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SYNOPSIS

The uge of fluorescein and rhodamine as donor and
acceptor fluorescent labels in the development of energy
transfer immunoassay (ETIA) methods was evaluated by developing
an assa& for human serum albumin, The sensitivity of - the assay
was found to depend on (i) the degrees of fluorophore iabelling
' of antibody and antilen, (ii) concentrations of labelled
antibody and antigen, (iii) the fluorimeter spectral bandwidth,
and (iv) whether the donor (fluorescein) was conjugated to the
antigen or the antlbody. These results, including those relatxng
to the stability of the labelled immune reactants on storage,
lead to the conclusion that fluorescein and rhodaminq are fér'-
from ideal as doﬁor and acceptor. Nevertheless, thé appiication
of the asgay to the analysis of test serum samples gave regults

' that compared favourably with those obtained by electroimmunoassay.

Othex potentlal donor and acceptor fluorescent labels
were also 1nvestigated viz. (a) fluorescamine and fluorescain,
(b) MDPF and fluorescein, (¢) dansyl chloride and rhodamine,

(d) quinacrine and fluorescein, and (e) quinacrine and rhodamine.
0Of these, only (a) and (b) were found to be suitable donor-accepior
pairs, and they were applied to the developmenf of a number of
assays for both low and high molecular-weight analytes.

' Comparative studies of fluorescamine and MDPF as donor fluorescent
labels together with fluorescein as the acceptor label were
perfbrmed by developing immunoassay methods for the determination
of human serum transferrin in fpur serum samples including a

blood sample from the victim of a road traffic accident. Results



ix
obtained were generally in good agreement with those found by
the radial immunodiffusion method. An ETIA developed for
nortriptyliné and related tricyclic antidepressants was capéble
of detecting nanomqlar concentrations of the drugs in pure
gsolution and in spiked sera. Other ETIA's déveloped include a
sandwich assay for the quantitation of human immunoglobulin A,

and a direct assay for the determination of human immunoglobulin G.

The Fluram as well as the MDPF enhancement phenomens
were also gtudied in detail and applied successfully to the
development of fluorescence enhancement immundassays for

nortriptyline, human serum transferrin and immunoglobulin G,

Finally, the automation of an energy transfer

immnoassay was successfully pgrformed by using the principles of

stopped-flow injection analysis with merging zones.




CHAPTER 1 . INTRODUGTION

Energy Transfer

1.1.1 Competitive processes affecting an electronicélly

excited molecule.

A molecule excited from the ground state S, to an
upper singlet energy level S, may be deactivated by several

competitive processes as outlined in the enefgy—level diagram

of Fig.1.1
782
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Fig 1.1 Competitive processes affecting a molecule in an
excited state S, . Straight and wavy lines denote radiative
and nonradiative processes, respectively. '

8, = ground state ; S, = lowest excited singlet state ;
S, = initial excited state ; T, = lowest triplet state
k, = rate constant for chemical reaction

ket = rate constant for energy trahsfer

ki = rate congtant for internal conversion

kix = rate constant for intersystem crossing

ky = rate constant for fluorescence

kp = rafe constant for phosphorescence

From the initial excited state S,, the molecule can

| -13 -11
(i) return rapidly ( in ca. 10 to 10 8 } to the lowest singlet



atate 8, by a nonradiatiﬁe process called internal conversion,
(i1) undergo a chemical reaction to yield products, or (iii)
donate its excitation energy fo a neighbouring molecule

( acceptor ), a process called energy transfer,

For a competitive process to compete effectively with the.
spontaneous decay { internal conversion } of the excited state,
it must have a rate tonstant kep greater than the decay rate of

the excited state from which it occﬁrs, ie

Kep = %s _ (1-1)
where Tgis the lifetime of the state involved. Thuas, in this case,
the competing processes - chemical reaction and energy transfef -
are noi probable from'the_excited state S, because theif occurrence
would imply that these competing processes could not be diffusion-
controlled ( with rate constant ~10° 1itre mol's '), but must

occur with a firgt order rate constant of at least 10" 1itre moi's'

(Hercules 1966).

The molecule from the loweét excited singlet state 5 ,may
return to the ground state S, by fluorescence or internal
conversion; it may also go to-the triplet state T, by a non-
radiative spin-inversion process calleé intersystem crossing. -
Sincelthe lifetime of the molecule in S, is ca. 16 ( ke s Ky
and k;, for S,->S, approximately 10854), the competing
processes of energy transfer and chemical reaction can also occur

from 5, .

From the lowest triplet state T, , the molecule can return

to the ground state S, by internal conversion or phosphorescence.

Furthermore, with T, having a comparatively long lifetime_( 154t0




10 s) the competitive processes of energy transfer and chemical

reaction can alse take place from the triplet sfate. Thus,
energy transfer from both the lowest excited singlet S, and -
triplet T, states of a molecule ( donor ) to another molecule
{ acceptor ) can occur, and thelfollowing possible types of
energy transfer between donoi and acceptor molecules will be
discussed in the apgropriate sections below:

singlet-singlet energy transfer
triplet-singlet energy transfer
singlet-triplet energy transfer

triplet~triplet energy transfer

1.1.2 Collisional deactivation of an electronically excited

molecule

This is a diffusion-controlled process that involves a
colliaional contact between the excited donor D* and the
ground state acceptor A. The steps involved in a collisional

deactivation of an excited donor may be represented as follows.

D + hv —> D (excitation) : (1.2)

D 4+ A —> D+A+XkD (deactivation without - (1.3)
energy transfer to A)

b+ A —> D + A (energy transfer) (1.4)

The donor absorbs a photon hv and bebomes an excited
state molecule D* which can then be deactivated to its ground
state by emitting a photon hv' ( fluorescence: DD + hv')
or dissipating its excitation energy through interaction with
" a colliding acceptor molecule. The latter process is governed

by the Stern-Volmer law (Stern and Volmer 1919),

B 1.+ x[alty |  {1.5)




where F, and F are the fluofescence intensities in the
abaence and presence of”the acceptor respectively; Ty is the
lifetime of the excited state of the donor and k a |
proportionality constant.'It can be deduced from the Stern-
Volmer that the lifetime T4 decreases with an increase in [A].
More collisions will occur the longer the excited state exists
and therefore donors with long lifetimes are ﬁore sumsceptible

t0 ecolliamional deactivation, N

Although Equations (1.2) to (1.4) above provide an
adequate mathematical description of collisional energy loss,

the physical process necessitates an energy dissipation'of Ca.

210 = 420 kJ m01-1, which is much greater than what would have

been expended in a simple bimolecular collision (Hercules 1966).
Deactlvation of the excited donor by the collisional process

can be effected by the following mechanisms which may or may not

involve an energy transfer to the acceptor.

1.1.2.1 Collisional deactivation mechanismg NOT involving -

energy tranasfer

(a) Enhanced intersystem crossing ( .spin-orbit coupling ; the
external heavy atom effect ).

intersystem crossing enhanced

M 3 *
D + A—D + A in the presence of A

s

D + hv . D + kT internal conversion to

phosphorescencé ground state

(b) Enhanced internal conversion. The interaction with H~
bonding acceptor involving vibrational coupling betwenn
D and A will lead to enhanced internal conversion of D

to the ground state.
D* + A—D + A + KT
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(c) Exciplex formation followed by internal conversion to the
ground state or diminished and red-shifted fluorescence.

* *
D ¢« A——(D-A) — D + A + hv!

exciplex diminished fluorescence
and red-shifted compared
to monomeric donor
fluorescence

internal conversion to

D+ _A + RT' ground state

AN

(4) Charge-transfer complex formation (by the reversible
electron transfer mechanism)

In nonpelax solveﬂts

+* e ¥ 4+ ¥
D + A==D—A — (D=A7) ——D.+4+hv!

encounter charge-transfer diminished,
" complex . " complex - red-shifted
l fluorescence

D + A + KT
internal conversion to ground state

In polar solvents

* ¥* + T -

D + A=——=D—A — Dg + A4
encounter solvated lons
complex :

Triplets may also be produced via enhanced intersystem

'crossing in encounter complex:
gL 4 %
- D—A —> D + A

or by ion-recombination reactions:

ot s AT ——°D o+ A




1.1.2.2 Collisional deactivation mechanisms involﬁing

energy trangfer

- (a) Exchange mechanism (Dexter 1953)

Wwhen the donor and acceptor are in close collisional
contact, thé electron clouds of the éolliding molecules wi}l_
coalesce resulting in the indistinguishability of the highest

~energy electrons of the donor. and acceptor. Exchange of electirons
between donor and acceptor can take place so that, for example,
an electron in a donor triplet.staté may become part of the
electronic structure 6f fhe acceptor originally in the S, state.
While the donor is deactivated to the ground state S, by
acquiring an electron from the acceptor, simultaneoﬁsly, the
acceptor will be raised to the 3, stéte by the acquisition of
an electron from the donor in the triplet state ( triplet -
singlet energy transfer)., The exchange mechanism of energy
transfer is most efficient when the equilibrated excited atate
‘of the donor lies slightly higher than the Frank-Condon exclited
Qtate of the acceptor. Singlet-singlet and triplet-singlet
energy transfer between donof and acceptor are permitted by
the exchange mechanism. Furthermore, the exchange mechanism
can also effect an energy transfer which may involve the spin-
forbidden transition of the acceptor, viz., singlet-ﬁriplet
(occasionally) and triplet-triplet (quite commonly ), provided
that the donor singlet or triplet state is in & higher energy
state than the acceptor triplet state (Schulman 1977). This is.
in marked contrast to the resonance energy transfer mechanism
which precludes a spin-forbidden transition in the acceptor.

(See Section 1.1.4 for further discussion). Since collisional



contact hetween donor and'acceptor_is a prerequisite for
energy iransfer by the exchange mechanism, the prbcess is
diffusion-controlled and is dependent on the viscosity of

the medium.

- {b) Delayed fluorescence

In rigid and viscous media, the phenomenon of delayed
fluorescence is decasionally observed in addition to
-phosphorescence., It occurs at the wavelength of "normal"
rfluorescence‘(provided the.molecule is also fluorescént at the_
femperature of messurement) but has a lifetime comparable to
that of phosphorescence. Delayed fluorescence is a result of
the excitation of the molecule in the triplet st#te back to the:
1owest excited singlet state (ie reverse intersystem crossing),
and.can be effected by two mechanisms, Delayed fluorescence
brought about by thermal excitation (ie by warming) is exhibitéd'
only by certain molecules whiéh have a small énefgy diffefence
between the 5,and T1States. This was first observed in éoain
and hence the phenomenon has been classified as E-type delayed
fiuorescence. In the other mechanism for delayed'fluorescence,
two triplet molecules would collide’resulting in the activation
of one to the S, state and the deactivation of the otﬁer by
internal conversion to the S, state (triplet-triplet annihila-
tion), Sinée the phenomenon was fifst observed in pyréne it has
been called P;type delayed fluorescence. The mechanism requires
the simultaneous annihilation of two iriplet molecules and so .
P-type delayed fluorescence ié a biphotonic process which
‘requires a sufficiently high concentration of the absorbing
molecules. The intenaity of P-type'delayed fluorescence is -

propottional to the square of the intensity of the exciting
1ight.




