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(54) Measurement of free thyroxine or 
free 3,5,3'-triiodothyronine in a 
liquid sample 

(57) An immunoassay method for the 
direct measurement of free thyroxine or 
3,5,3'-triiodothyronine in a liquid 
sample in which the thyroxine or 
3,5,3'-triiodothyronine is present in 
both free and combined states 
comprises: 

(A) com bi ni ng th e sa m p le with a 
labelled thyroxine- or 
3,5,3'-triiodothyronine-horseradish 
peroxidase conjugate which does not 
significantly interact with the 
thyroxine-binding globulin and 
thyroxine-binding prealbumin 
originally present in the sample, and 
with immobilised antibody which is 
specific for thyroxine or 
3,5,3'-triiodothyronine; 

(B) incubating the resulting mixture; 
(C) separating a solid phase from the 

liquid phase; and 
(D) measuring the amount of 

labelled thyroxine- or 
3,5,3'-triiodothyronine-horseradish 
peroxidase conjugate present in either 
phase by means of the activity of the 
label. 
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SPECIFICATION 

Measurement of free thyroxine or free 3,5,3'-
triiodothyronine in a l iquid sample 

5 
This invention relates to the measurement of free 

thyroxine or free 3,5,3' - t r i iodothyronine in a liquid 
sample, more particularly, it relates to a method for 
such a measurement in which the thyroxine or 3,5,3' 

* 10 - triiodothyronine is present in both free and com-
bined states. The present method utilises a labelled 
thyroxine or 3,5,3' - triiodothyronine - horseradish 
peroxidase conjugate which dees not significantly 
interact with the thyroxine-binding globulin and 

15 thyroxine-binding prealbumin originally present in 
the sample. 

3t is frequently nssessary to determine the con-
esntration of free thyroxine in a liquid sample in 
i i /hieli the thyroxine is present in both free and com-

20 bimed or bound states. Typically, such a determina-
tion is part of a routine hematological examination 
of bleed serum or plasms for the prophylaxis or 
treatment of a variety of disorders and diseases. 

Thyroxine and 3,5,3' - triiodothyronine (hsrein&ftsr 
25 triiodothyronine) are characteristic hormones, see-

rated by the thyroid, which have profound 
physiological effects on the basal metabolic rate of 
mammals, while triiodothyronine exhibits greater 
hormonal activity than thyroxine, it appears that 

30 thynsdne is the principal circulating thyrcidsl hor-
mone. Thus, the comments below concent rats on 
thyroxine, but also are generally applicable to 
triiodothyronine. 

Thyroxine is stored in tlis thyroid gfcrad as tfoyrcg-
35 lobulin, a glycoprotein, and Is released via pro-

teolysis. in the feleed, thyroxine 5s largely sound to 
plsema proteins, primarily thyroxin e-binding glofcu-
BIFU and thyroxine-binding prealbumin. A small, but 
finite, amount of thyroxins is free or unbound, and i i 

40 is this JljQQ thyroxine which is the physiolcgicaEy-
setive entity. Thus, the determination of free thyrox-
ine in the blood is an important part of the diagnosis 
of thyroid dysfunction. 

The primary problem associated with an assay for 
45 free thyroxine is the fact that free thyroxine is pres-

ent in human serum at very low concentrations. The 
accepted normal range is from 0.8 to 2.5 ng. of free 
thyroxine per dl. of serum (from 8 to 25 pg./mi.). 
Typically, this range is much less than 1% of the total 

SO thyroxine normally present in serum and requires 
accurate measurements in parts per trillion. 

Free thyroxine has been determined via equilib-
rium dialysis, a time-consuming and operator-
intensive method. In addition, there are two known 

•55 immunoassays forthe measurement of free thyrox-
ine. The first {Corning Medical and Scientif ic Divi-
sion, Corning Glass Works, Medfield, Mas-
sachusetts, U.S.A.) is a two-tube method which 
measures the rate of transfer of thyroxine from the 

60 binding proteins to the thyroxine-specific antibody. 
This method, which is discussed in greater detail 
below, requires carefully timing the antigen pick-up 
by the antibody in two separate tubes. The second 
method (Clinical Assays Division, Travenol 

65 Laboratories, Inc., Deerfield, Illinois, U.S.A) employs 

a single tube in which the thyroxine-specific anti-
body is incubated with the sample for a precisely-
control led period of time; the amount of anitgen 
picked up by the antibody is related to the free 

70 thyroxine originally present. The antibody-antigen 
complex is separated from the sample and is then 
incubated with radiolabeled thyroxine which com-
plexes with unoccupied binding sites on the anti-
body. Thus, the amount of radio-activity picked up 

75 by the complex is inversely proportional to the con-
centration o f free thyroxine originally present in the 
sample. 

The first-mentioned method essentially corres-
ponds to U.S. Patent No. 4,046,870 which discloses a 

CO method for determining the concentration of free 
thyro id hormone in a blood serum sample which 
comprises the steps of analyzing the sample by 
immunoassay (typically radioimmunoassay) for the 
desired thyroid hormone in the presence and 

85 absence of a blocking agent, such as merthiolate 
Jthimerosal) or 8-anilino-1 -naphthalene sulphonic 
aeid, to establish a thyroid hormone binding diffe-
rential and then correlating that differential with a 
standard cur/e relating the respective free thyroid 

SO hormone concentrations to binding differentials. 
Thsre still is a need, however, for a rapid, sensitive 

and accurate procedure for the direct measurement 
of free thyroxine in a liquid sample in which the 
thyroxins is present in both free and combined 

£5 states. Such a need has now been met through the 
discovery that a labelled thyroxine-horseradish 
peroxidase conjugate which does not significantly 
interact w i th the thyroxine-binding globul in and 
tbyroxine-binding prealbumin originally present in 

1C0 tha sample may fee ultilised in an immunoassay to 
perraiithe measurement of free thyroxine in the 
sample. Because the horseradish peroxidase in the 
conjugate substantially retains its activity when 
completed with an immobilised antibody which is 

165 specific for thyroxine, the conjugate is particularly 
wel l suited for a thyroxine solid-phase enzyme 
Immunoassay. 

