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I. INTRODUCTION TO RADIOIMMUNOASSAY

Events which resulted in the development of radioimmuno-
assay (RIA) began in the early 1950's when Berson and Yalow
were investigating the metabolism of insulin by use of a
radiotracer technique. In the course of their investigations
they observed that virtually all diabetic patients on insulin
therapy had developed anti-insulin antibodies. Although the
concept of radioimmuncassay was used as early as 1924 in a
qualitative way for the measurement of specific blood sub-
stances in saliva (Schiff, 1924), it was the discovery of in-
sulin antibodies which led Berson and Yalow (1959) in the
United sStated and Ekins (1960) in England to recognize the con-
cept involving a gquantitative relationship between labeled and
unlabeled antigen and the specific antibody.

Radioimmunoassay represents one type of a somewhat broader
classification of assays for which there is no generally ac-
cepted name but for which the terms "ligand assays", "satura-
tion assays™, "binding assays" or "competitive assays" are
sometimes applied. The common denominator of these assays may
be identified as a reaction involving a ligand and a binder.

The ligand is usually the substance to be assayed and may
be a hormone, vitamin, drug or any other substance for which a
specific binder is known. The binder is usually a specific
antibody but may be a specific protein other than an antibody
such as TH3 or a tissue receptor. The concentration of the
ligand is determined by measuring the extent of binding of the
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ligand with the specific binder.

To measure the extent of ligand binding a tag is used. The
tag may be a radioactive nuclide but fluorescent, enzyme and
other types of tag are also used. Either the ligand or the
specific binder may be tagged.

The basic concept on which the standard equilibrium radio-
immunoassay is predicated is a competition between untagged
ligand P and tagged ligand P* for binding sites Q on a specific
binder. Such a system can be represented by the equations:

I

P+ Q PQ (L)
P* + Q = P*Q (2)

where PQ and P*Q represent the complex formed between binder
and non-radiocactive and radioactive ligand, respectively.

In RIA a radioactive isotope is used to mark the ligand P*
If a state of eqguilibrium is attained, radiocactive ligand will
be distributed between the forms P* and P*Q according to mass
action law. The bound fraction, P*Q, is separated from the
free fraction, P*, by precipitation or other suitable means and
the radicactivities, B and F, of the bound and free fractions
respectively, are measured. It then follows that

R = % = [%%%J = K* [Q] = K¥(q-Cp) (3)

where q =[Q]+[PQ]+[P*Q]= total concentration of binding sites
and C,_ is the concentration of bound ligand. This is one form
of the Scatchard equation (Scatchard, 1946).

Success of a radioimmunocassay does not depend upon eguality
of the equilibrium constants (Egquations 1 and 2} but such an
assumption simplifies the mathematics. If K = K* equation 3
can be written in the form

B/F = Kg =KC (4)

Assuming the validity of the assumptions upon which equa-
tions 1 and 2 are based a linear Scatchard plot will result.

The objective of a radioimmuncassay is to measure the con-
centration p of a specific chemical substance. To do so one
must relate p to radiocactivity. The best approach is to evalu-
ate the function p = £(A) where A is the observed radiocactivity
or radioactivity ratio, e.g., B/F or T/B. For the simple case
cited the function is readily evaluated from the Scatchard
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equation by equating C_ to p. It is a basic postulate that

b
Total ligand concentration  p + p* T
Concentration bound ligand <, T B (5)

where p and p* are the total concentrations of non-radioactive
and radioactive ligand, respectively and T = B + F, is the
total radioactivity. By use of equations 4 and 5 the concen-
tration of non-radiocactive ligand p can be related to the ob-
served radiocactivity.

p =-p* + (q-R/K) T/B (6)

If R (=B/F) is small compared to K a linear relationship re-
sults when p is plotted as a function of T/B. Plots of this
type are commonly called dose-response curves. By use of stand-
ard solutions the parameters of equation 6 can be evaluated and
a standard curve can be constructed.