A1l the above mechanisms for the collisional
deactivation of the excited donor would result in the
fluorescence quenching of the donor ( if it is fluorescent )
with or without a concomitant energy transfer to the acceptor.
As only the excited state of the donor is involved, this type
of fluorescence quenching is diffusion-controlled and is called
dynamic quenching.\Donor fluorescence intensity can also be
quenched if the number of potential excited state donor is
decreased eg. by the complexation of ground state donor and
acceptor ( D + A—>D—A ) or the formation of a ground state
dimer ( ﬁ +-D-a-D——D ). The dimer or donor-acceptor complex
whén excited has a zero or negligible quantum yield, and even
though it may dissociate in the excited state to produce the
luﬁinescing species, the dissociation process is usually less
efficient than the nonradiatife conversion of the excited
complex to its ground state. This type of quenching is not

diffusion dependent and is referred to as static quenching.

1.1.3 Noncollisional energy trahsfer

Energy transfér that occurs over distancesilérger than
the contact distances of molecular collision is called a
noncollisional energy transfer (Forater 1947,1959; Perrin 1932).
In resonance transfer, the energy of the excited donor is lost
via transfer to the acceptor without any emission of radiation
or any collisional contact between the donor and acceptor.
Various other equivalent terms have also been used in the
literature to describe thims class of energy trensfer process:
sensitized fluorescence ( if acceptor is also fluoreécent),

singlet-ginglet nonradiative energy transfer, dipole-dipole
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resonance iransfer, long-range radiationless energy transfer,

Forster~type energy transfer, etc. Resonance energy iransfer

ims the term used in this fhesis to describe this type of non-

rajiative energy transfer which should be distinguished from

the "trivial" process of reabasorption of the donor emission by

the acceptor, The efficiency of the triviaJ reabsorption

procesa depends on (i) the spectral overlap between the donor
~

emimsion spectrum and the acceptor absorption spectrum, and

(ii1) the Beer-Lambert law which states

~abe '
.Ia = 10[1 - 1072b¢] - (1.6)

where I and I are the intensities of the incident and absorbed
radiation, a is the (molar) absorption coefficient, b the
optical pathlength, and ¢ the concentiration. The quaiifying
'word "trivial™ used o desqiibe the process of radiative energy
fransfer is a misnomer: life on earth depends upon the radiant
energy from the sun. Livingstone (1957) called the process
"trivial not because it is unimportant but because it is easy

to explain",

1.1.4 Resonance energy transfer

1e1s4+1 Higstorical backeground

Historically, the first recorded observation of
resonance energy iransfer was made in 1923 by Cario and Frank
who found that a gaseous mixture of_mercury and thallium
showed the emission spectra of both atoms even though the
excitation radiation was set at the 254 nm mercury resonance

wavelength. The experimental set-up in this case excluded the
pomsibility of indirect excitation of thallium by reabsorption
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of the mercury emission. Subsequent work by Bowen and
Brocklehurst in 1955 on energy transfer between 1-chloro-
anthracene and perylene showed very clearly that.the nbn-
collimsional energy transfer was not brought about by the
pProcess of triviai reabsorption. That.the resonance energy
transfer process was also not a consequence of a collisional
mééhanism had already been established in 1949 by Fdrster'
(1949a,b) who found that the fluorescence queﬁching of trypa-
flavin by rhodamine B occurred over a distance of T nm, which
. was much greater than the collisional molecular dimensions.

- The efficiency of the resonance energy transfer preocess had

. been demonstrated earlier in 1947 b& Bucher and Kaspers in
their investigations on the trensfer efficiency beiween the
chromophoric groups in myoglobin, Their resulis were later
confirmed by Weber and Teale {1959) who found an almost 100%
tranafer efficiency in this particular.system. Even though -
thé first work on the quantitative aspects of resonance energy
transfer was done by J., and F. Perrin (1925,1927 and 1932), it
was Forater who developed in 1948 a complete theory underlying

the mechanism of the resonance transfer process.

Telede2 Transfef mechanism

In the classical sense, an electron in é molecule
whiéh has been excited to a singlet or triplet state behaves
like @ charged oscillator with a characteristic frequency
superimposed on its electrical field (whiqh extends beyond the
molecular dimension). Tranafer of its excitation energy to a

second molecule (acceptor} within this electrical field can

take place if the electronic transition of the acceptor
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corresponds to the frequency impbsed on the electrical

fieid.by the excited oscillator (donor). This would require
that the transitional energy difference from the excited

‘state to the ground state in the donor is the same as the
reverse processa in ihe acceptor. However, an electronic

" transition in a molecular oscillator (cf. free atoms) with -
various vibrationa} transitions superimposed on it does not
correspond to a_fixed frequencj. Instead, it is characterised -
by a whole distribution of frequencies. Consequently, a .
continuous spectrum of frequencies is also imposed on the
electrical field in ény one type of molecular electronic
transition, and a certain frequency interval within this -
spectrum can cause the excitation of the écceptor. Maximum
spectral overlap between donor emimsion and acceptor absorption
is therefore an important pr;requisite for resonance energy
transfer to occur. Furthermore, there must also be an'optiﬁum
relative orientation to permit strong interaction between the
'osciuators. As will be shown in Equation {(1.10) below, the
rate of resonance energy transfer varies inversely as the sixth
power of the distance between the donor and acceptor, and there

must be a certain minimum distance (%he critical distance r, ,
See Equation(1.10)) for efficient energy transfer (stryer 1960).
The mean intermolecular distance decreases with higher concentra-
tions of both donor and acceptor, so resonance energy transfer
is a concentration dependent phenomenon, Other parameters which

“determine the rate of resonance energy transfer include the

lifetimes and therefore the spin multiplicities of the excited

states of the donor, as well ag the probabilifies { ile molar

absorptivities) of the electronic transitions involved in the
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acceptor. The lowest excited singlet state of the donor has
a shorter lifetime (10-8 g) then the triplet state (10—4 to
10 s). However, excitation to the lowest excited singlet'state
of an accepfor has a higher probability than transition from
the ground to the triplet state (spin-forbidden transition).
Thua, the acceptor can be excited to the excited singlet state via
the resonance mechgnism by a donor in the lowest éxcited singlet
state (singlet-singlet energy transfer) or triplet state (triplet-
'singlet energy transfer), However, because of the spin~forbidden
transition from the ground to the triplet staté.of an acceptor,
singlet-triplet and triplet-triplet resonance energy transfer
resulting, respectively, in singlet- and triplet- sensitized

phosphorescence have very low probabilities and such phenomena

are not generally observed.

The conditions for resonance energy transfer are.very
aimilar to thoae foi trivial reabsorption (Refer Sectioh 1.1.3)'
and special precautions must be taken to minimize the contributdry
effect of one on the observation of the other. In most studies
of resonance energy tranafer, trivial reabsorption can be obviated
by keeping the absorbance (optical density) of the solution low
( < 0.005 for 1 cm optical pathlength) or altering the optical
layout for sample illumination (eg. front-surfance fluorescence
measurements; smaller optical pathlength cuvette).Some of the
characteristic properiies associated with resonance transfer and
trivisl resbsorption had been identified by Forster (1959) and

are summarized in “able 1.1 which can be used for distinguishing

between the two mechanisms.

.
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Table 1.1

Some cheracteristic properties of resonance energy transfer
and trivial reabsorption (Forster 1959).

Prppérties _ Resonance transfer  Reabsorption
- Dependence on sample volume None Increase

hependence on gample conec. Increase Increasge

Dependence on viscosity None | None

Donor lifetime Decreased Unchanged

Donor fluorescence spectrum . Unchanged Changed

Absorption apectrum ' ~ Unchanged Unchanged

1.1.4.3 Some quantitative aspects (Forster 1948,1951;Pesce 1971)

The field strength - E at a distance r from an excited

electron oécillating at a point D is given by

B = kaa | C(1.7)
n’rs -

where g is the electronic charge, k the orientation factor,
a the amplitude of oscillation at D, .n the refractive index,

and r the distance between the acceptor A and the donor at D.

After time 1t of exact resonance, oscillator A bhas
acquired the energy

22,2

8m
where m 1is the mass of the electron, Thus, the interaction
energy between the oscillators is proportional to the inVerse
sixth power of the distance ( Equation (1.7) and (1.8) ) and

the rate of energy transfer between donor and accepior is
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- aw aw, o o)
dt | dt D--A
where Np__, is the number of energy duanta (hv) transferred

per unit time,

For a given donor-acceptor system, a critical distance
AN .

ro has been defined:
1 /r.\®
Npyy = (__g_) (1.10)

where 7 is the lifetime of the excited state of the donor in

. . " 1 .
- the absence of transfer. ( T, is the rate of its deactivation

in the absence of acceptor). Consequently from Equation'(1.10),

r, is the distance at which fhere is an équal probability for
resonance energy transfer and for intramoiecular deactivation

of the excited state of the donor (by radiative or nonradiative
processea). An prression for r, had been derived by Forgter

(1951), viz.,

6 2. 2
[ _ 9x10 (1n 10) k C7, J\_f (1'11)

4 2 .22
7L v0

16 =

vhere ¢ = velocity of light, L = Avogadro's constant, Vo =
arithmetic mean of the wave-number of maximum absorption and -
emission of donor, and J; = overlap integral between

emission spectrum of donor and absorption spectrum of acceptor.

The theoretical r, values of some donor-acceptor pairs

had been calculated (from Equation (1.11)) by Weber and Teale

(1959) and Weber (1960} and these were generally in good




agreement with the experimental values - See Table 1,2
(Pesce et al 1971). (An experimental method for the deter~
mination of T, by fluorescence depolarization had been

described by Weber (1954,1960)).

Table 1,2 r values

15

o
ro/nm
Theoretical

. Donor-acceptor pair from Eqn.(1.11) Experimental
INS = heme (ferrous) 6.3 4.3 = 6.7
DNS - heme (ferric) 5.8 3.7 = 649
Phenol-phenol 1.1 | 1.7
Indole~indole . 243 1.6
Phenol~indole 1.5 2.0
Tryptophan-DNS ' h2.6 2.4

DNS = 1-Dimethylaminonaphthalene-S-sulphonate
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1.2 Ligand Assay

1.2.1 Classical and lsbelled immunochemical methods

Immunochemical techniques which are widely used in
the biomedical sciences exploit two outstanding properties
of fhg immine reaponge: sensitivity which refers to the ability
of fhmunologica} reagents - antibodies or cellular receptors,
or the secondary receptors such as complement and histamine -
to regpond to extremely minute quantitiés of the antigen; and
the specifidity of the immunological reaction which allows the
detection of specific antigens in a matrix of potenfial
interferences. The immunochemical methods differ, however,
according to the mechﬁnisms by which the antigen-antibody
interaction is manifested. Classical methods such as
precipitation, immunodiffﬁsion, agglutination, complement
fixation, anaphylaxis, etc are based on the gross or sééondary
and tertiary effects produced by the antigen-antibody inter-
actions which are usually visible to.the naked eye. QOther

methods utilize the increased sensitivity of the immunological

interaction when the antibody or the antigen is bouﬁd to a
distinctive label eg. isotope, eﬂzyme. The use of labelled
immune reactants convertsto observable or detectable forms

the primary antigen-antibody interactions which by themselvea
produce nﬁ visible effects at least in vitro. Labelled immﬁnb—
chemioél methods generally trace their brigins to the studies
performed by Coons et al (1941,1942 and 1950) who used

fluorescein-labelled antibody as a topographical marker for

the localization of antigen In tissue cells. Other applications
have included the specific identification and localization
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of precipitation linee in immunodiffusion and immunoeleciro-

phoresis (eg. radio—IEP), and the distribution of labelled

lymphoid cells in the body.