In general, hapten-enzyme conjugates are well 
known in the art. See, for example, U.S. Patent Nos. 

110 3,654,090; 3,791,932; 3,839,153; 3,850,752; 
3,879,262; 4,016,043; 4,040,907 and Re. 26,169. 

U.S. Patent No. 3,839,153 discloses an enzyme 
immunoassay which utilises a double antibody 
approach. Thus, a hapten (or antigen)-enzyme con-

115 jugate and soluble antibody specific forthe hapten 
for antigen) are mixed with the sample to be tested. 
A n insolubilised antibody is then added to the reac-
t ion mixture, wherein the insolubilised antibody is 
specific forthe soluble antibody previously emp-

120 loyed. The resulting insolubilised antibody-
antibody-hapten (or antigen) enzyme complex then 
is separated from the mixture and the enzymatic 
activity of either separated phase is determined. 
Peroxidase is included in the examples of suitable 

125 enzymes, although there is no suggestion thatthe 
procedure is suitable forthe determination of thyrox-
ine in a sample and certainly not for free thyroxine. 

U.S. Patent No. 3,850,752 also relates to enzyme 
immunoassays. Briefly, there is described a process 

130 for the determination of a hapten which involves 
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adding to the sampleto be tested a hapten-enzyme 
conjugate and an insolubiiised antibody specific for 
the hapten. The resulting insolubiiised antibody-
hapten-enzyme complex is then separated from the 

5 mixture and the enzyme activity of either resulting 70 
phase is determined. Peroxidase is included in the 
examples of suitable enzymes and thyroxine is 
included in the examples of haptens which may be 
determined. There is, however, no specificteaching 

10 of a thyroxine-peroxidase conjugate or of the deter- 75 
mination of free hapten, e.g. thyroxine. 

U.S. Patent No. 3,879,262 also relates to enzyme 
immunoassays. The disclosed process actually 
amounts to an improvement of each of the proces-

15 ses of U.S. Patent Nos. 3,839,153 and 3,850,752. 80 
Such improvement requires that the nature of the 
coupling between hapten and enzyme differs from 
the coupling between hapten and an immunogenic 
material, the tatter conjugate being used to produce 

20 hapten-specific antibodies in an animal. Thyroxine is 85 
included in the list of suitable haptens and peroxid-
ases are included in the list of suitable enzymes. 
However, there is no specific teaching of a 
thyroxine-peroxidase conjugate. Furthermore, the 

25 disclosed process is not used to determine free hap- 90 
ten. 

U.S. Patent No. 4,040,907 relates to 
polyiodothyronine or thyroxine conjugates with 
enzymes. The enzymes in such conjugates must 

30 undergo substantial change in activity to be useful in 95 
enzyme immunoassays. 

Two additional references are known which dis-
close thyroxine-peroxidase conjugates. The first is R. 
F. Schall, Jr. eta/., Clin. Chem., 24,1801 (1978); (an 

35 absract of the paper appeared in Clin Chem., 24, 100 
1033 (1978)). This reference discloses a manual 
enzyme immunoassay forthyroxine. The procedure 
determines total thyroxine in serum and is carried 
out as follows: The serum sample is mixed with the 

40 thyroxine-horseradish peroxidase conjugate solu- 105 
tion which also contains a blocking agent, 8 - anilino 
- 1 - naphthalene sulphonic acid, and immobilised 
antibody specific forthyroxine. The resulting mix-
ture is incubated and centrifuged. The solid phase is 

45 washed and a substrate-chromogen solution is 110 

added to the solid phase. Colour is allowed to 
develop and is then fixed. Absorbance is measured 
and total thyroxine content of the sample is deter-
mined from a standard curve. 

50 The second additional reference is G. Kleinham- 115 
rneref al., "Enzyme lmmuno Assay for Determina-
tion of the Thyroid Binding Index", a paper pre-
sented at the annual meeting of the American 
Association for Clinical Chemistry, July 1978, (an 

55 absract was published in Clin. Chem., 24,1033 120 
(1978)). According to the paper, the first attempts to 
develop an enzyme immunoassay able to recognise 
abnormal thyroxine-binding globulin (TBG) concent-
rations were unsuccessful, primarily because the 

60 thyroxine-horseradish peroxidase conjugate failed 125 
to bind to TBG. The assay as reported is carried out 
as follows: To a serum sample is added a fixed 
amount of thyroxine, which amount is in excess of 
unbound TBG in the sample. The amount of excess 

65 thyroxine not bound by TBG is measured by enzyme 130 

immunoassay using thyroxine-horseradish peroxid-
ase and tubes coated with antibody specific for 
thyroxine. Thus, the procedure was not employed to 
determine free thyroxine in the serum. Because the 
triiodothyronine-horseradish peroxidase conjugate 
also failed to bind to TBG, such conjugate may be 
used in place of the thyroxine-horseradish peroxid-
ase conjugate, although the latter was preferred 
because of the higher binding affinity of TBG for 
thyroxine. 

It should be noted that specific enzyme 
immunoassays for total thyroxine are known. Such 
assays are based on either maleate dehydrogenase 
or alkaline phosphatase; see, e.g., P. R. Finley and R. 
J. Williams, Clin. Chem., 24,165 (1978); A. P. Jak-
litschefa/., Clin. Chem., 21,1011 (1975); F. VanLente 
and D. J. Fink., Clin. Chem., 24,387 (1978); R. S. 
Galen and D. Forman, Clin. Chem., 23,119 (1977); 
and Japanese Patent No. 77/108017. 