In practice it is found that Scatchard plots deviate from
linearity when the concentration of ligand p is very great.
Non-linearity results principally from non-specific binding
(NSB) , that is, as a result of binding reactions between the
ligand and binding sites other than the specific sites. In a
more detailed analysis it is also necessary to consider the
influence of one antibody binding site on the other, an effect
known as cooperativity (Chase, 1979).

The simple equilibrium RIZA described above is only one ex-
ample of a family of closely related assays which are generally
considered to be radicimmuncassays or are so similar in concept
that they should be mentioned in any discussion of RIA tech-
niques.

Immunoradiometric assays (IRMA) employ a radioactively lab-
eled antibody rather than a labeled antigen. After equili-
bration of labeled antibody with antigen, the excess free
antibeody is removed by addition of a massive gquantity of im-
munoadsorbent. An "immunoadsorbent" is an insoluble polymer to
which an antigen or binder is attached. The antibody-immuno-
adsorbent complex is readily removed from bound antibody by
centrifugation.

"Sandwich" assays or "two-site" assays utilize two differ-
ent antibodies. The first antibody is attached to a solid
support such as the wall of a test tube. Being present in large
amount, this antibody binds essentially all of the ligand pre-
sent in the sample. A second, radioactively tagged antibody
specific for the ligand is now added. Ligand becomes "sand-
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wiched" between the first and second antibodies and the radio-
activity remaining on the walls of the test tube serves as a
measure of the quantity of ligand.

In a radioenzymatic assay (REA) the rate of formation of a
radicactive product from a radioactively labeled ligand mole-
cule is used to measure the concentration of non-radiocactive
ligand. The greater the amount of unlabeled ligand the less
will be the specific activity of ligand resulting in a decrease
in the quantity of enzymatically produced radiocactive product.
Case and Mezei (1978) describe an enzymatic assay for genta-
micin which is typical of this type of assay.

Enzyme-linked immuncosorbent assays (ELIZA) and the enzyme-
multiplied immunoassay technigque (EMIT) are enzymatic assays
in which the radioactive tag has been replaced with an enzyme.

II. RADIOCACTIVE TAGS FOR RIA

The requirements imposed on a radiocactive tag for use in
RIA are very stringent compared to the requirements of most
tracers. In most tracer work the chemical substance being
traced is usually present in migrogram quantities or more. The
radioactive tracer, being perhaps six orders of magnitude less
concentrated, may be present in picogram gquantities. Generally
these quantity restrictions create no problem with regard to
the choice of radicactive tag.

In R1A, on the other hand, the substance being assayed is
frequently present in picogram guantities or less. Such a
quantity is itself a trace and the requirement of the radio-
active tag is that it serve as a tracer for a trace. Only a
relatively few radiocactive nuclides meet the necessary limita-
tions of half life and chemical properties which will allow
incorporation of the nuclide into the ligand or antibody mole-
cule.

Tritium and iodine 125 are the tags most often used for
RIA. Certain assays, e.g., vitamin B-12, require the use of
cobalt 57. Except for a few special cases it 1is not possible
to use a carbon-l4 tag since a sufficiently high specific ac-
tivity can not be obtained owing to the long half life of car-
bon 14. Although icdine 131 has enjoyved widespread use as a
tag for protein in years past it has been replaced almost en-
tirely by the 60-day half life of the mass 125 isotope.
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Until a short time ago RIA kits with a double tag were
commercially available®. The ligand was tagged with iodine 125.
The second tag, cobalt 57 (or sodium 22}, remained in solution
as a salt and served to tag the supernatant. By means of a
simple calculation that part of non-specific binding caused by
incomplete separation of the supernatant from the precipitae,
in the course of separating free ligand from antibody-bound
ligand, could be taken into account. In the author's laboratory
error from this source has been reduced 50% or better by use
of a second tag. It is unfortunate that the advantage of using
a doublé tag has not been generally recognized, especially for
the digoxin assay and other assays where a high degree of ac-
curacy is required.

