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Radioactive Single Radial Diffusion: a Method for Increasing
the Sensitivity of Immunochemical Quantification of Proteins in Agar Gel

by D. S. ROWE, Director, WHO International Reference Centre for Immunoglobulins, Lausanne, Switzerland

The technique of single radial diffusion is now
frequently used for quantitative immunochemical
measurements of immunoglobulins and other sol-
uble proteins. The method in its present form has
been described by Mancini et al.a, b and by Riumke
& Theng.C Numerous modifications, such as those
by Fahey & McKelvey,d have been described.
The limit of sensitivity of the method depends

upon the ability to see antigen-antibody precipitates
in agar or other gels. Increased sensitivity can be
achieved by using lower concentrations of antiserum
but the antigen-antibody precipitate zones become
faint and eventually invisible. I describe here a
method which increases the sensitivity of detection
of precipitates in agar gels, and its application to
the single radial diffusion technique for the measure-
ment of serum IgG, IgD and IgE. The method
is more sensitive for measurement of antigen and is
also more economical of the specific antiserum than
previous methods.
The principle of the method is as follows: anti-

serum to a specific protein is incorporated into an
agar plate and wells are cut and filled with appro-
priate dilutions of antigen in the usual way. The
concentration of antigen is so low that the precipitate
zones which develop are not visible either directly
or after staining. They are made visible by washing
the plate and then applying a second antiserum,
which contains radioactive antibody to the antibody
immunoglobulin in the precipitate, i.e., if the anti-
serum used in the plate is from sheep, a radioactive
antibody to sheep immunoglobulin is used to make
the precipitate visible. The radioactivity which
becomes attached to the zones of precipitate is

a Mancini, G. et al. (1964) A single diffusion method for
the immunological quantitation of proteins. In: Peeters,
H., ed., 11th Colloquium on Protides of the Biological Fluids,
1963, Amsterdam, Elsevier Publishing Co., p. 370.

b Mancini, G., Carbonara, A. 0. & Heremans, J. F. (1965)
Immunochemistry, 2, 235.

c Rumke, P. & Theng, P. J. (1964) Acta endocr. (Kbh),
47, 156.

d Fahey, J. L. & McKelvey, E. M. (1965) J. Immunol.,
94, 84.

visualized by exposing the plate to photographic
film.

Reagents and technique for the measurement of IgE

(1) Sheep antihuman IgE. This was prepared by
immunization with the Fc fragment of E-myeloma
protein ND and rendered specific by absorption
with human serum of low IgE content. This anti-
serum was Lot No. 8930 and was provided by
Dr S. G. 0. Johansson and Dr H. Bennich.

(2) Rabbit gammaglobulin labelled with 1311 and
containing antibody to sheep IgG. Sheep IgG was
isolated by chromatography of serum on DEAE
cellulose. A quantity of 3 mg of IgG in 3 ml saline
was emulsified with 3 ml of Freund's complete
adjuvant. Rabbits were injected intramuscularly
with 1 ml of emulsion in 2 sites on 3 occasions, at
intervals of 2 weeks. Blood samples obtained several
weeks after the final injection were pooled. They
yielded good precipitin lines with IgG on immuno-
electrophoresis with sheep serum. The gamma-
globulin fraction of this serum was separated by
precipitation with 16% sodium sulfate. A quantity
of 2 mg of gammaglobulin in 4 ml of 0.05 M phos-
phate buffer, pH 7.0, was labelled with 1 mCi of
1311 by the method of McConahey & Dixon.e The
final product was diluted to 10 ml in PBS/BSA
(see below).

(3) A reference preparation for IgE (68/341).
This was lyophilized pooled serum from adult
Africans from a rural community, the sera being
selected for a high IgE level. The IgE content of
this material was higher than that of many European
adults.

(4) Phosphate buffered saline (PBS) was 0.1 M
NaC1, and 0.005 M potassium phosphate, pH 7.2.
PBS/BSA was 1% bovine serum albumin in the same
buffer.

e McConahey, P. J. & Dixon, F. J. (1966) Int. Arch.
Allergy, 29, 185.
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(5) Phosphate buffer, 0.3 M at pH 8.0, containing
0.1 M sodium azide.