An object of the present invention is to provide an 
enzyme and a non-enzyme immunoassay for free 
thyroxine and free triiodothyronine in a liquid sam-
ple in which the thyroxine and triiodothyronine is 
present in both free and combined states. * 

Accordingly, the present invention provides an 
immunoassay for the measurement of free thyroxine 
in a liquid sample in which the thyroxine is present 
in both free and combined states, which immunoas-
say comprises: 

(A) combining the sample with a labelled 
thyroxine-horseradish peroxidase conjugate which 
does not significantly interact with the thyroxine-
binding globulin and thyroxine-binding prealbumin 
originally present in the sample and immobilised 
antibody which is specific for thyroxine; 

(B) incubating the resulting mixture; 
(C) separating a solid phase from the liquid 

phase; and 
(D) measureing the amount of labelled 

thyroxine-horsereadish peroxidase conjugate pres-
ent in either phase by means of the activity of the 
label. 

The present invention also provides an 
immunoassay for the measurement of free 
triiodothyronine in a liquid sample in which the 
triiodothyronine is present in both free and com-
bined states, which immunoassay comprises: 

(A) combining the sample with a labelled 
triiodothyronine-horseradish peroxidase which does 
not significantly interact with the thyroxine-binding 
globulin and thyroxine-binding prealbumin origi- * 
nally present in the sample and immobilised anti-
body which is specific for triiodothyronine; 

(B) incubating the resulting mixture; 
(C) separating a solid phase from the liquid 

phase; and 
(D) measureing the amount of labelled 

triiodothyronine-horseradish peroxidase conjugate -
present in either phase by means of the activity of 
the label. 

Referring to the accompanying drawings. 
Figure 1 illustrates a free thyroxine enzyme 

immunoassay standard curve obtained using anti-
body immobilised on a particulate carrier. 

Figure 2 illustrates the binding affinities of 
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thyroxine-horseradish peroxidase conjugate and 
12Sl-thyroxine forthyroxine-binding globulin. 

Figure 3 illustrates the binding affinity of 
thyroxine-horseradish peroxidase conjugate for 

5 thyroxine-bound peralbumin. 
Figure 4 illustrates a free thyroxine enzyme 

> immunoassay standard curve obtained using anti-
body immobilised in a plastic test tube. 

Figure 5 illustrates a free thyroxine radioim-
. 10 munoassay standard curve. 

As used herein the terms "insolubiiised" and 
"immobilised" are to be understood to be 
synonymous and require only substantial insolubil-
ity in aqueous media. 

15 In the following, for convenience, the term 
"hapten-horseradish peroxidase conjugate", and 
variations thereof, includes both thyroxine-
horseradish peroxidase conjugate and 
triiodothyronine-horseradish peroxidase conjugate. 

20 It will be apparent to those skilled in the art that, 
regardless of the nature of the label in the labelled 
hapten-horseradish peroxidase conjugate, it is 
necessary to couple hapten to horseradish peroxid-
ase. Furthermore, where the label is not horseradish 

25 peroxidase perse, either or both of the hapten and 
horseradish peroxidase moieties may be labelled 
before or after the preparation of the conjugate. 
Thus, the preparation of the conjugate may be vie-
wed as involving (a) the coupling of hapten to horse-

30 radish peroxidase and (b) optionally inserting a label 
other than horseradish peroxidase into the conju-
gate before or after (a), both steps being carried out 
by procedures which are known to those skilled in 
the art. By way of illustration, general descriptions of 

35 hapten-enzyme coupling procedures are to be found 
in U.S. Patent Nos. 3,839,153; 3,850,752; 3,879,262 
and 4,040,907. 

Suitable labels forthe hapten-horseradish perox-
idase are conveniently divided into two general 

40 categories enzymatic labels and non-enzymatic 
labels. 

Enzymatic labels, of course, obviously include 
horseradish peroxidase since the enzyme retains 
substantial enzymatic activity when coupled with the 

45 hapten. Other enzymes, however, may also be pres-
ent in the hapten-horseradish peroxidase conjugate, 
with the enzymatic activity of interest being that of 
such otherenzymes. As with the preparation of the 
hapten-horseradish peroxidase conjugate, the coupl-

50 ing of an enzyme other than horseradish peroxidase 
is accomplished by methods well known in the art. 

In general, the non-enzymatic label may be any 
label known to those skilled in the art. Thus, the con-
jugate may be radiolabeled, fluorescent-labelled or 

. 55 chemiluminescent-labeiled. Although labelling 
techniques are well-known, several of the more 
widely-used procedures are discussed briefly. 

The procedure of choice in the preparation of a 
radio-labelled hapten-horseradish peroxidase con-

60 jugate is to a large extent dependent upon the 
radioactive isotope which is to be employed. Exam-
ples of the more suitable of such isotopes include H3, 
C", S35, l12S and I13', I125 and I13' being most preferred. 

In general, any of the known fluorescent labels 
65 may be employed in the preparation of a 

fluorescent-labelled conjugate. Examples of suitable 
fluorescent labels include fluorescein isothiocyan-
ate, tetraethyl rhodamine and fluorescamine. Of 
course, the preparative procedure selected in a given 

70 case is dependent, at least in part, upon the structure 
of the fluorescent label. Typically, however, the 
fluorescent label may be covalently bound in accor-
dance with conventional procedures to either the 
hapten or the horseradish peroxidase. Alternatively, 

75 the fluroescent label may be coupled to either moiety 
via an intermediate coupling agent, such as a 
polypeptide. 

Similar principles are involved in the preparation of 
a chemiluminescent-labelled conjugate. Suitable 

80 chemiluminescent labels include, luminol, luciferin, 
lucigenin, acridine, pyrogallol, indole, riboflavin, 
lophine, methylene blue and siloxene. 

It should be apparent to those skilled in the art 
that, regardless of the non-enzymatic label used or 

85 the particular method employed to prepare the label-
led conjugate, the label must retain its intended 
function without impairing either the ability of the 
hapten to bind to the anti-hapten anti-body orthe 
non-interaction characteristic of the conjugate. 