III. RIA SAMPLE PREPARATION FOR BETA COUNTING BY LSC

Antigen-antibody reactions occur in aguecus sclution.
Therefore, after separating "free" and "bound" radiocactivity in
a radioimmunoassay, one must frequently measure the radioac-
tivity of an aliquot of an agueous solution. Here we are faced
with the problem of dispersing water, a polar solvent, in a
non-polar toluene or Xylene based scintillator system. To
minimize quenching problems, especially sericus when counting
weak beta particles such as those emitted by tritium, it is
best if a homogenous mixture of the sample and ligquid scintil-
lant results. That is, two-phase systems should be avoided if
possible.

One approach to this problem is to use a common solvent.
For example, a toluene or xylene based scintillation solution
might be diluted with a more polar solvent such as dioxane or
alcohol. The resulting solution should then be capable of ac-—
cepting a limited quantity of an agueous sample. One of the
first such scintillators, reported by Hayes and Gould (1953),
consists of diphenyloxazole (PPO) with toluene, dioxane and
Xylene. Kinard (1957) added dioxane and ethanol to a Xylene-
based scintillator containing PPO and ¢-naphthylphenyloxazole
to give an efficient scintillator for counting aqueous tritium
samples. A similar toluene/ethanol solvent system containing
a mixture of the phosphors PPO, POPOP and naphthalene was sug-
gested by Vaughn and Boling (1961). Francis and Hawkins (1967)
reported that the use of 2-phenylethylamine with a toluene/PPO/
POPOP scintillator will allow the addition of up to 60 per cent
of water.

a
Beckman Instrument Company, Fullerton, California
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A second approach to the problem of agueous sample pre-
paration is to use a polar compound such as dioxane as the
principal solvent. Farmer and Berstein (1952) first reported
the use of p-terphenvl. in dioxane. Later, combinations of PPO,
POPOP and naphthalene in dioxane were suggested (Langham et al,
1956; Vaughn et al, 1961). The use of 2-phenylethylamine alone
as a solvent with PPO and POPOP as phosphors also yielded good
results (Francis et al, 1967). One of the most widely used
scintillants of this type has been Bray's solution (Bray, 1960).
Bray's solution is based on the use of dioxane as a solvent
but also contains methanol and ethylene glycol to reduce the
freezing point of the dioxane. Dioxane is now considered to be
carcinogenic and its use is discouraged.

Still another approach to the incorporation of aqueous
samples into non-agueous, non-polar solvent systems has been
through the use of surface active agents. One disadvantage to
the use of surface active agents is that colloidal systems and
emulsions frequently form. Heterogeneous systems often produce
uncertainties in guench corrections (Benson, 1966). Neverthe-
less such systems are useful. Shapira and Perkins (1960) des-
cribed the use of Hyamine 10-X and Thixcin R in a toluene~
based scintillator. Triton X-100 is one of the more promising
surface active agents for use as a scintillator. First reported
by Meacde and Stiglitz (1962) and by Patterson and Green (1965),
the use of Triton X-100 as a scintillator has been the subject
of numerous investigations (van der Laarse, 1967; Fox, 1968;
Turner, 1968, 1969; Nadarajah et al, 1969; Lieberman et al,
Y970; Whyman, 1970; Chapman et al, 1971). Other surfactants
such as Triton X-114 have also been investigated. Anderson and
McClure (1973} report a formulation of Triton X-114 in xylene
which will accept up to 30% (v/v) agueous sample and provides
up to 47% efficiency for tritium. Another scintillation cock-
tail dubbed "Plasmasol" is a mixture of xylene, Triton X-100
and mono- and di-butyl phosphate (Wiegman et al, 1975). As the
name Plasmasol suggests, it was designed for use with aqueous
solutions containing soluble protein and is especilally suited
for radioimmunoassay.

In RIA it is necessary to separate the free from the pro-
tein bound activity before counting. A novel approach to sep-
aration is to partition unbound radioactivity directly into a
non-polar scintillation cocktail (Castanier et al, 1970). In
using this technique it is necessary that the scintillator be
non-polar and hence immiscible with the aqueous phase. In ad-
dition, the free form of the radiocactivity must be soluble in
non-polar solvents. This separation method has been used suc-
cessfully by Jowett et al (1973) for the radioimmunoassay of



APPLICATION-BIOMEDICAL/RADIOIMMUNDASSAYS 495

aldosterone in plasma and urine and by Keane et al (1975) for
the radioimmunoassay of cortisol.