Table 1.3 1lists the different

| types of labels and the corresponding immunochemical methods

which had been developed on the same principles as Coon's

immunofluoreacence method. All these methods are essentially

qualitative techniques which utilize the enhanced sensitivity

agpociated with the use of labelled immune reactaﬁts for thé

_detection end identification of antigens and antibddiea in

biological systemes,

Table 1. 5

Labelled immunochemical methods

Method/Technique Label

Reference

Immunofluorescence Fluorophore

Passive hemagglutination Tanned red blood -

Coons et al 1941,

1942 and 1950
Boyden 13513

cell;erythrocyte Borduas 1953
Immunoautoradiography Radionuclide Fitzgerald 1953
Immunoelectron~- Electron-dense Singer 1951,1961
microscopy compounds eg.

ferritin

Immnoenzymatic Enzyme Nakane 1966,1967;
method Avrameas 1966
1.2,2 Ligand assay

1¢2.2.1 Introduction

The most significant quantitative application of

labelled immune reactants was baéed on the use of radio-
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isotopically labelled ligands in a technigue called radio-
. immunoasgsay which was introduced in 1959 by the late Solomon
Berson and his collaborator, Rosalyn Yalow. The.radioimmunoassay
methodology offers a technique té agsay materials otherwige
unméasurable or detectable only with difficulty. The sﬁbsequent
developments and e?haustive exploitation of the original principles
of the method and its widespread and diversified app;icatidn in
. the biomedical_fiela stand as a tegtimony to the creative genius
and industry of Berson and Yalow whose achievements were
“accomplished by a spectacular combination.of immunclogy, isotope

research, mathematics and physics" (Nobel citation 1977).

Radioimmunoassay (RIA) was the first of what are now
known collectively as ligand assayé (Marks 1978), even though
the technique has been variously termed in the literature.

depending on which agpect of the teat principle is being

emphagized in the definition. Thua radioimmuncassay has also been

termed:
saturation analysis entigen excess technigue
displacement analysis limited reagent technique
equilibrium analysia : imotope dilution technique
competitive binding assay radioassay

competitive inhibition assay radioligand assay
radiosorbent assay

Notwithstanding the semantica, the general analytical
concepts of radioimmunoassay are beat expressed in the two.terms
competitive binding and saturation analysis (Zettner 1973),
though the developments since the late 1960's have produced

variants of the technique which are based on the principle of

noncompetitive binding ie stoichiometric assays.See Section 1.2.2.3
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1.2.2.2 Competitive binding assay (CBA)

The underlying theory of competitive binding assay
is as follows:
I = Ligand (material to be assayéd; the analyte)

*

L

Ligand tagged with a distinctive label eg.
igsotope '

B = Binding agent; the binder eg. antibody Ab
raised specifically against the ligand to be
assayed; plasma binding proteins, etc.

On combining both L and L* with B, the reaction of complex
formation, which follows the law of maés action, can be
represénted ag

[L + L*] + [B] -—1“_-‘_—‘-_[}31. + BL*] (1.12)

: K, .

where [L'+ L*] = the combined molar concentration of the .
mixture of.labelled and unlabelled ligand; [B:] = the molar:
concentration of the specific binding agent;[BL + BL*] = the
combined molar conceniration of the complexes between the binder
and the unlabelled and labelled 1igands; k1 = the association
conatant; k2 = the dissociation constant; and ka = ky/kz is

the affinity constant of the binder (Parker 1976).

The complexeas BL and BL* can be looked upon as the
bound fractions of L and L* respectively, in contirast to the
free or unbound ligand L and L* e« If a fixed quantity of B and
L* is used and the amount of B is adjustéd 80 fhat it can bind
(say) 50% of the total ligends, then at equilibrium the reaction
gystem will contain both free unlabelled and labelled ligands

(L and L ) and both bound labelled and unlabelled ligands
*, .
(BL and BL ) . It is implicii in this iype of assay that the
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- binding properties of the binder do not distinguish between
the unlabelled and labelled ligands ie,the binding sites of
B possess identical effinity for L and L*. (This assumption
is not completely valid, but the problems arisiug therefrom

. are usually inconsequential in most assays).

Reproducibility of results would require that the syatem
be made to attain equilibrium which is usually accomplished by
allowing the reagents to react for a sufficiently long time
(the incubation time) under fixed conditions. The time required
to achieve this equilibrium may vary from:several hours to days
dependiug on the assay system (Zettner 1973). However, so long
as sufficient time is allowed for establishing the
equilibrium conditions, the order of addition of the reagents
is not critical in "equilibrium" competitive binding aseay.

( cf., Non-equiliurium competitiue binding assay which also L

comes under various terms: sequential saturation, delayed

addition, two-step analysis, etc (Zettner 1974) ).
From Equation (1.i2), it can be seen that since the

amount of L* and B are fixed, then the proportion of L* bound

to the binding agent is inversely preportional to the amount of |

unlabelled L. Conversely, ihe proportion of free L* will be

proportional to the amount of unlabelled L . Therefore, if

various known amounts of L are added end BL* or L* is measured

by the appropriate instrumentation, the relationship between

the signal of the label and the concentration of L cah be

established. From this a standard curve can be obtained and uged

to quantitate the amount of L in an unknown sample.
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In a heterogenecus assay, the qﬁantitation of L by detecting
the signal of the label in BL' must be preceded by a

: sepa;ation atep {0 geparate BL* from the reagent mixthre
containing the free L*. 1f, however, the physicochemical

*
properties of the label in the free and bound L are

sufficiently different, then the change in the signalLdetection'

implicit in the label may be used to quantitate L without a

.

need to separate BL*._from L*.'This type of assay ijfcalled

homogeneous.

1.2.2.3 HNoncompetitive binding assay

(a) Stoichiometric assay (immunometric; reagent-exéese;
" labelled antibody)

In contrast to the competitive binding assay as

exemplified by the radicimmunoassay, stoichiometri{ assay
involves the use of labelled binding agent eg. laPelled"
entibody Ab*. In this connection, it must be emphasized that
labelled binding agents are by no means preclud?d krom use in
some variants of competitive binding assay, just as i{ must
not be inferred that labelled ligands cannot be uged in non-
competitive binding assay. See Sections 1.2.3.3 and 1.2.4 .
The principal purpose of the stoichioﬁetric aéan, which was
first suggested by Miles and Hales in 1968, 1is t% improve the
sensitiyity vwhich can be achieved with a given b;nding agent.,
In the reaction of the conventional RIA method (fefer Eguation
(1.12)), there must be a limited number of bind{ng sites
available such that only a proportion of the ligands, lgbelled

as well asg unlabelled, is bound. In the sioichiometric assay,

ag exemplified by the immunoradiometric assay IﬁMA , & large
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excess of the labelled binding agent ié-used to.inérease the
forward (association) reaction, and a greater sensitivity
potential might be expected. The assay method involves the
addition of excess labelled binder B* to standarda { and
unknown samples) of the ligand. After incubation, an excess
of insolubilized ligand is added to bind the excess B which
is removed by centrifugation. The amount of B in the final
supernatant is thus directly proportional to the ligand
initially present in_the solution. Sincé the'assay involves a

separation of excess unbound B* from B*L, it is heterogeneous.

{b) Sandwich (two-aité) assay

The sandwich assay (Addison and Hales 1971) is a variant
qf the atoichiometricrassay iq which a solid-phase antibody (the
binding egent) is first reacted with the antigen (the ligand)
and an exceass of labelled anfibody then added., The amount of
labeiled antibody associated with the solid-phase component is
proporiional to the.original antigen concentration. The assay is

also heterogeneous.

*
Ab AbAghAb

Ak + Ag —» |-AbAg
18t reaction 2nd reaction

F— denotes solid-phase

(c) Double sandwich assay (Beck and Hales 1975)

The double sandwich assay resembles the preceding
method but uses an unlabelled antibody from a second species

for the second reaction,

—Ab,Ag i T —Ab, Agab,

18t reaction 2nd reaction
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A 1abelled heterologous antibody to the <y -globulin of this

species is then used to produce the signal:

»*
-Ab, AgAb, Ab

3rd reaction

- (&b, an@ Ab, represent 1gt and 2nd antibody, respectively)
An atfracfive feature of this assay system is that a single
labelled preparati;; may . serve fof any number of different assays,
provided only that they all employ the same species antibody at

the second stage.

() Indirect sandwich assay for antibody detection

The most notable example of this approach is the
radicallergosorbent test (RAST) of Wide et al (1967). Its greatest
use is in identifying the concentrations of antibodies of defined

immunoglobulin types.

It is unlikely that any of the stﬁichiometric assays
will be applicable to the analyses of haptens. Hapten-antibody
complex dissociates in the presence of solid-phase entigen, and
sandwiches cannot be made with haptens because their small size

would preclude the display of two independent binding sites.

1.2.2.4 Classification of ligand assay methods: Principles

Ligand assay methods are usually classified on the

basis of one or more of the following principles.

{(a) Separation methods (the original basis for claséification)

eg. chromatoelectrophoresis gecond antibody
aleohol precipitation solid-phase Ab or Ag

chércoal and talc
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Refer Ratcliffe (1974) for a review of methods for bound/free

.separation .

(b) Binding agents

Y. ahtibody _
specific binding proteins (thyroid binding globulins
with affinities for various circulating hormones;

transcortin is a binding protein for cortisol).

cell memb%ane or tissue receptors (the uterine
receptor for measuring estradiol)

(¢) Nature of label

See Table 1.6 for a full 1list of the different types of
labels that have been used in the development of ligand

agsays.

{d) Labelled materiala

eg. labelled ligand (antigen) |
labelled antibody (in stoichiometric and sandwich’ assay)

labelled 2nd &b to 1st Ab (in indirect sandwich assay)

(e) Analytical principles

eg. competitive binding or saturation analysis
atoichiometric assay

pandwich (two-site) assay
indirect sandwich assay

- homogeneous and heterogeneous assay
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1.2.3 Isotopic and nonisotopic immunoassay methods

1.2¢3+1 Developments in ligand asmay techniques

The principal developments in ligand assay techniques

after the introduction of £he radioimmunoassay method in 1959

can be summa:ized as follows:

(a)

(b)

(c)

(a)

(£)

(g)

the substitution of other binding agents for antibodies eg.

R S
plasma_binding proteins, cell membranes and tissue receptors;

the use of other radionuclides in addition to "™'I such as

28y 0 *H o, "¢ , and "5ge

the modification of the separation techniques (Ratcliffe
1974) which include the use of second antibody, solid—phase

immune reactants {immunoadsorbents) on polystyiene tubes,

"berds and magnetizable particles;

the use of labelled antibodies in assay techniques which
are baged on stoichiometric principles eg. immunoradiometric

assay (IRMA) and sandwich assay;

the use of nonisotopic labels as the tracer eg. enzymes,

fluorophores, etc. See Table 1.6 ;

the introduction of homogeneous assays for haptens eg.EMIT .
(Rubenstein 1972) where the difference.in the physico=
chemical properties of the label between the free and
bound labelled ligands is utilized as & "substitution"

for the meparation step used in heterogeneous assays;

the extension of the homogeneous assay concept to the
measurement of macromolecules in addition to haptens eg.

an EMIT assay for specific proteins (Gibbons et al 1979);
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(h) the automation of heterogeneous ligand assays and the
adaptation of the homogeneous assay technology to eiisting

" instrumentation; and

(1) the development of ulira-sensitive immuncassays in which
two types of labels are used simultaneously to improve
gensitivity eg. USERIA (Harris et al 1979) .