90 The preparation of the complex of a labelled 
hapten-horseradish peroxidase conjugate with 
immobilised antibody specific for the hapten is car-
ried out in accordance with known procedures. In 
practice, it is only necessary to bring the conjugate 

95 and immobilised antibody together in an aqueous 
medium. 

In general, antibody specific for hapten is gener-
ated in accordance with known procedures. Typi-
cally, however the thus-obtained antiserum is not 

100 further processed to give purified antibody. As a 
matter of convenience, the immobiIised antibody is 
prepared directly from the antiserum. Thus, the 
immobilised antibody preparation inevitably has 
associated with it immobilised proteins, e.g. globu-

105 lins, of various types, none of which are significant 
with respect to the present invention. Accordingly, 
the term "immobilised antibody" does not require a 
particular degree of purity, although it will be appar-
ent to those skilled in the art that immobilised anti-

110 body preparations derived directly from antiserum 
will require more of such preparation per unit of hap-
ten than such a preparation derived from purified 
antiserum. 

The immobilisation of antibody is in turn carried 
115 out in accordance with well known procedures. In 

general, neither the carrier not the immobilisation 
procedure is critical, provided that significant 
deleterious effects are avoided. Thus, the carriers 
may be organic or inorganic, porous or non-porous 

120 and in various desired shapes or forms. The carrier 
may be particulate in nature, varying from a finely-
divided powder to a coarse granular material, orthe 
carrier may be a continuous, shaped article, such as 
a flat or curved sheet or pellet, or a three-

125 dimensional article, such as a rectangular or cylin-
drical tube or a complex monolith. As a practical 
matter, the carrier will most often be either particu-
late and relatively finely divided, e.g. from 20 to 100 
mesh, U.S. Standard Sieve, or a three-dimensional 

130 article, e.g. a cylindrical tube closed at one end, i.e. a 
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test tube. 
Examples of suitable organic carriers include 

polyesters, such as poly (ethylene terephthalate); 
polyamides, such as nylon-6 and nylon-6,6,; polyac-

5 rylates; polymethacrylates; polyacrylamides; poly 70 
(acrylic acid); poly (methacrylic acid); poly (galac-
turonicacid); poly (aspartic acid); ethylene-maleic 
anhydride copolymers; polyolefins such as 
polyethylene, polypropylene, polybutene and 

10 polybutadiene; polystyrene; poly (aminostyrene); 75 
poly (vinyl chloride); poly (vinyl alcohol); poly (vin-
ylidine chloride); cellulose, agarose gels; dextran 
gels; polysaccharides; polypeptides; and collagen. 

The inorganic carriers may be classified as silice-
15 ous or non-siliceous metal oxides. Examples of 80 

siliceous carriers include, glass, silica, wollastonite, 
bentonite and cordierite. Examples of non-siliceous 
metal oxides include alumina, spinel, apatite, nickel 
oxide, titania and zirconia. 

20 The preferred particulate carriers are inorganic in 85 
nature, with siliceous materials being more prefer-
red. The most preferred carriers are silica and glass. 
Preferably, the carrier will be porous in orderto pro-
vide a greater amount of antibody per unit volume or 

25 mass of carrier. Furthermore, the carrier surface may 90 
be modified by methods well known in the art, such 
as by etching or frosting, chemical treatment and 
chemical coating. 

When the carrier is a three-dimensional article, 
30 such as a test tube, the carrier is preferably a plastic, 95 

such as polyethylene or polypropylene. Thus, a 
more preferred embodiment ofthe use of a three-
dimensional article is a plastic test tube having anti-
body coated on the lower interior portion thereof. 

35 In general, the antibody may be immobilised by 100 
known means which may vary from simple adsorp-
tion to chemical coupling. Adsorption, of course, 
usually involves contacting an aqueous solution of 
the antibody (antiserum) to be immobilised with the 

40 carrierforaperiodsufficienttopermitthedesired 105 
(or maximum) degree of immobilisation. Chemical 
coupling typically involves treating the carrier with 
one or more chemical compounds, followed by con-
tacting the treated carrier with an aqueous solution 

45 ofthe antibody. Among the chemical compounds 110 
which may be used to treat the carrier, especially the 
inorganic carrier, includeo-dianisidine (U.S. Patent 
No. 3,983,000), polymeric isocyanates (U.S. Patent 
No. 4,071,409) and silanes (U.S. Patent Nos. 

50 3,519,538; 3,652,761 and 3,669.841). See also U.S. 115 
Patent Nos. 3,930,951 and 3,933,589. For examples 
of procedures suitable forthe immobilisation of 
antibodies to inorganic carriers, see U.S. Patent No. 
4,034,073; M. K. Weibel etal., Biochem. Biophys. 

55 Res. Comm., 44,347 (1971); and H. H. Weetall,Sc/- 120 
ence, 166,615(1969). 

It will be apparent to those skilled intheartthatthe 
enzyme immunoassay and non-enzyme immunoas-
say disclosed herein are in fact very similar, differ-

60 ing primarily in the method employed to determine 125 
or measure the amount of conjugate present, which 
method is dependent upon the nature ofthe label 
incorporated into the conjugate. Thus, the paramet-
ers which pertain to the methodology may be dis-

65 cussed generally, it being understood that such 130 

parameters apply to both the enzyme and non-
enzyme immunoassays. Consequently, the term 
"conjugate" is used throughout such discussion 
without reference to any particular label. 

The first step in either of such immunoassays 
comprises combining the sample with conjugate 
which does not significantly interact with the 
thyroxine-binding globulin and thyroxine-binding 
prealbumin originally present in the sample and 
immobilised antibody which is specific for the hap- , 
ten. 

The amount of conjugate employed is not critical, 
although to maximise the sensitivity ofthe 
immunoassay the amount of conjugate added will 
preferably provide an amount of free conjugate 
which is approximately equivalent, on a molar basis, 
to the amount of free hapten originally present in the 
sample. 