The radioactivity of aqueous soluticns has also been
measured by use of solid state phosphors (Steinberg, 1960;
Moss, 1964). A two-pase system is used: a solid phase consis-
ting of the finely divided fluor and the liquid phase contain-
ing the radicactivity. This method is very useful in those
cases where it is desired to recover the radicactive compound.
In RIA, however, it is normally not necessary to recover the
sample. Cost and volume are the principal considerations. To
date this method has not gained widespread use in RIA.

In keeping with the advantages of minimizing cost and
assay time, Tyler et al (1973) have proposed a simplification
of the RIA procedure which eliminates the need to pipet an
aliquot of supernatant. They propose precipitation of the anti-
body-bound fraction with saturated ammonium sulfate. The pro-
tein precipitate is then disseclved in .1 ml of water and 1 ml
of liquid scintillator is added directly to the solutien in
the original test tube. The need to use a separate counting
vial is eliminated and the volume of scintillator required is
only 1 ml rather than the customary 10 ml. Tissues, including
proteins and amino acids, have alsc been solubilized by the
use of formamide (Lahr et al, 1955; Pearce et al, 1956), hy-
amine hydroxide (Vaughn et al, 1957) alccholic KOH (Herberg,
1960) and Triton X-100 (Meade et al, 1962). A number of com—
mercial products are currently available so the choice of
tissue solubilizers is broad. In fact, most clinical and bio-
chemical investigators empleoying RIA technidgues use commercial
prodicts. In a radioimmuncassay for pantothenic acid, for ex-
ample, Wyse et al (1979) dissclved the antibody-bound panto-
thenic acid in NCS* tissue solubilizer and counted in Dimilune-
30* scintillation cocktail.

IV. LIQUID SCINTILLATION COUNTING OF RADIOIODINE IN RIA

The most widely used radicactive tag in RIA is iodine 125.
Iodine 125 decays by electron capture. It emits a single gamma
ray having an energy of 35.48 keV. Four tellurium K x-rays with
energies between 27.5 and 31.8 keV are also emitted. In addi-
tion there are L and M x-rays with energies of about 4 and 0.5
keV, respectively, as well as a variety of conversion and Auger
electrons. Measurement of these relatively weak photons by

*
Trade mark
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gamma counting can lead to significant errors if proper pre-
cautions are not taken (Bakhle et al, 1964). An alternate

route is to measure iodine 125 by means of liquid scintillation
Ccounting.

Yerick and Ross (1963) were among the early investigators
to measure gamma-emitting nuclides by means of liquid scintil-
lation counting. They reported a counting efficiency of only
about 13% for icdine 125. Rhodes (1965) evaluated eight liquid
scintillation systems for counting radioiodine and obtained a
maximum efficiency of 56% measured as 100 cpm/dpm.

Auger electrons emitted as the result of iodine-125 decay
are readily detected by use of liquid scintillation counting;
the x-rays and gamma rays are more penetrating and tend to es-
cape from the liquid scintillator. Iodine 125 photons, having
energies of 35 keV or less, are principally detected as the
result of compton interactions and to a lesser extent by pho-
toelectric interactions. To enhance the absorption of X-rays
by these processes it is necessary to increase the electron
density, i.e., the number of electrons/cm3, by increasing the
average atomic number of the absorbing material, i.€., the
liquid scintillator. This can be done by incorporating metal
atoms in the scintillation cocktail as the salts of organic-
acids or by the use of complexing agents. Methods for the
preparation of metal loaded liquid scintillators was reviewed
by Horrocks (1962). Ashcroft (1970) obtained a counting ef-
ficiency of about 55% for iodine 125 by loading a toluene-
based scintillator with tin tetrabutyl. Bransome and Sharpe
(1972) obtained even higher efficiencies (up to 80%) without
benefit of metal loading by use of a method they describe for
selecting the proper channel settings in order to maximize
counting efficiency.

