six tubes were centrifuged as previously de-
scribed for poliovirus (3). (iv) After centrifuga-
tion the top 2.3 ml of each tube was carefully
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removed and neutralized with 0.1 M glycine-
NaOH buffer, pH 11.0, and titrated on HEp-2
cells.
The curve of aggregation obtained without

the dilution step is shown in Fig. 1A. Included is
a curve drawn through the points obtained from
the von Smoluchowski equation (9, 10) at the
same virus concentration as the experimental
test. Although the aggregation of the virus took
place at a slower rate than predicted, the general
shape of the curve was identical to that of the
von Smoluchowski curve and was distinct from
the kinetic curves previously described (3) as
there was no phase during which aggregation
was not taking place. This demonstrates that
the unusual results previously described (3) were
due to the disaggregation on dilution of some or
all the clumps already formed and underscores
the fact that aggregation is a continuing phe-
nomenon under the influence of the brownian
motion of the particles.
Calculation of aggregation and effi-

ciency. Because the rate of aggregation of the
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FIG. 1. Aggregation of (A) poliovirus in 0.05 M
glycine-hydrochloride, pH 3.0, at 25°C, and (B) reo-
virus in 0.05M acetate, pH 4.0, at 24°C. 0, Observed
data; A, calculated from the von Smoluchowski equa-
tions. Modified SPA test as described in the text.
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poliovirus particles was slower than the calcu-
lated rate, it is possible to calculate an efficiency
factor which will indicate the percentage of col-
lisions effective in producing an aggregate. The
general fonnula (9, 10) for calculating the
amount of aggregation, assuming 100% effi-
ciency, is as foilows:

k-i

(No) (t)
N * =r~~l/
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N1=
N

2

(1 +-A
\tl/4}

(3)

and the number of single particles remaining at
any time t can be calculated.
The efficiency of aggregation can be calcu-

lated by the use of the factor e according to the
equation:

/Calculated titer

\/ Observed titer(4

where Nk is the number of aggregates of size k,
No is the initial number of particles (assumed to
be all single particles), t is the time in seconds,
and tl/4 is the time for aggregation to proceed to
a point such that exactly one-quarter of the
single particles are remaining. (Von Smolu-
chowski used "T" to refer to this time point [9,
10], which is also the same as the time for the
total number of aggregates plus single particles
to reach one-half of the initial number, No. We
used "t11/4" here in reference to single particles
only and to prevent confusion with T = temper-
ature.) The value tl/4 is calculated according to
the following equation:

3qt=4N= T(2)

where is the absolute viscosity of the medium
in poise, k is Boltzmann's constant (1.38 x 10-16
erg/degree), and T is the absolute temperature.
When k = 1, that is, single particles, Nk = N1,
equation (1) is reduced to the following:

and can be related to the aggregation equations
above by insertion into equation 3 (as demon-
strated by Hartman [4]) as follows:

(lOhs),,= 2

{1 +-
ti/4J

(5)

With respect to the factor a, we suggest two
definitions for its use: (i) the efficiency factor E2,
which gives that portion of collisions which are

effective in producing a permanent aggregate
(expressed in terms of percent); and (ii) the time
reduction factor a, which, when applied as in
equation 5, alters the result to closely approxi-
mate the amount of aggregation actually ob-
served. Table 1A gives the numerical data relat-
ing to the curves plotted in Fig. 1A. Under the
conditions employed in this experiment (71 =
0.009 poise; t = 298°K) the average efficiency
was 25% (e' = 0.2587), indicating that one out of
four collisions of single particles was effective in
producing a permanent aggregate.