Similarly, the amount of immobilised antibody 
employed is not critical, provided that such amount 
is not sufficient to remove a significant proportion of 
the bound hapten from the binding proteins. That is, 
the immobilised antibody should be present in an 
amount sufficient to bind a proportion of free hapten 
which is sufficient to provide adequate sensitivity 
during the measuring step. In practice, the proper 
amount of immobilised antibody is readily deter-
mined by those skilled in the art and is dependent, at 
least in part, on the titer of the antiserum and the 
extent or degree of antibody immobilisation. With 
respect to the immunochemical reaction between 
hapten and the immobilised antibody, it should be 
noted that the term "free hapten" necessarily refers 
to all hapten which is not in a bound state, i.e. which 
is not bound to thyroxine-binding globulin and 
thyroxine-binding prealbumin, among other pro-
teins, originally present in the sample. Thus the term 
"free hapten" includes all hapten which is capable of 
being bound to orcomplexed with anti-hapten anti-
body and, as a consequence, includes both free hap-
ten originally present in the sample and hapten sub-
sequently added to the sample in the form of the 
conjugate. It follows, then, that the term "labelled 
hapten" simply refers to hapten present as the con-
jugate. 

The second step comprises incubating the mixture 
resulting from the first step, preferably for a period 
sufficient to achieve or closely approach equlibrium 
binding. In general, incubation may be at any temp-
erature which is not destructive ofthe components 
ofthe mixture. Typically, the incubation temperature 
will be from ambient temperature to 40°C. Incuba-
tion times are not critical. As indicated above, it is 
preferred that such periods be sufficient to achieve 
or closely approach equilibrium binding. Normally, • 
incubation times of about an hourat37°C are suffi-
cient, although longer or shortertimes may often be 
employed. 

The third step comprises separating the solid 
phase from the liquid phase. Such separation may 
be carried out by various known means. For exam-
ple, in the case of a particulate carrier, such separa-
tion may be acheived by filtration or centrifugation, 
centrifugation being preferred for speed and con-
venience. When the carrier is a three-dimensional 
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article, such as a test tube, such separation may be 
achieved by simply decanting or aspirating the liquid 
phase from the tube. 

The solid phase, of course, irrespective of carrier 
5 configuration, consists of immobilised antibody 

and/or immobilised antibody-hapten complex. 
Furthermore, it is apparentthatthe complex may 
contain hapten from two sources: (I) free hapten 
which was originally present in the sample, and (2) 

10 hapten in the form of the conjugate. Indeed, the suc-
cess of the method depends upon the presence in 
the complex of hapten from both sources, since 
there is competition by hapten from both sources for 
a limited number of antibody binding sites. By keep-

15 ing the amounts of conjugate and immobilised anti-
body constant, the amount of hapten from the sec-
ond source present in the complex is inversely prop-
ortional to the amount of hapten from the first 
source, i.e. free hapten originally present in the 

20 sample. 
The fourth step comprises measuring the amount 

of conjugate present in either phase. Preferably, the 
amount of conjugate present in the solid phase will 
be measured. Clearly, the method of measurement 

25 will depend upon the nature of the conjugate. An 
integral part of the measurement step is the correla-
tion of the amount of conjugate present on the 
immobilised antibody with a standard curve which 
relates the amount of conjugate present to the con-

30 centration of free hapten originally present in the 
sample. The preparation of the standard curve is 
effected in accordance with well-known procedures 
and is well within the knowledge of those skilled in 
the art. 

35 The present invention is further illustrated by the 
following Examples. Unless otherwise indicated, all 
temperatures are in degrees Celsius. 

EXAMPLE 1 
Determination of free thyroxine in 

40 human serum samples via enzyme immunoassay 
utilising antibody immobilised on a particulate car-
rier. 
Materials and reagents 

1. Free thyroxine standards were prepared from 
45 Coming's kinetic free thyroxine assay (" IMMO 

PHASE" Free Thyroxine Radioimmunoassay, Corn-
ing Medical, Medfield, Massachusetts U.S.A). Such 
standards were serum based and included 0 . 5 , 1 , 2 , 4 
and 6 ng. of free thyroxine, respectively, per dl. of 

50 serum. 
2. Anti-thyroxine antibody was obtained by the 

immunisation of New Zealand white rabbits. The 
resulting antiserum had a titer of about 1:50,000. 

3. The carrier used for antibody immobilisation 
55 was the arylamine derivative of silanised 

controlled-pore glass. The average particle size was 
about 1 0 ^ m (1 n) with an average pore diameter of 
about5.5 x 1CT8m (550A). Immbobilised antiserum 
(immobilised antibody, IMA) was prepared accord-

60 ing to Weetall and Filbert, using a ratio of 0.5 gram of 
glass per ml of antiserum, see W. B. Jakoby and M. 
Wilchek, Editors, "Methods in Enzymology", Volume 
34 B, Academic Press, Inc., New York, 1974, pp. 
59-72. Briefly, the glass was cleaned in 5% nitric acid 

65 solution, washed and treated with a 10% solution of 

•y-aminopropyl triethoxysilane in distilled water at a 
pH of 3.45. The resulting silanised glass was reacted 
withp-nitrobenzyl chloride in chloroform containing 
10% (v/v) triethylamine as a hydrogen chloride 

70 scavenger. Reduction of the nitro group then was 
accomplished by treating the 
p-nitrobenzylaminoalkyl derivatised glass with 10% 
sodium dithionite in water. The resulting 
p-aminobenzoylaminoalkyl derivatised glass was 

75 diazotised with nitrous acid generated in situ from 
hydrochloric acid and sodium nitrite. The diazotised 
product was washed and added to antiserum at a pH 
of from 8 to 9. The resulting IMA was washed 
repeatedly and resuspended in buffer. The resulting 

80 IMA suspension contained 50 mg of glass per ml. 
and about 50 fig of IMA per ml. 

4. The conjugate used was thyroxine-
horseradish peroxidase (Organon Diagnostics, El 
Monte, California, U.S.A.). 

85 5. The buffer employed in all experiments was 
pH 7.4 0.03M sodium phosphate containing 0.1% 
bovine serum albumin. 