Helman and Ting (1972a; 1973) and Ting (1972a) describe a
method for liguid scintillation counting of iodine 125 with
70% efficiency. A microfuge tube containing the sample is in-
serted through a hole in the cap of a liquid scintillation vial
so that the microfuge tube is immersed in the scintillation
cocktail. The scintillation cocktail is loaded with lead tetra-
butyl in order to increase the density and the average atomic
number. It has also been shown that lead acetate can be used
to increase the electron density of the scintillator.

Gamma counting by use of liquid scintillation counting has
been applied to a number of radicimmunoassays. For example, IS
counting of iodine 125 was used by Jordan et al (1974} for the
RIA of hepatitis-asscciated antigen and by Helman and Ting
(1272b} to the RIA of carcinoembryonic antigen.
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For the radioassay of vitamin B-12 a cobalt~57 tag is
usually used. Most vitamin B-12 assays are not immunoassays;
a thermolabile glucoprotein, intrinsic factor, is used as a
binder rather then an antibody. Such assays are therefore
called "radioassays" but not "radioimmunoassays". Ting and
Helman {1972c¢) describe an assay of this type. Gutcho et al
(1973) also describe a vitamin B-12 assay and also discuss a
method for optimizing a liguid scintillation counter for the
measurement of cobalt 57.

V. MECHANICAL INNOVATICONS TO SIMPLIFY COUNTING

Many RIA laboratories must run thousands of assays per
month requiring tens of thousands of test tubes and vials.
Next to accuracy, economy must be an important concern both in
terms of the tubes and equipment used and the time required per
assay as well. To achieve economy of time, procedures must be
shortened and simplified as much as possible, consistent with
good practice.

To this end Ting and Helman (1972b) describe a mini liguid
scintillation vial which allows the use of only 1 to 4 ml of
scintillator rather than the 15-ml volume used in the standard
vial. Small vials of this type are now commercially available
from a number of manufacturers.

It is a common practice to separate free ligand from pro-
tein-bound ligand by precipitation. The supernatant is often
removed by decantation. In this step complete removal of the
supernatant can not be achieved. It is here that a double tag,
as mentioned earlier, should be used to permit application of a
correction for that part of the supernatant not transferred.

If the activity of the precipitate is to be measured the
supernatant is discarded and the "last" drop is blotted from
the lip of the tube. If, on the other hand, the supernatant is
to be counted by liquid scintillation counting it must be
transferred to a counting vial. Fernandez-Pol (1975) suggests
a modified liguid scintillation vial to allow transfer of the
"last" drop by touching the lip of the tube to a small pro-
tuberance in the vial.

A true economy of time and tubes is achieved by counting
radiocactivity in the same tube in which the antigen and anti-
body were equilibrated. Most laboratories have standardized on
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the use of 12 x 75 mm plastic or glass test tubes for RIA. By
placing the tube in an adapter it can be placed directly in the
liguid scintillation counter. For the counter to accept this
assembly, Dixon and Cohen (1976) describe a modification of the
drive mechanism of a liquid scintillation counter to accomodate
a test tube 75 mm high. Hicks et al (1977) describe an alter-
nate method which they used for the radicimmunoassay for hepa-
titis-associated antigen. They cut off the bottcem of the
Austria-125 test tube 1.5 cm from the bottom and placed the
cut-off bottom in a scintillation wial for counting. G rotgen
and Steinberger (1978) report that the use of 10 x 50 mm tubes
eliminates the need to make any modifications.

VI. OBSERVATIONS AND CONCLUSIONS

A. Choice of Instrument

The choice between the purchase of a gamma counter and a
liquid scintillation counter for radicimmuncassay must be made
©n the basis of need and economy. Many small laboratories ac-
cept the beta-counting restrictions imposed by a gamma counter
for the sake of economy and for the convenience of counting
with minimal sample preparation. Liquid scintillation counting,
on the other hand, offers the obvious advantage of beta count-
ing while at the same time providing the capability of gamma
counting with an efficiency comparable to that of most NaI(Tl)
gamma counters.