Many reviews have been published on the developments
in the techniques as well as the underlying principles of the

different types of ligand immunoassay . See Table 1.4 »

Table 1.4

Published reviews on ligand immunoassay methods

Subject Reference
Radioimmunoassay Parker{1972); Skelley et al(1979)
Enzymeimmuoassay . Scharpe et al(1976); Wisdom(1976);

Schuurs et a1(1977)

Fluorescence immunoassay  O'Donnell and Suffin{1979);
Soini and Hemmila(1979)

Chemi- and Bio=-

luminescence immunoassay Whitehead et al(1979)

Principles and Theory zettner(1973,1974); Walker(1977);
‘of Ligand Assay Odell and Daughaday(1971)
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1.2.3.2 Isotopic immunoassay methods:

Advantages and disadvantages

The widespread and diversified applications of
radioimmunological methods in the biomedical field may be

related to the following advantages.

(a) High sensitivity (10 = 10 M) and specificity which are

attainable with the use of radiolabelled materials.

{b) Wide applicability eg. analyses of hormonal and non-
hormonal peptides, drugs, enzymes, parasitic, microbial
and viral agents, etc. It was estimated that aome.50 - 60
million radioimmunoassays were carried out worldwide in

1976 alone (New Scientist, 20 October 1977, p 144)
(o) Small sample size, usually from 10 - 100 ul .

(4) Speed of analysis and batch sampling capabilities,
especially with the advent of multihead scintillation
spectrometers for the analyses of several samples

simul taneously.

The technigue suffers, however, from certain drawbacks.
(1) Radiation hazards which impose several restrictions such
as regulation of production, transport, handling and

disposal of radiocactive materials.

(2) The destructive process of radioactive decay limits the
useful lifetime of assay kits and prevents long-term

assay standardization,

(3) Radiation damage to immune reactants.
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(4) Relatively expensive instrumentation and reagents, and

a need for a special laboratory.

(5) The method being heterogeneous, the assay procedures are

usually less amenable to automation.

1.2.3.3 Nonisotoblc immunoassay methods

To overcome some of the limitations of radioimmunoassay
methods, alternative immunological techniques are being developed
which do not require the use of radiolabelled materials., These
nonisotopic immunoassay methods ( Table 1.6 ) take full advantage
of the specificity and sénsitivity that result from the applica;
tion of antibodies but avoid the use of radionuclides. Other
sdvantages are listed in Taﬂie 1.5 +» A number of these non-
isotopic immunoassays are already commercially available eg.

IMIT (Syve Corporation), IMMUNO-FLUOR (BIO-RAD Laboratories),
and FIAX/STiQ (International Diagnostic Technology). However,
the success of these new immunochemical approaches will depend
ultimately on the attainment of the sensitivity and specificity
equivalent to that already achieved'by the use of radiolabelled

materials.

Some of the nonisotopic immunoassgys listed in
Table 1.6 are still in the developmedtal stage eg. voltammetric
immunoassay, while others already developed have been found to
ﬁnsatisfactory for routine application for a number of reasons.
Thus, the use of free radicals in spin-immuncassay requires

expengive electron spin resonance apectrometers for measurement.

The utility of phage immunoassay is limited by the long periods
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Table 1.5

Some advantages of nonisotopic immuncassay methods

Equipment : Widely available and relatively inexpensive
' eg. uv/visible apectrophotometers, filter
fluorimeters
Reagents + Comparatively cheap; long shelf=life eg.
AN

enzyme- and fluorescence-labelled materials

Label : Wide range (See Table 1.6). Choice of labels

o ‘may allow multiple; simultaneous assays to be
performed eg. in eniyme immunoassayé.'Physico-
chemical properties of labels may also be
exploited in addition to their use as signal

tracers.
Aaaay_. ¢ Simple. Lgbeiling_pfocedure easily performed.
procedure Separation step may be obviated and thus
there is a potential for automation,
Hazaxds : No special hazards.

of time required to culture the 5acteria fof the assay of phage
activity. At the moment, it would apgear that only enzyme and
fluorescence immunoassays are capable of competing with,rand
possibly supplanting, RIA in a number of areas. even though
there are inherent limitations in each of these two nonisotopic
immunoassays. Table 1.7a & b summarize the various types of
enzyme immunoassay methods already developed. Fluorescence

immunoassay methods will be discugsed in detail in Section 1.2.4 .
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Immuncassay technique Label Reference

Isotopic

Radioimmunoassay RIA Radionuclide Yalow & Berson
1959a,b and 1960

Nonisotopic

Viroimminoassay; Bacteriophagé Haimovich 19663

Phage immuncassay ' Makela 1966

Hemagglutination Erythrocyte Adler & Liu 1971

inhibition technigue HIT (cell) .

Enzyme immunoassay EIA Enzyme Engvall 1971a,b;
Van Weeman 1971

Free radical aszay Free radical Leute et al

technique FRAT; - 1972a,b

Spin immunoassay

Fluorescence immunoassay  Fluorophore Aalberse 1975'

FIA

Bioluminescence
immunoassay BLIA

Chemiluminescence
immunoassay CLIA

Metalloimmunoassay
MIA

Voltammetric
immunoassay VIA

Isotopic & Nonisotopic

Ultra-sensitive enzymatic
radioimmunoassay USERIA

ligand with
firefly luci-

" eg.ATP-labelled Carrico et al 1976

ferase detection

eg. Luminol
with Hzoz/haem

detection

Metal ion
complexes

FEleotroactive

group

Enzyme and
radionuclide

Pratt et al 1978
Cals et al 1977
weber & Purdy 1979;

Heineman et al 1979

Harris et al 1979
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Table 1.7a Classification of EIA methods
Enzyme Immunoassay,EIA
Hemogeneous Heterogeneous
EMIT ELISA
Labelled Ag Labeiled Ab
Ab on solid phase Ag on solid phase Ab on solid phase
la; Competitive assay for Ag lla: Noncompetitive assay for Ag Ttla: Sandwich assay for
detection. Cf. ctassical RIA detection. Also called Immuno- Ag detection
enzymometric assay.Cf, IRMA
ib; Noncompetitive assay for lib: Competitive assay for Ab 11b: Indirect sandwich assay
Ab detection: Ag*+ Ab. . detection: -Ag + Ab + Ab' lusing labelied 2nd
Then excess |Ab added = kAgAb + |-AgAb* "Abl for Ab datection.

to react with remaining Ag* Ct. RAST




Table 1.7b

Enzyme immunoassay methods

*
Method/Technique

Reference

Heterogeneous (ELISA)

Ia >

Ib
ila
IIb
IIla

II1Ib

Homogeneous (EMIT )

Engvall and Perlmann 1971a,b;
Van Weeman and Schuurs 1971

Schuurs and Van Weeman 1972
Maiolini et al 1975a
Schuurs and Van Weeman:1972
Maiolini et al 1975b

Engvall and Perlmann 1972

“Rubenstein et al 1972

Rowley'et al 1975

#* Refer Table 1.7a for a classification of"EIA me thods

1.2,4 Fluorescence immunoassay

Quantitative analyses of ligands using fluorescence

immunoassay methods may be accomﬁlished in one of two ways

{») The fluorophores are used as labels or probes in the same

way that radioactive isotopes are used in radioimmunoassays.

Like RIA, these assays are heterogeneous, and similar methods

to those uzsed in RIA can be implemented as separation

procedures eg. precipitation with ammonium sulphate, poly- -

ethylene glycol and various other organic solvents, double-
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antibody precipitation and solid~phase separation. To date,
golid=-phase fluorescence immumnocassay has received the most
attention, and many variations of the technique have been

developed and reported (See Table 1.8a and b)

In the solid-phase aystem, once the separation
has been achieved then the fluorescent label can either be
stripped off the solid-phage using a denaturant such as
dilute alkalli and measured in # standard flﬁorimeter,-or the
fluorescence can be recorded usihg a front surface attachment
in a fluorimeter. With the latter method, the separation
procedure is relatively straightforward and there is the added
ad&antage of one leass analysis step when reading the label
attached to the solid-phase. Furthermore, endogenous inter-
ferences from the sample cén be removed or minimized after the
separation step. Of course, the sensitivity of the assay in
this case will be limited by the optical properties of the '
solid-phase material as well as light sgaftering interferencesn.
These drawbacks can be overcome by using solid-phase materials
which are not strongly absorbent at the excitation wavelength,
or fluorescent at the emigsion region. Light scattering
interferences can be removed by using cut—off filters,
polarizers or specially designed instrumentation for front
surface fluorescence meagurements. Another major problem of
the solid-phase system relates to the difficulty of producing
reproducible reagents: the attachment of antibody on scolide
phase by physical adsorption is not very reproducible over
long periods of time and subject to antibody losa on astorage,
and covalent coupling often results in the reduction of ghti—'

body binding capacity. The latter problem can be overcome by
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Ausing secohdary antibody immobilized on the solid-phase
which binds the primary antibody. However, the need 1o use
considerable amounts of the secondary antibody will be a

congtraining factor as far as assay coat is concerned.

(2) When a fluorescent-labelled ligand Al binds to the
antibody (the binder B), a chamge in the physicochemical
properties of the. fluorophore can occur as a result of the
differences in the solvation effects, hydrophobic binding,
hydrogen binding and ionic interactions within the micro-
environment of the antibody binding site. In particular, if
the fluorescence properties of the bound labelled ligéﬁd
(BL%) are sufficiently different from those of the unbound
labelled ligand L* , then this changé in the fluorescence
properties may be used to quantitate the ligand (ie the

*
analyte) in an immunoassay without a geparation of BL
* .
and I . This type of assay is called homogeneous

fluorescence immunoassay and the fluorescence properties

vwhich have been studied to date include:

Fluorescence polarization
Fluorescence guenching and enhancement

Fluorescence energy transfer
Fluorescence lifetime (time-resolved fluorimetry)

in addition, conjugates have also been uged as labels which
depend on additional enzymatic reactions to yield fluorescent

products (Burd 1977).

(a) Fluorescence polarization

Polarization of fluorescence is based on the

relative orientation of the excitation and emission oscillators.,
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The degree of polarization p can be calculated from reédily
© measurable quantities:

I, - G
P = u " (1.13)

I, + Gl
~where I, = the vertical component (ie parallel to the

excitation polarization)

= the horizontal component (ie perpendicular to the
excitation polarization) ' :

G = the grating factor

p is a function of the molecular size and shape, the viscosity
of the medium » , the decay time 7 of the excited state, and
the temperature T. The Perrin equation for a spherical molecule

as derived by Weber (1952a) is:
i 1 R 1 RTr -
— T = —_ - 1 + .
P 3 (po 3)( nv ) (1.14)

where D, is the polarization observed in the absence of rotary

Brownian motion, V the molar volume assuming a spherical

‘molecule, and R is the gas constant.

When a small fluorescent~labelled hapten or antigen
L* reacts with the antibody, amongst other effecta, the rotary
motion 6f L* is retarded due to the increase in effective size.
There will thus be a corresponding increase in the degree of
polarization, which will be reversed by the addition of
unlabelled ligand. The fluorescence polarization immunoassay
requires a fluorophore with a relatively long decay time

(> 20 ns), and though it is a relatively simple technique its

application in routine analysis is limited by the expense for
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ingtrumentation and endogenous background.

{b) Fluorescence quenching and enhancement

Following the formétion of the ligand~-antibody
complex, the changed molecular environment within the immune
complex will alter the electronic energy distribution of
both the ligand End the fluorophore that is attached to it.