6. The enzyme substrate solution composition 
was as follows: 0.033M citric acid, 0.066M sodium 

90 phosphate, 0.0065Mo-phenylene diamine dihyd-
rochloride and 0.0021M urea peroxide; the buffer pH 
was 5.0 ±0 .1 . 

7. The colour development stopping solution 
was 1.0M citric acid containing 0.1% sodium azide. 

95 8. The IMA washing solution contained 0.05% 
"TWEEN 80" (Registered Trade Mark) (Fisher Scien-
tific Co., Pittsburgh, Pennsylvania U.S.A.) in 0.85% 
aqueous sodium chloride solution. 

9. Human serum samples were obtained from 
100 Metpath and a local gynacologist. All samples were 

first analysed for free and total thyroxine by prior art 
methods (i.e. equilibrium dialysis and radioim-
munoassay). 
Preparation of Standard Curve 

105 To 20 iiI of each thyroxine standard in a separate 
12 x 7 5 m m plastictesttube was added 0.1 ml of 
conjugate (about 200 pg of thyroxine by radioim-
munoassay). To the resulting mixture was added 1 
ml (about 50 jug) of IMA. The mixture was incubated 

110 for 30 minutes at 37°. The mixture was centrifuged 
and the solid phase was washed twice by each time 
adding 2 ml of wash solution, vortexing and cen-
trifuging for five minutes at about 3,000 RPM. To the 
washed solid phase was then added, on a timed 

115 schedule, with mixing, 2 ml of enzyme substrate sol-
ution. After a precise 15-minute incubation period at 
ambient temperature, colour development was ter-
minated by the addition of 1 ml of stopping solution. 
The optical density at 455 nm of each solution was 

120 determined spectrophotometrically. The thus-

obtained data were plotted as optical density vs. free 
thyroxine concentration in ng./dl. Accompanying 
Figure 1 clearly shows that the assay is sensitive to 
small changes in free thyroxine concentration over 

125 therangeof f rom0.5to6ng. /d l . 
Assay of Human Serum Samples 

The procedure employed to generate the data for 
the standard curve was repeated, except that each 
thyroxine standard was replaced with a human 

130 serum sample (in duplicate). The optical density 



6 GB 2 085 160 A 6 

reading obtained in each case was correlated with 
the standard curve to obtain a free thyroxine con-
centration. The thus-obtained data are summarised 
in Table 1 below which also tabulates the 

5 previously-determined free thyroxine values. 
Table 7 

Free thyroxine values of 
human serum samples (ng.ldL) 

Sample Present Prior art 
10 No. Method Method 

2-B 1.7 1.4 
4-B 2.4 2.4 
6-A 2.4 2.0 
8-A 1.8 1.4 

15 9-A 1.4 1.3 
10-A 1.8 1.8 
13-A 1.6 1.5 
14-A 2.1 2.2 

A-2 2.0 1.7 
20 A-13 2.5 2.2 

A-14 2.2 2.2 
A-15 1.6 2.1 
A-17 2.5 2.2 

Evaluation of binding constants 
25 A measure of how strongly an antigen or hapten is 

bound to an antibody is given by the value of the 
equilibrium or binding constant which is defined as 
follows: 

K =[Ag/Ab] 
30 

[Ag][Ab] 
wherein K is the equilibrium or binding constant; 
[Ag/Ab] is the concentration of the antigen (or hap-

ten) -antibody complex; 
35 [Ag] is the concentration of free or unbound anti-

gen (hapten); and 
[Ab] is the concentration of free or unbound anti-

body. 
Clearly, the greater the value of K, the more 

40 strongly antigen is bound to antibody. If the bound 
and free antigen may be separated and the quantity 
bound measured, then the value of K may be deter-
mined by constructing a Scatchard plot; see, e.g. E. 
D. Day. "Advanced Immunochemistry", Williams & 

45 Wilkens Co., Baltimore, Md, 1972, pp. 118ff. Such a 
procedure is particularly suited to soild-phase 
immunoassay systems since the bound antigen is 
readily separated from the free or unbound antigen. 

For the thyroxine-horseradish peroxidase conju-
50 gate, the value of K was determined as follows. A 

stock solution of the conjugate was assayed for total 
thyroxine by means of a conventional radioim-
munoassay to give the concentration of the 
thyroxine-horseradish peroxidase conjugate. A 

55 quantity of the immobilised antibody used above 
was added to an aliquot of the conjugate stock solu-
tion and the resulting mixture was incubated. The 
solid phase was then separated by centrfugation. 
The liquid phase was assayed for total thyroxine as 

60 before. The difference between the two concentra-
tions of thyroxine horseradish peroxidase conjugate 
represents the amount of conjugate which was 
complexed by the immobilised antibody. The imobil-
ised antibody, or solid phase, was in turn assayed by 

65 the colorimetric procedure described above which 

results in an optical density value which is attribut-
able to the known amount of conjugate bound to the 
immobilised antibody. This enables the amount of 
bound conjugate to be expressed in terms of optical 

70 density units. Various dilutions of this stock solution 
then were added to a series of tubes containing iden-: 
tical quantities of IMA. The resulting mixtures were 
incubated for one hour and centrifuged. the susper-
natant liquid was decanted and the quantity of con- , 

75 jugate bound or complexed to the IMA was deter-
mined by the colorimetric procedure described 
above. From the quantity bound and the known total 
amount added initially, the fraction of conjugate 
which was bound to the IMA was calculated for each 

80 dilution. The values necessary forthe Scatchard plot 
are given in Table 2. 