B. Nuclides for RIZ

The requirement of high specific activity restricts the
choice of nuclide pringipally to tritium, iodine 125 and co-
balt 57. A high specific activity is required because the nu—
clide must serve as a tracer to a trace amount of analyte.
Carbon 14 and other nuclides commonly used as tracers are
generally not satisfactory for RIA applications.

On the positive side of the ledger we are reminded that
the guantity of nuclide used in a radicassay can usually be
adjusted to provide a convenient activity. Tt is therefore
possible to obtain data possessing acceptable statistical ac-
curacy with only nominal counting efficiency.
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C. waste Disposal

The disposal of radiocactive waste continues to be a prob-
lem. The additional complications created by the chemical tox-
icity of toluene, dioxane and other LSC solvents impose a
problem of waste disposal which may soon place severe restric-
tions on research involving radiocactive tracers, especially
where radicactivity is measured by means of liquid scintilla-
tion counting. There is need for intelligent, decisive action
on the part of regulatory agencies reflecting perspective,
relevance and objectivity with regard to waste disposal. Such
action must be taken socn.

D. Applications of RIA

The most extensive use of RIA has been in the clinical
laboratory for the diagnosis of metabolic malfunction and
disease and for the management of therapy. For clinical ap-
plications an RIA must meet certain reguirements. Accuracy,
for example, should normally be +/- 10% or better. Owing to
the great number of assays that must be performed, simplicity
of methodology and economy are important considerations. It is
desirable to use the same tube for both the reaction and for
counting to reduce cost and to reduce the number of necessary
operations. The use of small tubes and vials helps achieve an
economic utilization of reagents and, in the case of liquid
scintillator, also helps to reduce the problem of radioactive
and chemically hazardous waste.

For the clinical laboratory it i1s reccmmended that liguid
scintillation counters be equipped with the capability of
automatic guench correction. The liguid scintillator employed
must be capable of accepting an aqueous sample containing am-
monium sulfate or other salts. Many commercial liquid scinti-
lators are available which perform this function effectively
for both tritium and iodine 125-tagged assays.

A less frequently used but more demanding application of
RIA is in the analytical laboratory where this technigue is
being used for the guality control of certain pharmaceutical

products and biclogical substances. Here a high degree of ac-
curacy 1s required, i.e., one or two per cent. Simplicity and
economy, while important, are not a major consideration. Lab-
oratories conducting such analyses are frequently equipped with
computer facilities capable of processing raw data for quench
correction. Often involved in research, analytical laboratories
usually have liguid scintillation counting facilities available
for biochemical tracer work.



500 VOLUME 1i. SAMPLE PREPARATION AND APPLICATIONS
E. Automation and Data Reduction

For many years gamma counters, equipped with microproces-—
sors, have been programmed by the manufacturer to reduce RIA
data. To date, microprocessors on liquid scintillation counters
have been programmed for quench correction but not for data re-
duction. However, the reduction of RIA data by microprocessor
for LSC appears to be imminent. The following brief comments
are presented in the hope that certain fallacies and errors
may be avoided and that other desirable features might be
included (Ekre, 1971).

l. Features To Be Avoided in RIA Data Reduction
a&. FProcedures which obscure information

Normalization

Log transforms - "compresses" error

Subtraction of a constant value for non-specific
binding - a vioclation of the mass action law

Use of arbitrary cocordinates - yields meaningless
paramters

Logit transforms - "compress" error

b. Procudures which introduce error

Use of arbitrary coordinates which result in a curved
plot

Use of straight lines to connect data points on a
non-linear plot

Assuming linearity of a non-linear plot - e.g., a
logit-log plot

Use of "pooled" sera for standards to simulate non-
specific binding of patient's serum

Assuming that all assay data can be reduced in the
same way

2. Features To Be Included in RIA Data Reduction

a. Procedures which provide information

Methods which evaluate the concentration of the
antibody and the radiocactive antigen

Methods which evaluate the binding constant of the
specific binder

Methods which signal changes in the assay parameters

Methods which measure the extent of non-specific
binding and signal when it is excessive

Methods which submit teo dimensional analysis
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b. Procedures which minimize error

Fitting a theoretical relationship for which the
function is known

Proper weighting of data to minimize the effect of
an error in a single point
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