In most cases, thig will result in the label fluorescence
being quenched (Shaw 1977), while in others an enhancement
rhenomenon may be observed. Smith (1977) had*reéorted that

the fluorescence quantum yield of fluorescein-labelled
thyroxine_(T4) was increased approximately four-fold wpon
binding to antibody. The increase in fluorescence was explained
in terms of the quenching effect of iodine (the heavy atom
effect), which was partly dispersed as the tﬁyroxine binds to
the antibody, Similar enhencement immunoassays using the more
convenient fluoregcamine (Fluram |, Roéhe Diagnosticas Ltd) and
its closely related analogue, 2-methoxy-2,4-diphenyl~3(2H)-
furanone (ﬁDPF) y have also been developed. However, the
mechanism underlying these fluorescamine-based assays (Miller
1979) is not the same as that described above for fluorescein-

labelled T The "Fluram" enhancement phenomenon appears to

4 [ ]
be a general effect with all the fluorescamine-labelled

antigens studied so far, and this has been applied to the
development of fluorescence enhancement immnoassays for

nortriptyline (Chapter 5 ) , human serum transferrin (Chapter

6 ) and immunoglobulin G (Chapter 7 ).

In a general immunochemical method described by

7uk et al {(1979), the formation of an immune complex of a
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fluorescent-labelled ligand éterically protects the fluoro-
phore from binding by antibodieg to it. The addition of
unlabelled ligand prevents the formation of the fluorescent=
labelled ligand immune complex, and allows the anti-
fluorophore antibodies to quench the fluorescence by binding
tp the fluorophore. This homogeneous assay technigque has been
variously termed in the literature, viz., fluorescence
protection immun;assay (Zuk et al 1979), indirect'quenching
fluoroimmunoaésay (Nargessi et al 1978), and double-receptor

fluorescence immunoassay (Ullman 1973).

(c) Fluorescence energy transfer

This is another general immunochemical method for
the assay of haptens and pfbteins first described by Ullman
et al-(1976). In this method, ligand labelled with the donor
fluorescent molecule is reacted with its specific antibody
labelled with the écceptor molecule. Since resonance enérgy
transfer is based on & short-range ( <5 nm) nonradiative
" mechanism (Refer Section 1.1.4), it is only within the
molecular dimension of the immune complex formed that transfer
of energy from the donor group to the accepior group can take
place. The energy transfer effects are manifesied by the
gquenching of the donor fluorescence intensiiy and (possibly)
the enhanéement of the acceptor fluorescénce intensity. |
Competitive binding by added unlabelled ligand will inhibit
the interaction between labelled ligand and antibody, and

the consequent reversal of the quenching and enhancement

effects may be used to quantitate the ligand ie the sample.
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Since the assgay involves a cﬁange in the fluorescence
properties of one or both of the labels, the assay doea not
require a separation step ie it is homogeneous. Furthermore,
the simultaneous observation of the quenching and enhancement
effects may be uged to diatinguish specific ligand-antibody
combinationlfrom non-specific environmental effects on the
fluorescence intensity. The assay requires, however, the use
of pure ligand a;ﬁ monogpecific antibody for the preparation
of labelled immune reactants because the presence ¢f none
.specific labelled materials in the assay system will increase
the background fluorescence and thus 1imit sensitivity. So, an
alternative gandwich type of assay may be used with a poly-.
valent ligand in which separate portions of the antibody are
labelled with the donor and acceptor groups. Unlabelled ligand
' cauSeé the aggregation of the separately labelled antibody |
components and the effects of energy transfer are again
observed. With this approach, ihe use of pure or enriched

ligand is not necessary.

The development of energy transfer immunoassay
methoda for the analyses of low and high molecular-weight

ligands will be described in the appropriate chapters below.

(d4) Time~resolved fluorimetry

In time-resolved fluorescence measurements, a fast
light pulse (<1ns) is used to excite the fluorescent label
vhose excited statehas a lifetime r between 100 ns - 1 pus.

Meagurement of fluorescence is started after a certain time
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Fig 1.2 Diagram of time resolved fluorescence measurements .

t

g Excitation pulse time (<1 ns)

t

1t

D Delay time

At = Counting time interval

{the delay time tD) has elapsed when the background fluores=-
cence with a decay time of less than 10 ns would have been
reduced almest to zero (See Fig 1.2). The fluorescence of
the label is measured at certain time intervals ( At, the
counting time), starting from time t, . Thus time resolved
fluorimetry provides an elegant way of removing non-specific
background interferences with a consequent improvement in

sensitivity.

Two types of time resolved sysiems have been used
to measure the decay times of fluorescent labels:(i) for short
decay times up to 200 ns, énd (1i) for long decay times up to

1 us « A time resolved fluorimeter for short decay time

meagurements requires a very fast PMT detector together with
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either a nanosecond spark diaéharge lamp or a dye laser
controlled by a nitrogen laser for excitation. These inastru-
ments are expensive and are commonly used for such fluorophoreé
as the pyrene derivatives, N-(B-ﬁyrene)-maleimide and pyrené
butyrate (with r ca. 100 ns), and some other organic labels
with decay times less than 20 na, Measuremént of long decay
times (1 us ~ 1 mg) can be performed with an inexpensive and
commercially available xenon-discharge lamp for excitation and
an ordinary PMT detector equipped with an electronic switch
(switching time <1 us). Such an instrument is suitable for
wofk with the rare earth metal ﬁhelates eg. europium énd
terbium complexed with various g-diketones and salicylates

exhibit very long decay times from 50 us to 1 ms, .

To dﬁte, there has been no pﬁblished repﬁrt of a time
- resolved fluorescence immunoassay. However, if suitable chelates
-are avallable and if these can bq conjugated to the immune

reactants without producing adverse immunological effects, then
it can be envigaged that time-resolved fluorescence immunoassays

may attain even greater sensitivity than RIA (Wieder 1978).

(e) Enzymatic reaction to yield fluorescent products.

" _
L enzymg » fluorescent products (1.15a)
* R * _
B + L T/ EL 028, no reaction (1.15b) |
* * > fluorescent
BL + L displacement > BL+1L - products (1-150)
*
ef L by L in

competitive bind-
ing reactions




The assay is based on the enzymatic reaciion with the

substrate-labelled ligand to yield fluoreacent productis
(Equation (1.15a)). The reaction principles as given above
ghow that the substrate-labelled ligand conjugate as an
enzymatic substrate is inactivated when it is bound to the
antibody (the binder B) - BEquation(1.15b) This inactivation
is relieved by the presence of unlabelled ligand in
competitive bindzng reactions (Equation (1.15¢c)). Hence, the
rate of production of fluorescence will be related to the
1igand (sample) concentration. Since the assay utilizes a
change in the physicochemical properties of the substrate-
labelled ligand upon binding te entibody, no separation step
is required in the procedure. This fluoreécence enzyme
immunoagssay (FEIA) has also been termed as homogeneous
reactant-labelled fluorescence immunoassay (Burd 1977).
Applications of this immunoassay method include tﬁe analyses

of gentamicin (Burd 1977) and ﬁhenytoin in serum (Wong 1979).

A common drawback of all the homogeneous fluores-

cence assays described above is the difficulty of removing
the endogenous background of the té;t sampl.e. Though_the agsay
gensitivities as low as 0.1 nmol have been reported in the

~ literature, interferences may reduce this limit by several
ordefa of magnitude. Nevertheleass, the assays being homogeneous,

the experimental procedures are more amenable to automation

" A elassification of the various types of fluorescence
immunoassay together with the references are given in Table t1.8a

and 1.6b .



_. Table 1.8a

Classification of FIA _ methods

Fiuorescence Immunoassay

Fluoroimmunoassay A FlA

Hetsrogeneous

Ab on solid-phase

la: Competitive assay for Ag

detection. Cf. classical RIA

1b: Noncompetitive assay for .

Ab datection {7}

Immuncfluorimetric assay, IFMA

Energy Transfer

Fluorescent Enzyme

td:

quenching ; double-

receptor assay |

Polarization

Lifetims ; | Time-

" resolved fluorimetry |

Others ?

Hiib: Competitive- assay for Ab

detection 7
Ab on sélid-phaso
fiie: Sandwich assay for Ag detection.

iid: Indirect sandwich lusing

fabslled: 2nd Abl for Ab
detection ? Cf. RAST

i -H

donor and acceptor,
respectively .

Sandwich assay:

Separate portions of Ab
labelled with donor

" and accsptor.

Ve Solid-phase ETIA

Labelied Ag of Fluoroimmunometric assay, FIMA immunoassay ,BTIA immunoassay , FEIA
Labslled Ab Labelled Ab & Ag Labelled Ag
Homogeneous _Haterogeneou.s Homogeneous of Homogeneous
‘ _ Heterogensous | Hatarogensous ? |
fla; Quenching Ag on sofid- phase
lib: Enhancement’ Illa: Noncompetitive assay for Ag va: Compeiitive assay. Va: Substrate - iabelled
He: Protection;|indirect . detection. Cf._ IRMA Ag and Ab labelied with

Vb: Enzyme - labelled

Ve ;: Cofactor - labelled

A7
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Table 1.8t Fluorescence immunoassay methods

Method/Technique* Reference/Remarks
Fluoroimmunoassay
Heterogeneous
Ia Nargessi 1978a ; Kamel® 1978
Ib ? Analogous to type Ib of EIAj(see
Table 1.7a & b )
Homogeneousn
IIa Shaw et al 1977
I - ™~ gmith 1977
IIc Ullman 1973 ¢ double-recepior
7uk 1978 : fluorescence protection
Nargessi 1976b : indirect quenching
114 Watson et al 1976
. 1le,f ? Time-resolved immuoassay may have

Inmunofluorimetric assay

I1Ia

IITb
IT1Ic
1114

Energy Transfer
Immunoassay

IVa,b
IVe

Fluorescent Enzyme'
Immanoassay

Va

Vb

b'[¢

the potential for even more sensi=-
tivity than RIA (Wieder 1978)

eg. FIAX/STiQ system; Blanchard 1978

¢ Analogous to type IIb of EIA; {see
Table 1.7a,b)

eg. IMMUNO-FLUOR system;
Aalberse 1973; Burgett 1977

? Of. RAST, Analogous to type 1IIb
of EIA (see Table 1.7a,b)

Ullman et al 1976
? See Chapter 7

Burd et al 1977

These assays generally make use of
chemi~ and biloluminescence as the |
detection system. See Whitehead 1979

*Refer Table 1.8a



24

143 Fluorophores as Labels in Fluorescence Immunoassay

1s3+1 General requirements for fluorescence labels

Most labels utilized in fluorescence immunoassays
were developed for other purposes (eg. as a topograrhical
marker in immunofluorescence microscopy and as a probe in
the .investigaglon of the structural changes in proteins,
ete.), and there are deficienéiée in these labels. The most
significant drawback relates to the broad.absorption and
emission bando because this reduces the'specificity 6f the
label. In resonance energy transfer studies, a principal
criterion in the choice of suitable donor and acceptior
fluﬁreseant lebels ia the absence of spectral overlap.
between the excitation spectira of boih labels in addition
to the prerequisite that there must be optimum speciral,
overlagp between the donor emission and acceptor excitation.
This important factor is well illustrated by the dependence
on the fluorimeter spectiral bandwidth of the energy transfer
efficiency between fluorescein and rhodamine when these are
uged as labels in energy transfer. immunoassays {See Chapter
3 ; also refer Schiller 1975). In the search for new
fluorescent labels designed for specific types of assays,
in particular for labels for time-resolved fluorimetry,
attention has focussed on the fluorescing metal chelates
which exhibit large Stoke's shifts and.lqng decay times
(Soini and Hemmila 1979). These eﬁit well—defined,.spectrally

distinct peaka that would permit simultaneous measurements
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- Table 1.9 Some properties of an ideal fluorescence label

Froperty

Desirable Characteristics

Molar absorbance

Quantum yield

Excitation and
emigsion wave=-

lengths

Stability

Conjugation to
ligand

Solubility

*8

As high as possible, > 10% |
As high aa possible especilally in buffered
aqueous solutions at pH 7 - 8.