(6) Noble agar (Difco).
(7) Glass photographic plates 8.5 cm x 10 cm.
(8) Kodak Kodirex X-ray film, 9 cm x 12 cm,

developed in Kodak DX 80 developer.
The method was as follows: the sheep antihuman

IgE was diluted 1:1000 in PBS/BSA. An aliquot
of 8 ml of diluted antiserum was placed into a
25-ml test-tube and heated to 56°C in a water-bath.
Meanwhile 3 g of Noble agar were dissolved in
100 ml of 0.3 M, pH 8.0, phosphate buffer con-
taining 0.1 M sodium azide, by heating to boiling
with constant stirring. A quantity of 8 ml of the
hot agar solution was then added to the 8 ml of
diluted antiserum and the contents of the tube were
mixed by inversion. The 16 ml of agar-antiserum
mixture were then poured on to a glass plate on a
level support. After the agar had set, a series ofholes,
2.4 mm in diameter, was punched 12 mm apart.
A total of42 wells were cut in a plate 8.5 cm x 10 cm.
The IgE reference preparation 68/341 was recons-

tituted by the addition of 1 ml of distilled water.
A series of doubling dilutions was prepared in
PBS/BSA using clean volumetric pipettes. The dilu-
tions ranged from 1: 2 to 1: 256. Individual wells in
the plate were filled with these dilutions and other
wells were filled with the serum samples under test.
The wells were filled so that the meniscus was level
with the top of the well. The plate was then placed
in a moist-box and diffusion proceeded for 48 hours
at 37°C. The plate was then washed, with stirring,
for 2 days in several changes of PBS and was then
immersed in the diluted "ll1-labelled antisheep
gammaglobulin for 30 min. The plate was then
placed in a moist-box at room temperature (about
20°C) overnight and was then washed, with stirring,
for 2 days in several changes of PBS and finally in
water. (The buffer used for washing should be
disposed of in accordance with the regulations
pertaining to the disposal of radioactive materials.)
The plate was then dried and placed in contact with
photographic film for 24-48 h.

Fig. 1 is a positive print of part of such a plate.
In this case the reference preparation for IgE (68/341)
was placed in wells no. 1-8 in a series of dilutions
from 1: 2 to 1: 256. Well no. 9 contained PBS/BSA
diluent only. The diameter of the precipitate
around well no. 1 was 11.4 mm. On this plate IgE
was detectable at all dilutions of the reference serum.
The edge of the zone of precipitate was well-defined

although not quite so sharp as when precipitates
are viewed directly, or after staining, under optimal
conditions. Repeated readings of the same ring
diameter usually agreed, however, to within 0.2 mm.
Fig. 2 shows a series of plots of ring-diameter2
against dilutions of IgE reference serum using
different dilutions of specific anti-IgE in the plates.
A linear relationship exists between concentration
and d2, except at the lowest value of concentration
where smaller rings are observed. These findings
are typical of results obtained in the conventional
single radial diffusion system.b
The ultimate sensitivity of the new method is not

yet established. Clearly it depends upon the mini-
mum concentration of antigen and antibody neces-
sary to form a molecular lattice which resists being
washed out from the agar. The accompanying
table shows comparisons of the direct method with
the radioactive method in measurements of IgG,
IgD and IgE. In the direct method the plates were
read after 24-48 h diffusion, with or without
staining by amido-black. The highest detectable
dilution of antigen was that which gave an unequiv-
ocal zone of precipitate in comparison with that
given by PBS/BSA only. (It was always found
desirable to include such a control in the radioactive
system since radioactivity tended to become attached
non-specifically to the region of the well in the agar
plate.) It is clear from the accompanying table that
the increases in sensitivity that have been achieved for
these 3 immunoglobulins are similar, ranging from
32-fold to 64-fold. The dilutions ofspecific antiserum
used in the radioactive method were between 1/20
and 1/28 of that used in the conventional method.
An attempt has also been made to determine the

sensitivity of the method in respect of the minimum
concentration of antigen which could be detected.
In every case a human serum sample was used as the
antigen preparation. In the case of IgG the concen-
trations were calculated assuming an IgG content
of 12 mg/ml for the undiluted serum. For IgD the
concentrations were calculated following immuno-
chemical comparisons of the concentration of the
serum sample with a D-myeloma protein at known
concentration. The IgE concentration of the reference
preparation 69/341 was estimated by Dr S. G. 0.
Johansson as 10 148 ng per ml using the radioactive-
immune-absorbant technique.f It will be seen that
in the cases of IgG and IgD similar orders of con-
centration were detectable and the increase in

f Johansson, S.G.O., Bennich, H. & Wide, L. (1968)
Immunology, 14, 265.



FIG. 1
POSITIVE PRINT OF AN AUTORADIOGRAPH OF AN AGAR PLATE THAT HAS BEEN

USED FOR RADIOACTIVE-SINGLE-RADIAL-DIFFUSION ANALYSIS
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FIG. 2
RELATION BETWEEN DIAMETER" AND IgE CONCENTRATION IN 4 ANTIBODY-IN-AGAR

PLATES USING DIFFERENT DILUTIONS OF ANTI-IgE a
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a Anti-IgE dilutions: (A) 1:2600; (B) 1:2200; (C) 1:1 800; (D) 1:1 400.