TABLE 1. Efficiency and time reduction factors for curves shown in Fig. I

Observed Calculated a2 Effi-
Time

c i- Time re-Virus (min) Titera Log,o Titera Logo ciency duction
reduction' reduction %

A. Poliovirus 0 7.5 x 108 7.5 x 108
60 1.64 x 107 -1.66 2.46 x 106 -2.484 15 0.387
120 1.64 x 106 -2.66 6.52 x 105 -3.061 39.8 0.63
180 1.36 x 106 -2.742 2.96 x 105 -3.404 21.76 0.466
240 8.43 x 105 -2.949 1.68 x 10'5 -3.650 19.9 0.446
300 3.28 x 105 -3.359 1.08 x 105 -3.841 32.9 0.574

Avg value 25.87 0.5006

B. Reovirus 0 3 x 108 3 x 108
60 8.49 x 106 -1.548 5.37 x 106 -1.747 63 0.795
120 1.57 x 107 -1.281 1.54 x 10W -2.29 9.7 0.313
180 3.54 x 10" -1.928 7.19 x 105 -2.62 20.3 0.451
240 4.53 x 105 -2.821 4.15 x 105 -2.859 91.6 0.957
300 4.25 x 108 -2.849 2.7 x 105 -3.046 63.5 0.797

Avg value 49.62 0.663

a Particles per milliliter.
b Logio titer at time t minus log,o titer at zero time.

(1)
(4)
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Quantitative aggregation of reovirus.
Figure 1B shows the results of a similar test with
reovirus aggregated at pH 4.0 in 0.05 M acetate
buffer. Again, the aggregation was generally par-
allel to the calculated values, but not as rapid.
Table 1B gives the numerical data pertaining to
the curves in Fig. 1B. The overall efficiency was
close to 50%, indicating that one out of every
two collisions was effective in producing an ag-
gregate. The points defining the observed data
curve in Fig. 1B are much more widely spread
than those in Fig. 1A. This is characteristic of
aggregation experiments and results from two
main causes: (i) slight differences in efficiencies
within each tube and (ii) variation among tubes
resulting from mechanical factors in the han-
dling of the tubes, buckets, rotor, pipettes, etc.
The second factor probably contributes more to
variation within an experiment due to the lack
of any stabilizing material, such as a density
gradient, in the virus suspension.
Efficiency of aggregation under different

conditions. Table 2 shows several values for
the efficiency (e2) of aggregation when each of
the two viruses were placed in various buffers at
different pH values. The E2 values were calcu-
lated according to equation 4 at the times given
in the table. The total amount of aggregation
which took place under each condition was de-
pendent on time, temperature, viscosity, and
viral particle concentration, but the efficiencies
which are calculated for each set of conditions
can be seen to vary from a low of 0.38 to almost
90%. In the case of poliovirus in borate buffer at
pH 9, the time value taken was only 1.5 h be-
cause aggregation was so rapid as to preclude
taking samples at much longer times. However,
in this particular case, repeat experiments at
similar or slightly lower particle concentrations
in borate buffer at pH 9.0 confirmed the effi-
ciency of '90% at longer time values.

DISCUSSION
In the study of viral aggregation, we have

found it necessary to have a reliable method by
which the amount of aggregation produced un-
der a given set of conditions can be measured
and quantitated before any meaningful studies
can be carried out. The modified SPA test de-
scribed in this paper fulfills this criterion and
has made it possible to measure the amount of
aggregation that can occur in a virus prepara-
tion.
The basic SPA test, as described previously

(3), utilizes the difference in ultracentrifugal sed-
imentation rate between single particles and ag-
gregates of various sizes. Because all aggregates
in any coagulating system must arise from single
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TABLE 2. Efficiencies of aggregation (es) for
poliovirus and reovirus in buffers at variouspH

values
Efficiency

Virus Buffer (0.05 M) and pH Time of aggre-(h) gation (t2)
(%)