The excitation and emission wavelengths

must be as far removed as poassible from
thoge backgrbund regions where interfercnces
are significant., In most immunoassays, these
interferences ér;se from the serum samples
and the antiserum which.have excitation and
emission maxima at ca. 340 nm and 470 nm,
respectively (Soini 1979). High protein
concentration also causes scattering inter-
ferencea (Hayleigh, Haman and 2nd order
scattering). So, wavelength requirements are
(a) M\f between 500~-700 nm, (b) a Stoke's
shift > 50 nm, and {c) A, in the visible

-region to avoid uv irrediation of the sample.

Should be stable both under measurement
conditicna and on storage so that long=-term
standardization of assay procedures can be
performed.

Conjugation procedures must be simple and
capable of producing reproducibly pure
reagents, Labels must possess flexibility
in functional group accessibility and.form :
stable covalent honda to the compounds .
under investigation without producing any
adverse immnological effects.

High solubility in aqueous solutions so that
even the use of heavily-labelled sntibodles
or antigens will neot decrease the solubility

of the conjugates.
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.without interference. However; the widespread applicétion of
the existing and new fluorescent labels in immunoassays is
1imited by the deficiencies in our knowledge éf the electronic
atructural details of the label and the intricate changes in
) the electronic energy distribution when the labelled immune
complex is formed. The d951rab1e characteristica or an ideal

- fluorescence label are summarized in Table 1.9

™~

1.3.2 Fluorophores and the chemistry of their conjugation to

functional groups in ligands eg. proteins

Fluorescein isothiocyanate FITC

021H11NO5S = 389,38

H N—Protein —» R-NH-CS-NH-Protein ~ (1.16a)
2 _
R—N=C=S +

HS—Protein —» R-NH~CS-S-Protein (1.16b)

. Flucorescein isothiocyanate is by far the most commonly
used label in fluorescence immunoassays because of its high
quantum yield (0.85) and molar absorptivity (7.2 x 10t M-1cm-1j.
Its disadvantages include a small Stoke's shift (20-30 nm), the
presencé of two isomera in comﬁercial preparation which céuses.

heterogeneity in conjugation (Brandtzaeg 19733 Goding 1976),

and ite limited solubility in water though dimethylsulphoxide
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(TMS0) may be used as the éolfent.(up to 30% IMSO in carbonate
buffer) without causing any deleterious effects on gamma—
globulins (Bergqust  and Nilsson 1974; Goding 1976). Blakeslee
and Baines (1976) had reported that the replacement of the
iéothiocyanatezfunctional group with the dichlorotriazinyl

group would produce sﬁbstantially improved atability, homogeneity

and simplicity.of conjugation,
. _ N

The next important group of fluorescent labels are
the various rhodamines: tetramethylrhodamine isothiocyanate
(TRITC), rhodamine-B-isothiocyanate (RBITC), end lissamine
rhodamine-32b0 gsulphonyl chloride (RBZOOSC). Compared to FITC,
the rhodamine emigsion wavelengths fall in the 585-595.nm reglon
but their relative fluorescence intensities are less (Brandtzéeg
19753 McKinney 1975). Adventages of thé rhodamine labels:include

their stability and homogeneity'(Brandtzaeg 197%; Chadwick 1958)

|0@N@0D, N{CH3l, 1C,Hg1N @c‘@/ NICzH; 1,
¢l c

o o ~o
6:0 é:o
NCS cs
- TRITC ' RBITC
CystiyyN5035 = 4.43-51 CogHlpghs05S = 499.63

ICHSIN o NIC, Hsl,
_ NICH, 1,
] JC
50~ :

S0,Cl
S0,Ct
RB200SC ' Dansyl Chloride
027H291«20 43201 = 545.11 ¢, A, NO,SC1 = 269.-75
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H2N-—Protein — R-sog—-mH-Protein (1.17a)

1o~ )-Prot —> Re505-0-( Y-Prot  (1.17b)

R=-50,C1 +

Dimethylaminonaphthalene-S-sulphonyl chloride (dansyl'chloride;
DNS-C1} has a coq?aratively low quantum yield (0.3) and its
'excitation end emission wavelengths ove;lap those of serum
(Soini 1979). Its ‘sensitivity to polarity changés has been
" ’ utilized to investigate the formation of antigen-antibody

complexes (Parker 1970).

~

4-phenylépiro[furan-2(3),1‘—phthalan—3,2-dione]

{Fluorescamine;Fluram) and its closely related analogue,
e 2-methoxy=2, 4-dipheny1-3('2H)-mranone (MDPF), react rapidly
with primary amino groups to yield fluorescent producta
(Weigele 1972, 1975) The use of fluorescamine in immunoassays
‘has been reported (Katsch et al 1974; Handley 1979), and
‘although the fluorescent conjugate has a relatively small
quantum yield (0.1), its sensitivity to polarity changes may
be exploited (Miller 1979). 1t had been claimed (Handschin
and Ritschard 1976) that the fluorescence of MDPF was more

stable than that of fluorescamine, but comparative studies

performed by Cukor(1976) and Egwu(1977) had shown that MDPF-
based éssaya did not compare favourably with the radioallergo-
_gorbent tests or with assays using fluorescein-labelled IeG.
Both fluorescaﬁine and MDPF are réadily hydrolysed to non-
fluoregcent products so that separétion to remove unreacted

hydroly jed products from the labelled conjugates is optional

(Hlandschin 1976).
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Hydrolysate Fluorégenic reagent Conjugate

(non-fluorescent) (non-fluorescent) . (Muorescent)

~ Flucorescamine FL

017H1004 = 278,27

CH;0
“H;N-protsin
MDPF
171473

|
C,.H, 0, = 266.3 '

.Quinacrine [atebrine; 9-(4~diethylamino-i-methyl-
butylamino ) =6-chloro=2-methoxy acridine] » & known fluorescent
drug with antimalarial properties, has been used in cytological

o studies for inveatigating cellular components eg. chromosomes .

and submitochondrial particles. Quinacrine mustard (GM) differs
from the parent compound in that the N-methyl groups are replaced
by chloroethyl moleties that are capable of reacting with

primary amino @nups under alkaline conditions (Price ef al

1968). The potential application of quinacrine and its mustard

as fluorescent labels has been evaluated by Chen(1976), The
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advantages appear to be fhai oM lahelé_protéihs readily,

has good light stability, is water soluble, and the mustard
conjugates are useful for polarization studies. However, the
quantum yields of ﬁustard conjugates are generally low,
varying from 0.1 to 0.3 depending on the brotein. Absorption
bande at 250,.350 and 450 nm offer a choice of excitation
wavelengths but‘}he broad emission spectrum (see FigAL1a&tﬂ

may limit the applicability of the label.

No cl
.
| P . 2HC!
CHO
NHCHICH;HCH, I NIC2 H,CI ),

Quinacrine muatard dihydrochloride
025H28015N50.2HC}.a'541.76

]

‘The reaction of mustards with proteins occurs via a cyclic

intermediate (Dandliker and Porfman.1971)

CH

CH. CH. C1 e
- +* - |
RN 272 N R—-—Iil \gcnz a1 1
CH,,CH,C1 CH,.CH..C1 | ‘

2°%2 | |

The intermediate is readily hydrolysed in agueous media, but
it reacts even more readily with a variety of protein groups,
the second reactive group on the opeh chain being hydrolysed

and not leading to cross-linking (Herriot 1946; Fraenkelw

Conrat 1959; Webb 1966)
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CH,

+/ N\ "

|
R-T CH, + X-proteln —0> HOCH,CHz-N-CM,CHz Y- protein
CH,CH,CI

X Y

HOOC ~ —0-CO—
HS— —§—

o -0
HN— —NH—

1=Anilino-8-naphthalenesulphonic acid (ANS) and toluidino-
naphthalene sulphonic acid (TNS) are used extensively as
.fluorescent probes for the polarity of their énvironment
because the quantum yield increases and the emission
meximum shifts towardas theﬁshor?er wavelengths as the
environmental polarity decreases (stryer 1968} Brand-1972§
Kanaoka 1977). Being not GOValehtly'béund to prdféiné, these

hydrophobic probes are not suitable for use as fluorescent

labels in immunoassays.

ANS TNS

C16H13N058 = 299.34 : C17H15N05S .= 313.37

The pyrene derivatives such as N-(3-pyrene) maleimide (NFM),

which combines the selective reactivity of maleimide towards
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o:c\/ \/c=o
H’C—C‘H

N-{3-pyrene) maleimide, NFM

020§11N02 = 281.31

thiols with the spectral properiies of pyrene, are generally
not suitable for conventional immunoassay (Weltman 1973).
However, the long decay time of the fluorescence mé&.havé
applicationa'in time~resolved fluorimeiry. The reaction of
Nesubstituted maleimide with the thiol functional group may

be represented as followa. _

0 .
; S—Protein
R-N_ || + HS-Protein —> R-N y
0 ‘
PH >7
hydrolysis

RPNH'COCHz?H-S-PrOtein

COOH

At pH 7 the reaction is specific for thiol groups; below pH 6
the rate is slow,.and above pH 7 the reagent begins to

hydrolyse and groups other than thiol may also be attacked.

Other leas commonly used fluorophores include the following:

(a) 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-C1)
(Ghosh 1968) '
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ON Clt ' O,N-— HN-R
HN—R
L5 75
No” o
NBD-C1 NBD=-conjugate
06H2N50301 = 192.55 highly fluorescent
non-fluorescent.

(b) 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulphonic

‘acid (8ITS) c17H14N20785 = 454.49

— + -
SOz H so;H*

CH,CONH c=c¢ N=C=S

The utility of SITS as a fluorescent label is limited by the
decrease in fluorescence intensity and the changes in absorp-

tion spectrum under prolonged excitation (Cheh 1969)

(¢) Anthracene-2-isothiocyanate (Chen 1969)

C,:H

15 9NS =. 235.30

N=C:z=S
I ~
LI

.

(d) Ortho-phthaldialdehyde (OPT) 3 CgHeOy = 134413

CHO

CHO
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1+3+3 Luminescence propertieé;-molar absorption coefficients

of fluorophores conjugated to proteins.

Some luminescence properties of the commonly
used fluorescent labels afe listed in Table 1;10. Data on Agy
and Af represent the most probable values as these may véry
depending on (i) whether the label is bound or free, (ii) the
species protein bto which the label is bound, and (iii) the
degree of labelling (F:P ratio) of the conjugate. The corrected
excitation and emission spectra of the'fiuorescent conjugates
uged in the energy transfer immunoassay investigations can be
found in the appropriate chapters., Concentrations of the bound
-fluoreacent iébels are aasayed spectrophotometricélly_using the
molar absorption coefficients given iﬁ Table 1.10 Fuﬁther

comments on these generally accepted Values published in the

literature are'given below.