COMPARISONS OF SENSITIVITIES AND OF ANTISERUM REQUIREMENTS FOR
A CONVENTIONAL SINGLE-RADIAL-DIFFUSION TECHNIQUE AND FOR

RADIOACTIVE SINGLE RADIAL DIFFUSION

Highest do- Estimated m Diuonf
Immuno- tectable dilu- munoglobulin speluific anti
globulin Method a tion of human concentration serum in thesinefruma at this dil u- seumintheserum tion (ng/ml) plate

IgG Conventional 1:1 024 11 750 1:200
Radioactive 1:64 000 160 1:4 000

IgD Conventional 1:8 10 000 1:140
Radioactive 1: 256 310 1:4 000

IgE Conventional 1:4 2 500 1:80
Radioactive 1:256 40 1:2 000

a The " conventional " technique was that described by Rowe, D. S. et al. (1968) Clin. exp.
Immunol., 3, 63. Diffusion proceeded for 24 hours. Some Increase in sensitivity could be achieved
by washing and staining the plates but this was erratic and did not exceed a 2-fold increase.
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sensitivity given by the radioactive method was
similar. In the case of IgE somewhat lower con-
centrations were detectable by both techniques but
the increase in the sensitivity of the radioactive
method compared to the direct method was similar
to the increase found for IgG and IgD. The reason
for this discrepancy between IgE and the other
immunoglobulins in respect of the absolute amount
of immunoglobulin that is detectable is not clear,
but 2 explanations can be offered. Firstly, more
experiments have been carried out with the IgE
system and the optimum conditions for maximum
sensitivity have been defined more clearly; secondly,
the quantitative technique of radioactive-immune-
absorption-inhibition compared the capacity of the
IgE of normal (non-myeloma) serum with that of
ND-myeloma protein to inhibit the interaction
between labelled ND-myeloma protein and its
homologous antiserum. Such a method could have
a systematic trend towards underestimation of IgE
concentrations.
The method of radioactive visualization described

here has several possible applications in gel diffusion.

Its sensitivity permits estimates to be made of trace
proteins in plasma, and of plasma proteins, such
as immunoglobulins, which are present in trace
quantities in body fluids such as cerebrospinal fluid,
urine, nasal and bronchial secretions, etc. Such
measurements should now be possible without
prior concentration of the sample. The method is
also of value where utmost economy of specific
antiserum is required; in such cases the antigen
solution may require dilution to match the low
concentration of antiserum. The method should
find particular application to the measurement of
serum IgE where antiserum is scarce and where the
antigen is present only in low concentrations in
most serum samples. In addition to its application
in quantitative methods of the single radial diffusion
type the method may be of value in making visible
the precipitates produced in double-diffusion
analysis of the Ouctherlony type and in immuno-
electrophoresis.

* *

I wish to acknowledge the skilled technical assistance
of Mrs Helaine Darling.

Composition and Reactions of Pollutants in Community Atmospheres*
by A. P. ALTSHULLER, Director, Division ofChemistry andPhysics, Bureau ofEngineering andPhysical Sciences,
National Air Pollution Control Administration, Consumer Protection and Environmental Health Service,
Public Health Service, US Department of Health, Education, and Welfare, Cincinnati, Ohio, USA

This paper is concerned with the composition of
gaseous and particulate substances in community
atmospheres. The measurements cited were obtained
in cities in the United States of America. Although
the substances discussed are generally considered as
pollutants, many of the substances resulting from
combustion or from industrial or biosphere emis-
sions are not noxious in themselves and several do
not react to form noxious products. Many of the
pollutants produced by man's activities or by bio-
sphere reactions react further, usually to produce
substances as undesirable as the original substances,
or more so. These reactions can produce from
gaseous reactants either gaseous or particulate
products.

* Paper presented at the WHO/WMO Symposium on
Urban Climates and Building Climatology, Brussels,
15-25 October 1968.

Most of these reactions involve thermal oxidation
or photo-oxidation. Sulfur dioxide is oxidized to
sulfuric acid aerosol or sulfate. Nitric oxide is
converted by thermal oxidation and particularly by
photo-oxidation to nitrogen dioxide and eventually
to particulate nitrate. Hydrocarbons are oxidized to
aldehydes and ketones, carbon monoxide, and
organic aerosols. The joint oxidation of hydro-
carbons and nitric oxide results in products that
react to produce peroxyacyl nitrates and peroxy-
benzoyl nitrates. Thus, gaseous oxidation reactions
constitute a most important type of reaction in
community atmospheres.
The residence times of various substances in

community atmospheres cannot be uniquely defined
as they may be in the troposphere. Diffusion on a
regional scale, large-scale meteorological movements,
fall-out due to wet and dry precipitation, and
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