Table 2 
Thyroxine-horseradish peroxidase 

conjugate scatchard plot data 
85 Dilution of Fraction Amount Bound 

Stock Soln. BoundIFree x 10" Moles 
Series 1a 

1:1000 0.023 0.50 
1:500 0.021 0.91 

90 1:250 0.018 1.52 
1:125 0.013 2.28 
1:62.5 0.0085 2.95 
1:31.2 0.0059 4.10 
1:16 0.0032 4.45 

95 Series 2b 

1:1000 0.0089 0.18 
1:500 0.0077 0.32 
1:250 0.0063 0.52 
1:125 0.0066 1.09 

100 1:62.5 0.0055 1.68 
1:31.2 0.0051 3.38 

1:16 0.0036 4.7 
aSeries 1 was carried out in the absence of added 

human serum protein. 
105 "Series 2 was carried out in the presence of added 

human serum protein. 
The data in Table 2 were plotted with the second 

column data as ordinate and the third column data 
as abscissa. The resulting plots were essentially 

110 linear, the slopes of which were equal to K. Thus, the 
binding constants from the above data, as well as 
the constant for a non-conjugated thyroxine (data 
not shown), were as follows: 

K 
115 Thyroxine-horseradish peroxidase 

conjugate. Series 1 6 x 1010 

Thyroxine-horseradish peroxidase 
conjugate. Series 2 7.2 x 1010 

Free thyroxine-1 3 x 1010 . 
120 aln merthiolate-containing human serum. The dif-

ference in the above values of K are not experimen-
tally significant. Thus, the data clearly show that the„ 
affinity of the conjugate for specific immobilised 
antibody, even in the presence of serum containing 

125 thyroxine-binding globulin, is not significantly dif-
ferent from the affinity of non-conjugated thyroxine 
for the same antibody, which free thyroxine was 
prevented by the presence of a blocking agent from 
binding to thyroxine-binding globulin present in the 

130 serum. 
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Conjugate non-interaction with serum protein 
Obviously, the foregoing values of K indicate the 

non-interaction characteristic of the thyroxine-
horseradish peroxidase conjugate. The following 

5 experiment, however, was designed to demonstrate 
such non-interaction and to compare the TBG bind-
ing charcteristic of conjugate with that of free or 
non-conjugated thyroxine. 

A stock solution of purified TBG was serially 
* 10 diluted, in duplicate, in 12 x 75 m m plastic test 

tubes. Thus, two identical series of six tubes each, A 
and B, were prepared, with each tube containing 100 
n\, of solution. The six tubes in each series con-
tained, respectively, 10 fig, 1/ig, 100ng, 10 ng, 1 ng and 

15 zero TBG. To each tube then was added 1 ml of buf-
fer containing 200 pg of IMA. In addition, each tube 
in Series A also received 100 ju.l of ,25l-labelled 
thyroxine (Stock No. 474119-A, Corning Medical) 
and each tube in Series B received 100 /u.l of conju-

20 gate. All tubes were incubated at37°forone hour. All 
tubes then were centrifuged and in each case the 
solid phase was washed twice as described above. 
The amount of thyroxine contained in the solid 
phase of each tube in Series A was determined by 

25 measuring the gamma radiation therein and the data 
recorded as counts per minute. By using an 
appropriately-constructed standard curve, such data 
were converted to the fraction of thyroxine bound in 
each tube. The amount of thyroxine contained in the 

30 solid phase of each tube in Series B was determined 
colorimetrically as described above. Again, by using 
a suitable standard curve, the data were converted to 
the fraction of thyroxine bound in each tube. 

The two sets of data, when normalised as B/Bmax 
35 (where B represents thyroxine bound), and plotted 

vs. TBG concentration (accompanying Figure 2), 
indicated a very low level of interaction between the 
conjugate and TBG as compared with the interaction 
of unconjugated thyroxine with TBG. 

40 The above procedure was essentially repeated, 
except that the antibody suspension consisted of 400 
/tg, of IMA in 0.5 ml buffer, the series Atubes were 
omitted, and the TBG was replaced with thyroxine-
binding prealbumin (TBPA) at concentrations of 1.28 

45 mg/ml., 640 /ug./ml.,320 /tg./ml., 160 fxg./ml., 80 
/xg./ml and zero pig./ml.( respectively, per25-/U.I sam-
ple of TBPA solution which was added to each tube. 
Thus, the total quantity of TBPA present in each tube 
was, respectively 32 mg., 16 mg., 8 mg., 4 mg., 2 mg. 

50 and zero mg. 
The data, when normalised and plotted vs. TBPA 

concentration, indicated virtually no interaction bet-
ween the conjugate and TBPA over the concentra-
tion range studied (accompanying Figure 3). 

' 55 Example 2 
Determination of free thyroxine in human serum 
samples via enzyme immunoassay unti/ising anti-
body immobilised in a plastic tube 

The enzyme immunoassay of Example 1 was 
60 repeated, exceptthatthe antibody immobilised on a 

particulate carrier was replaced with anit-thyroxine 
antibody-coated tubes, i.e. antibody immobilised in 
a plastic tube. Such tubes were obtained from Clini-
cal Assays. 

65 This substitution, of course, required changes in 

protocol whereby all centrifugation steps were 
eliminated with supernatant or liquid phase removal 
being accomplished by decantation. 

Thus, the standard curve was generated in the 
70 usual manner by plotting optical density versus free 

thyroxine concentration in ng./dl. A typical standard 
curve is illustrated in accompanying Figure 4. 

The assay of human serum samples also was car-
ried out, the data obtained being summarised in 

75 Table 3 below which also tabulates the previously-
determined free thyroxine valves. 

Table 3 
Free thyroxine values of 

human serum samples (ng. idl.) 
80 Sample Present Prior Art 

No. Method Method 
C-10 0.62 0.98 
C-12 1.17 1.08 
M-11 0.39 0.13 

85 T-17 3.7 4.1 
EXAMPLE 3 

Preparation of standard curve for radioimmunoas-
say 

The standard curve preparation procedure of 
90 Example 1 was repeated, exceptthatthe thyroxine-

horseradish peroxidase conjugate was replaced by a 
'"l-thyroxine-horseradish peroxidase conjugate 
prepared by the periodate oxidation ofthe enzyme, 
followed by reaction with 125i-labelled thyroxine, fol-

95 lowing the procedure of P.K. Nakane and A. Kawaoi, 
J. Histochem. Cytochem., 22,1084 (1974). 