Comments on the molar absorption coefficients ¢ listed

in Table 1.10

(a) FITC : The value of 7.2 x 10% wlem™?

at 493 nm for the
bound fluorescein thiocaxbamide.groﬁp inlconjugated
proteins was.calculated by Cheﬂ (1969) from the data of
McKirmey et al (1964) . |

(b) RBITC : The assumed value of 1.23 x 104_Mf1cm'1

at 557 nm
for RBITC conjugates is based on the finding that the free
isothiocyanate in 50% ethanol has that extinciion at 555 nm

(Chen 1969)

(c) TRITC : The determination of TRITC in conjugales remains

uncertain. While orystalline TRITC conjugates show one
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. : stable aﬁsorbance peak ath555 nm, the amorphous conjugates
exhibit two absorbance maxims in the regions 515520 nm and
550-555 nm with the relative intensities of these two maximé
varying according to the conjugation ratio (Bergquist and
Nileson 1974). Thus, of the TRITC conjugates, only those
labelled with crystalline TRITC can be assessed in terms of
N
ratio of absorbance measurements at 280/515 nm be teken as a
measure of the degree of labelling of TRITC copjugatea, and’

this had been accepted by Amante (1972) and Brandtzaeg {1973):

TRITC-conjugated A - 0,56 A

260 515

IgG  (mg/ml) - "

(with the protein céncentration of conjugated IgG based on
E* = 14.0). Bergauist and Nilsson (1974) had suggested
using a 280/550 nm ratio instead, because they consideréd it
undesirable to use a wavelength (515 nm) which represe;ted
iow fluorescence for calculaéions. There is asg yet no
accepted method available for the evaluaiion of amorphous
TRITC conjugates.

(4) RBZOOSOl: 1t is not possible to’obtain‘a molar absorption

| coefficient for lissamine rhodamine-B conjugates since the

absorption spectrum varies with the extent of labelling

o~ ~ (Chen 1969; Brandtzaeg 1973; Chadwick 1958)

|
|
|
|
|
FsP ratio. Cebra and Goldstein (1965) had suggested that the
|
|
|
|
(e) DNS-C1 : Results obtained by Chen (1968) showed that for }
the most accurate work, no single absorption coefficient |
could be assumed for the dansyl group in conjugates of all

proteins. Data from Hartley and Massey (1956) and Chen

(1968) would suggest that a value of 3.4 x 107 w1 on~?
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at 340 nm should be a cléée aﬁprﬁximation to the actual
ébsorption coefficient in many dansyl conjugates; Chen
(1968) also found that the value of 4.3 x 10° M om™
(Weber 1952b) generally employed to calculate the degree
of labelling might result in large errors in the deterw

mination of the dansyl groups.

(f)“Fluram and MDPF : Chen (1974) found that the molar absorp-

™

tion coéfficient of a number of fluorescamine-conjugated

1 1 ¢+ thia valué

amino acids at 388 nm was 6450 100 M cm
wag then used to calculate the dyesprotein (F:P) ratios of
_fluorescamine-conjugated proteins eveh though Chen recognised
that there might be some differénce'in the absorption of the

fluorescamine conjugated to amino acids and proteins.

Handschin and Ritschard (1976) investigated the
individual molar absorption coefficients of MDPF and FL
covalently bound to goat and rabbii gamma-globulins and

found that they were almost identical (e;ﬁpF_T_ﬂdmﬂm =

6400 £ 60 N lom™! 5 €2 i = 6300 % 100 M~ em™ ).
Furthermore, these values are not significantly different
from those provisionally'found.by Weigele et al {1973) for
FL-conjugated amino acids. The éésumption wag thus made
that the average molar absorption coefficients of bound

- MDPF and FL are the same for & great number of proteins.

(g) QM 3 The degree of labelling of quinacrine conjugate is
determined by measurement qf absorbances at 425 nm and 280

nm. At pH 7.4, the quinacrine mustard is found to have

€as = T8 100 W lem™ and ey = 4.56 x 104 wiew™

(Chen 1976). If the absorbance of the conjugate is measured
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at 425 nm, the amount contributéd by the label to the

total absorbance at 280 nm can be calculated_if it is

‘agsumed that the optical characteristica of quinacrine

mustard in the free and bound states are eguivalent. The
remainder of the absorbance at 280 nm is thus from the
protein itself, Proiein concentrations are than calculated |

using the extinction coefficients at 280 nm.
AN

SITS : The molar absorption coefficient of SITS conjugates
is agsumed to be the same as that of SITS dissolved in
water, which was found by Chen (1969) to be 3.7 x 104 1Yo :

at 345 nm. SITS reacts with v -globuling to give conjugaﬁes

with an absorption at 323 nm and a peak emission at 430 nm.




" pable 1.10

Luminescence properties of some commonly used fluorophores -

Fluorophore . t/ns 4 By Ag/nm Ag/nm /M 'em=! Ag/nm Refersnce
EITC 45 o8s. a3 -520  T2X10° 4% mewgpney et al,1964;
' Chen,1969 '
R— N 07  sso  ses 123 xict 887 Chen, 1969 ; ,
i ] ~ Brandtzaeg,1973 1975,
" McKinney, 1975
“TRITC. : Sgo_ﬁoté ¢
RB200SC - < 004 - 530 . 505 See Nots d
L 565 . 10 - : . ‘
DNS-Cl 14" 02 03 340  480- 34X 340 Chen,1968;
: o 520 . o Ce
: Hartley et al,1956 -
T FL 7 0 o1 -308  ~dss éa_oo:!:mu’ __33'5, . - Handschin et a1, 1976;
‘8450 ¢ 100 a8s  Chen,1974 e
MDPF - O i 04  ~305 485 640060 385  Handschin et a|:1976
aMm 413 | o.'1.-o-3 250, <520 : -sﬁo Note .7
' 350, broad . - S te 9
450 : T
ANS 1. o os 38 ant kanauka,isn
NPM - 100 0 " 340 ars, .Wellmnn ot ﬁl, 1973
302 !
| Nep-c1 ‘a8 530 - 129 x 10® 468 Ghosh, 1968;
_ " Huang, 1975
SITS 10~ 3 323 a0 a7 x w0t .345 Chen , 1069
‘Anthracene - . A : ' _
e 29 . o8 . 357 460 204 X 10 - 357 - Ibid; Harrington et al,
1956

_Abbreviations used are defined in uection 14342

Py bpt quantum yield of free and bound fluorophore, respecti\rely. '

t § lifetime

¢ : molar extlnctlon coeffica.ent of bound fluorophore at the
absorption wavelength Na . o
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1.4 The Development of Energy Transfer Immuncassay Methods.

Proposed Investigaiions,

The principal intention of this project is to
develop a number of energy transfer immunoassay (ETIA)
procedures, and to compare their gensitivity and ease of
application with thoqe of exlsting immuncassays and other

w

analytical techniques.

In the firsf part of this work detailed studies will
be performed to identify the experimental variables that
affect the degree of energy tranéfer { and hence the sengiti-
vity of the analysis ) in a given assay systeﬁ..Fbr this
purpose fluorescein and rhodamine as donor-scceptor fluorescent
labels wiil be used to defélop an energy transfer assay for
human serum albumin., The suitability of this label pair for
other applications of the ETIA method‘will be evaluated, and
the sensitivity of the energy transfer aséay in the analysis

of gerum samples compared with the electroimmunoassay.

Other potential donor-acceptor.pairs will also be
studied. These include (a) quinacrine and fluorescein; (b)
quinacrine and rhodamine; (¢) dansyl chloride and rhodamine;
(d) fluorescamine and fluorescein; and (e) MDPF and fluorescein,
The development of & single pair of labels which might be of
value in the analysis of the widest possibie.rangé of materials
would ﬁe very degsirable, since it would ﬁe:mit the use of an
extremely simple filter fluorimeter with filters providing
fixed exciting and emitting wavelengths. In practice, however,

it seems more likely that a number of different systems
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would be required to facilitate;the labelling of antigens

containing different functional groups.

Upon the succéssful completion of fhe above
investigations, a number of immunoassays for both low and high
'moledular-weight antigens will be developed, and comparisons
made with other established immunochemical methods. In order to
increase the versatility of the ETIA method, different variants
of the technlque will also be deVeloped, including homogeneous
direct and indlrect (or sandwich) ETIA, and heterogeneous polid= -

phase ETIA. A principal advantage of the homogeneous ETIA method
is its ease of automation beéauee, in contrast to the heterogeneous
assay, the troublesome separation step is not required. Flow
injection analysis principles will bé applied to the automation

of an.energy transfer immunoadsay.

. Experiments will also be carried out to defermine
the changes in the emission inetnsities when antigens labelled
with various typea of fluorophqres are reacted with specific
unlabelléd antibpdies. In particular, the fluram (and the analogous
MDPF) énhancement effects will be studied in detail and applied
to‘the development of FIA methods for the determination of drugs

and bhiological macromolecules.




LY

CHAPTER 2

MATERIALS, INSTRUMENTATION, AND

|61

GENERAL EXPERIMENTAL PROCEDURES

2.1 Materials (including purification and pretreatment steps)

Materials

Source/Description

Antibodies

Purified immunoglobulin fractions
of monospecific rabbit antisera to

. the following human proteina:

Albuming

. Colostrum immunoglobulin A, specific

for a-chains and secretory plecej

Inurﬁmoglobulin G, specifié for v=-
chainaj

a =2-Macroglobulinj

Transféirin;

. Sheep anti-desmethylnortriptyline

antiserum,

Human proteina

Albumin, lyophilised with
electrophoretic purity 100 %

Transferrin, lyophilised with
min., purity 99 % and max. Fe
concentration = 20 pg/g

Standard human serum

DAKO-immnoglobulins Ltd.,
Mercia Brocades Litd.,
Weybridge, Surrey.

Guildhay Antisera, Surrrey
Batch No.A HP/S/1 (Gift

. from Prof.Dbridges).
. Purification to yield YgG

fraction of the antiserum
is described below.

~ Hoechst (UK) Limited,

Hounslow, Middlesex.
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Source/Description

Human proteins

Immunoglobulin A, lyophilised -

Immunoglobulin G, lyorphilised
N

Normal human serum samples

Fatal road traffic accident
bloed sample

Animal proteins

Bovine albumin, Fn V
(powder). Purity 96-99 %
albumin, Assayed N = 15,4 %

Bovine y=globulin,Cehn Fn II.
Electrophorectic purity 99 %
with <1 % NaCl.

Assayed N = 15.0 %

Tricyclic Antidepressants

Desmethylnortriptyline

Protriptyline ; Desipramine

H
Nortriptyline ; Imipramine
Amitriptyline ; Chlomipramine
Butriptyline ;

Calbiochem Lid., Bisghops,
Stortford. -

Prepared from human colostrum
from the method of Got (1965)

Milea Laboratories Ltd.,
Stoke Poges, Slough.

Tonated by healthy laboratory
workers,

Home Office; Ref. CRE 2/19
Sample was centrifuged to remove
lysed cells, sand particles, etc.

Sodium azide was added as preger-
vative to the serum. Stored
frozen before analysis.

Sigma (London) Chemfcal Co.Ltd.,

. Poole, Dorset.

~ Sigma (London)

Gift from Prof. Bridges

Gift from Dr. L.A.Gifford
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Source/Description

Chemicals, Reagents, etc.

1=Dimethylaminonaphthal ene=5-
sulphonyl chloride (DNS-C1)

Rhodamine-B isothiocyanate,RBITC

Fluorescein isothiocyanate
igomer I (10 % on Celite)

Fluram (Fluorescamine)
MIPF

Quinacrine mustard diHCl

" B-Anilino~i-naphthalene=-

sulphonic acid, ANS
(the ammonium salt)

DEAE~Sephacel; DEAE-Sephadex ASO0;

. Sephadex G-25 (medium grade);-.

Column PD-10 (G-25M)

Immunobead Reagent Coupling Kit R

containing immunobead matrix,
control reagent, and EDAC.

M-Partigen Immunodiffusion Flates
for transferrin determination

"Cellogel” Celluldse acetate

BDH Chemicals Ltd.,

Poole, Dorset.

Calbiochem Ltd.,

Roche Diagnostics Ltd.,
Welwyn Garden City

Sigma(London)

Sigma{London)

Pharmacia Ltd.,
Hounslow, Middlesex.