Poliovirus Borate, pH 9.0 1.5 87.9
Glycine-hydrochlo- 4.0 19.9

ride, pH 3.0
Acetate, pH 5.0 4.0 3.03
Phosphate, pH 6.0 4.0 0.4

Reovirus Acetate, pH 4.0 4.0 63
Glycine-hydrochlo- 4.0 2.5

ride, pH 3.0
Acetate, pH 5.0 4.0 0.38

particles, a measurement of the number of single
particles remaining after a given time can be
used as a measure of the amount of aggregation
in the virus suspension. The modified SPA test
as described herein provides such a measure-
ment but differs from the previously described
test (3) in that no dilution is used to slow down
the continuing aggregation. In the modified SPA
test, the ultracentrifugal force is the mechanism
by which the aggregation is stopped so that
reliable plaque titrations can be carried out.
Because the centrifugal force removes the aggre-
gates from the upper half of the tube, at the
termination of the run the remaining single par-
ticles are in a much reduced concentration, a
situation which effectively prevents further ag-
gregation. Also, because plaque titrations are
performed in phosphate-buffered saline at pH
7.4 containing 0.14 M saline, any remaining ag-
gregates are broken up (3), and plaque titrations
are therefore an accurate reflection of the single
particle concentration. We feel that the accuracy
of the test as it is now performed justifies the
name single particle analysis, SPA.
The SPA test has been used in this paper to

obtain a measure of the amount of aggregation
of a given concentration of virus under various
conditions and has been presented in the form
of kinetic-time curves of aggregation. These
curves demonstrate three important results.
First, viral aggregation proceeds according to,
and can be described by, the classical laws of
aggregation of spherical particles as formulated
by von Smoluchowski (9, 10) (equations 2 and
3). Although the efficiency factor may vary from
one set of conditions to another, the aggregation
which takes place with these viruses does so via
the same basic mechanism as that assumed by
von Smoluchowski for colloidal particles in gen-
eral, that is, diffusion of the particles under the
influence ofbrownian motion. This is apparently



VOL. 35, 1978

the only force causing movement of the particles
in suspension.

Second, the results in this paper demonstrate
that the efficiency of aggregation, which is a
measure of the percentage of collisions which
result in a permanent aggregate being formed,
can vary considerably. We have observed the
highest overall efficiency in borate buffer at pH
9.0 with poliovirus. (These data were not re-

ported in our earlier paper [3] because the orig-
inal SPA test was used and disaggregation prob-
ably prevented an accurate titration.) Other ef-
ficiencies at lower values can and do occur, as

shown in Table 2.
Third, the SPA test can be used under a wide

variety of conditions. Because the efficiency of
aggregation of virus particles is usually within
the range 0 to 90%, the SPA test can be used to
investigate the effect of various conditions on

virus aggregation. Any one of the curves is com-
pletely described when the efficiency factor c' is
known, and hence it will be useful as a means of
characterizing, quantitatively, the physical state
of a virus suspension when it is subjected to, for
example, disinfecting agents under laboratory or

field conditions. It can also be used to compare
results with different viruses. Although we have
used only buffers at various pH values to induce
aggregation, other effects, such as ionic compo-
sition of the medium, can also be investigated,
as will be shown in a subsequent paper.
The SPA test as described here is designed to

be used as a test of the amount of aggregation in
a virus preparation relative to a known control.
The control is usually a monodispersed virus
preparation, but is not limited to it. The mon-

odispersity of the control must be checked by
other means, usually electron microscopy. The
SPA test can, however, be used as an absolute
measure of aggregation, and for low particle
concentrations (<109/ml) it may be the only
method available. This use is based on the fact
that at the end of a centrifuge run, the top half
of the tube contains single particles only (3), but
the particles are present only in one-third of the
top half. Thus, the titer of a noncentrifuged
preparation will be 3x that of a centrifuged
suspension of single particles.

It should also be noted that the von Smolu-
chowski theory does not itself provide any rea-
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son why one virus should have an e factor
different from another. In fact, physical values
of virus particles such as mass, diameter, sedi-
mentation coefficient, diffusion constant, and so
forth do not appear in the equations. This is due
to the fact that whereas larger particles have a
greater surface contact area than smaller parti-
cles, they also have a correspondingly slower
diffusion constant. These two factors are in-
versely proportional to one another and hence
cancel each other exactly (5). Thus, the actual
rate of aggregation is dependent only on tem-
perature, viscosity, initial number of particles,
and efficiency.
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