The horseradish peroxidase was obtained from 
Worthington Biochemical Corporation, Freehold, 
New Jersey, U.S.A. and had a peroxidase activity of 

100 10581.U. /mg. Radiolabelled thyroxine "5l-thyroxine, 
having an activity of about 600 /xCl/yu-g, was supllied 
by Corning Medical, Medfield, Massachusetts, 
U.S.A.. 

Briefly, the amine groups on the enzyme were 
105 blocked by reacting 10 mg of horseradish peroxidase 

with 1 mg of flourescein isothiocyanate in 2 ml of 0.3 
M sodium bicarbonate solution having a pH of 8.1 
for one hour at ambient temperature. Sodium 
periodate was added to the reaction mixture in an 

110 amount sufficient to give a concentration of about 
0.01 M. The reaction then was continued for an addi-
tional 30 minutes, also at ambient temperature. To 
the reaction mixture then was added 1 ml of 0.16 M 
ethylene glycol in distilled water; the reaction was 

115 continued at ambient temperature for one hour. The 
reaction mixture then was dialysed against three 
four-litre changes of 0.01 M aqueous sodium carbo-
nate solution, pH 9.5. A solution of about 50 ng 12sl-
thyroxine in 1 ml of 0.3 M sodium carbonate solution 

120 at pH 8.1 was added to the dialysed reaction mixture 
and the resulting solution was stirred gently at 
ambient temperature for 90 minutes. To the reaction 
solution was added 5 mg of solid sodium borohyd-
ride and stirring was continued overnight at 4°. The 

125 thus-prepared 12Sl-thyroxine-horseradish peroxidase 
was isolated by column chromatography on G-25 
Sephadex (Registered Trade Mark), (Pharmacia Fine 
Chemicals, Uppsala, Sweden) and stored at 4°. 

An aliquot (50 n\) ofthe radiolabelled conjugate, 
130 which aliquot contained about 20,000 CPM of 
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radioactivity, was combined with 20 nI of each 
thyroxine standard, as in Example 1. Incubation was 
for one hour, ratherthan 30 minutes. As before, the 
solid phase was washed twice. The radioactivity 

5 bound to the solid phase then was counted for one 
minute. The data were plotted vs. free thyroxine 
concentration in ng./dl to give a standard curve 
(accompanying Figure 5). 

Additional studies with the enzyme immunoassay 
10 as carried out in Example 1 demonstrated that, as 

expected, the preparation of the standard curve is 
both time and temperature dependent. If the incuba-
tion leading to complex formation is carried out at 
37°, equilibrium is essentially reached after one 

15 hour. At ambienttemperature, however, equilibrium 
apparently was not achieved after 90 minutes. 

In addition, other studies demonstrated that the 
enzyme immunoassay as carred out in Example 1 
correlated well (r = 0.91) with a prior art radioim-

20 munoassay based on U.S. Patent No. 4,046,870 
(" IMMO PHASE" free thyroxine radioimmunoassay, 
Corning Medical). Such correlation resulted from the 
application of data from both procedures for 54 
serum samples to a computerised linear regression 

25 program. 
CLAIMS 

1. An immunoassay method forthe direct meas-
urement of free thyroxine or 3,5,3'-triiodothYronine 
in a liquid sample in which the thyroxine or 3,5,3'-

30 triiodothyronine is present in both free and com-
bined states, which comprises: 

(A) combining the sample with a labelled 
thyroxine- or 3,5,3'-triiodothyronine-horseradish 
peroxidase conjugate which does not significantly 

35 interact with the thyroxine-binding globulin and 
thyroxine-binding prealbumin originally present in 
the sample and immobilised antibody which is 
specific forthyroxine or3,5,3'-triiodothyronine; 

(B) incubating the resulting mixture; 
40 (C) separating a solid phase from the liquid 

phase; and 
(D) measuring the amount of labelled 

thyroxine- or 3,5,3'-triiodothyronine-horseradish 
peroxidase conjugate present in either phase by 

45 means of the activity of the label. 
2. An immunoassay as claimed in claim 1 in 

which the conjugate is radiolabeled. 
3. An immunoassay as claimed in claim 2 in 

which the conjugate is labelled with radioactive 
50 iodine. 

4. An immunoassay as claimed in claim 3 in 
which the radioactive iodine is I"5. 

5. An immunoassay as claimed in any of claims 1 
to 4 in which the antibody is immobilised on an inor-

55 ganic carrier. 
6. An immunoassay as claimed in claim 5 in 

which the carrier is particulate and finely divided. 
7. An immunoassay as claimed in claim 5 or 

claim 6 in which the carrier is siliceous. 
60 8. An immunoassay as claimed in any of claims 5 

to 7 in which the carrier is glass. 
9. An immunoassay as claimed in any of claims 1 

to 8 in which the carrier is a three-dimensional arti-
cle. 

65 10. An immunoassay as claimed in claim 9 in 

which the carrier is a test tube. 
11. An immunoassay as claimed in claim 10 in 

which the test tube is plastic. 
12. An immunoassay as claimed in claim 10 or 

70 claim 11 in which the antibody is coated on the lower 
interior portion of the test tube. 

13. An immunoassay as claimed in any of claims 
1 to 12 in which the conjugate is fluorescent labelled, 
chemiluminescent labelled or enzyme labelled. 

75 14. An immunoassay as claimed in claim 13 in -
which the enzyme-label is the horseradish peroxid-
ase of the conjugate. 

15. An immunoassay as claimed in claim 1 sub-
stantially as herein described with particular refer-

80 ence to the Examples and/or the accompanying 
drawings. 
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