BIO-RAD Laboratories,
Watford, Hertfordshire.

Hoechst (UK) Ltd.

Whatman Labsales Lid.,
Maidstone, Kent.

All other buffer salts and reagents were of Analar cor equivalent

grade.
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Separation of sheep immuncglobulins on DEAE-Sephacel

Buffer 1 : 0.,0175M phosphate buffer pH 6.8

‘Buffer 2 : 0.08M phosphote buffer pH 6.6

Buffer 3 0.3M phosphate buffer pH 6.5

Procedure

The methodology of Mollison (1972) was employed using
DEAE-Sephacel instead of DEAE-cellulosé. 2ml of.the sﬁeep
" anti-nortriptyline antiserum were equilibrated on a Fharmacia
PD=-10 Sephadex C-25M column with buffer 1 . The dilution factor
wag cas. 1.5 . The equilibrated sample was appl#pd io a short
column (1,5 x 10.5 em) of DEAE-Sephacel and then eluted with
buffer 1 to obtain the first peak (see Fig 2.1). Subséduent
stepwise elution with bﬁffe? 2 and 3 gave the second and
thiid peak respectively. The flowrate of the elution was 0;28
1

ml min~' and each collected fraction contained 1,3 ml, ‘
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FRACTION WNUMBER

Figure 2.1 Fractionation of sheep serum immunoglobulins on DEAE—Sepha.cel. Peak 1
contained mainly IgG; peak 2 contained Igi with traces of IgG; and

; peak 3 contained mainly IgM. Arrows indicate the chanée of buffers
' used 'in the stepwise elution. '

¢9
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2.2 Instrumentation

The MPPF-44B Fluorescance Spectropho£ometer_
(Perkin-Elmer Ltd., Beaconsfield, Bucks) fitted with a
DCSU-2 corrected apectrum unit was used té record all
corrected excitatiqn and emission spectra. It was also used
in addition to the Fluoricord Spectrofluorimeter (Baird-
Atomio Litd., Br;intree. Essex) to record other uncorrected
spectra. Quantitative fluorimetry was meééuréd uéihg both
the MPF-44B and the Fluoripoint Spectrofluorimeter (Baird~
Atomic Ltd. ) fitted with an R928 side-on photomultiplier
(Hakuto Intérnational. Leigh-on-S;a, Essex) for improved
long-wavelength pensitivity. Thermostatted 10 mm path

‘length silica cuvettes were used in all fluorimetric measure-
ments. In each case, the spectrofluorimeter used will be
specified. For fiowqipjegtion analysis work, the detector
used was a Perkin-Elmer Model 1000M Filter Fluoriﬁéter fitted
with a flow=cell speciaily adapted with silica tubding of

1 mm id. See ghapter 8

Spectrophotometric absorption measurements were

recorded using the Pye-Unicam SP=-600 UV Spectrophotometer.

Electroimmunodiffugion expériments were performed
in water-cooled electrophoresis chambers powered by a Shandon

- southern (Model Vokam SAE 2761) Power Supply unit.

All other equipment used will be described in the

appropriate chapters.
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2.3 General Experimental Procedﬁres

2+3.1 Standard methods for the preparation of fluorescent

protein conjugates

_The use of a purified homogeneous fraction of
the protein to be 1abelled is a prerequisite for a
standardized conjugation procedure, regardless of the type
of fluorophore. -This is particularly true of antisérum which,
if labelled without a prior purification step to remove non-
specific constituents, would yleld fluorescent conjugates
with both specific and non-sgpecific binding propertieq
{Brandtzaeg 1975)-'A pﬁrified immunoglobulin fraction of -the
antiserum should therefore be used in the preparation of
labelled antibody conjugates. Wood et al (1965) had reported
that thelrelative homogene%ty in the isoelectric_point of
iséléted IgG moieoulea was fhe baais for the characterization
of labelled IgG conjugates by anionic exchange chromatogfaphy;
However, the IgG-molecule-which accounts for‘7q% or more of
a large number of mammal serum immunoglobulihs is among the
most difficult to label (Brandtzaeg 1973), énd this had beeﬁ
demonstrated earlier by the work of McKinney ét al(1964) and
subsequently confirmed by White (1570). In order that labelled
immune reagenfﬁ may be reproducibly prepared, labelling
procedures and conditions must be opitimized and stan&ardized

with respect te the following experimental parameters.

(a) Mode of addition of label
A nmumber of approaches may be used:
(1).The label in dry, finely divided form is added gradually
and with efficient stirring to the buffered protein solution.

The method was first propomed by Marshal et al (1958) for



68
the preparation of fluorescein-labelled antibody. Reisberg
(1970) hed reported that the reactivity of fluorescein was
reduced after being dissolved, and so there is an advantagg _

| in some caszes of addihg the label as a dry powder direptly
to the protein solution. The method is simple and economical
on label consumption but requires a good micreobalsnce. Frotein
damage is minimal .
(2) The label is first diséolved in a small volume of organic
gsolvent eg. acetone, dioxane and DMSO, and then added
gradually to the protein solution with continuous stirring;
with this method, protein denaturation attributable to the
organic solvents is inevitable. |
(3) The 13591 is adsorbed on filter paper (Goldman 1957) or
cellulose powder (Celite) (Rinderknechi 1962) from which it

is gradually released into the protein solution. The method

facilitates the weighing of small amounts of the label. - N

(4) The protein solution is dialysed againsi a solution of

the label (Clark and Shepard 1963)

(b) Buffer concentration and pH effect

For all commonly used 1labels, a medium alkaline buffer
eg. carbonate or phosphate, is used with the protein éoncentra-
tion generally kept between 10 - 60 mg m1'1(Dandliker and
Portman 1971). Buffer concentration used is‘dependent on tﬁe
label functional group involved in the conjugation reaction.

For example, while a 0.05M buffer may be adequate for isocyanaté

and isothiocyanate, a buffer concentration of 0.5M may be

required for the sulphonyl chloride group.




1]

69

The effect of pH on conjugaiion reaction efficiency had:
been thoroughly investigated by McKinﬁey et al (1964) in the
case of labelling with fluorescein isdthiocyanate. It was. |
found that the speed of fluorescein labelling of serum
proteins was increased with increasing pH.within the range
H 6 fo 10, with the optimal pH at 9.5. Thus, pH control
{maintained by buffers or continuous adjustment with added

' Na2005 or Naoﬁs is an absolute prere@uisite for the attain-
ment of standardized conjugation since it had been found
(Goldstein and Morthland 1967) that even a pH drop frém 9.5

‘to 9.1 could reduce the efficiency of fluorescein-labelling

by about 304 .

(¢) Effect of temperature and light

The former practioe wag 1o keep the reaction
temperature ét 0°C because of reduced protéin'denaturaﬁion.
However, results on the fluorescein-labelling of serum proteins
reported by Klﬁgerman (1965) and McKinney et al (1964) -showed
that labelling at room temperature was many timeé faster
without any disadvantages being appareﬁt g0 long as organic
solvents were abgsent. All labelling experiments described
below (Section 2.3.1.1) for the preparation of fluorescent
protein conjugatea were carried out at room temperature,
except where otherwise mentioned. Protection against light is a
preceuntion necessary only insofar as the label and/or the

conjugate are easily photodegradable.

Isolation of labelled conjugates from unreacted label

Before gel filtration became available, the methods
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‘used to remove unreacted label énd other low molecular weight
substances from the labelled conjugate are time-consuming and
oftent result in considerable protein loss and damage. These
methods include charcoal and tissue powder adsorption, dialysis
and solvent extraction. Gel filtration {on a column of Sephadex,
for example) ip now the preferred method because it is (i)
efficient in remov%?g low molecular weight label and organic
solvent from the protein conjugate, (ii) gentle on proteins,

(iii) rapid, and the protein recovery is high (Killander 1961;

George 1961).

Fractionation of conjugates with respect to the degree of
labelling.

With few exceptions, a labelling procedure usually
produées a heterogeneous populétion of_labelled conjugates |
because of the differing reactivity of the macromolecular
functional groups. The labelled cohjugates, after having been
geparated from unreacted label by gel filtration, must there-
fore be further fractionated with respect to the degree of
labelling_by ion-exchange chromatography or eleqtrophorectic
methods, Even after this fractionation step, it is very likely
that the resulting purified product still consists of a large
number of isomers corresponding to the different conjugation
points to which the label has been chemically bound. It has
remarked { O'Donnell and Suffin 1979) that " the purification
of labelled ligands is more art than science at present” even
though recent developments in such analytical separation
techniques as HPIC may help to reduce the tedium and labour

involved in producing reproducibly pure labelled immune reactants.
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Methods for the determination of protein and label

concentrations in conjugates

Label concentration can easily be assayed spectro-
photometrically using absorption or fluorescence measurements,
though these methods are subject to a number of uncertainties,
Thus, the original assumption (Creech and Jones 1940), that the
extinction coefficients of the bound and free label were equiv-
alent, was found t;\be not valid by the work of Dandliker et al
(1964) and Tengerdy and Chang (1966) who respectively found
greater absorption by the free label compared to the protein
conjugate by factors of 1.12 and 1.18 . Changes in the éxtinction
coefficient and shifts in the absorption maximum can occur when
& label is chemically bound to a protein. Likewige, the fluore-
scence apectrum is also very dependent on the experimental condi-
tions‘apd can undergo even gréater changes than the abéorpfion
spectrum. An alternative and more accurate approach to_the quanti-
tation of the bound label is to incorporéte a radioactive.tracer

into the label. However, the work involved in radioactive labelle.

ing of the fluorescent group may be leborious.

Protein determination by gbsorption measurements is
aiso subject to the same difficulties outlined above, but the
effects on protein absorption are ﬁsually lesgs algnificant than
those on the label., Congequently, the determination of the protein
content of the conjugate can be obtained from the known (molar or
specific) extinction coefficients of the proteins (Table 2.1), by
nitrogen analysis ( eg.micro-Kjeldshl) , or some colorimetric
method such as the Lowry or biuret method. Spectrophotomeiric
determination of proteins based on absorbance measurements must

be corrected for absorption by the dye at the wavelength of
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measurement (usually 280 nm) as well as the type of protein

- used. The Lowry method (Lowry et al 1951) for protein deter-

mination is based on the reaction between proteins and Fblih—

Ciocalteau reagent mediated by copper salis. The resulting

colour reaction is recorded at 700 nm, which makes it a method

of cholce for fluorescent conjugates labelled with FITC, the

rhodamines, DNS-Cl etc because these do ﬁot absorb near the 700

nm region. Methods used to characterize labelled conjugates with

reapect to protéin concentration and fluorophore:protein (F:P)

ratio inciude the following:

(1) The protein content is determined by the Lowry method and
the label is aséayed gpectrophotometrically using the molar
absorption coefficients of the bound labels given in Table
1.10 on page 58

(2) Use of nomograph and formula.,

Fér fluorescein=labelled imﬁunoglobulins, protein concenira-
 tion end molar F:P ratio can be found from the nomograpﬁ of
Well et al {(1966). A similar nomograph given by The and
Feltkamp (1970) or, alternatively, Brighton's formula
(Brighton 1970) may also be used.|{Refer also to Brusman(1971)

for some theoretical and practical considerations in the

spectrophotometric determination of fluorescein:protein ratio.]

(3) Other specific methods will be described where appropriate

in Section 2.3%.1.1
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Table 2.1 Molecular weights and extinction coefficients of
"some human and animal proteina.

Protein MW Ref. ¢ *e0l  Ref.
iem
Human
Albumin 66241 Putman(1975) 5,94  Berrens(1965)
IgA 360000~  White et al 13.4 Grey(1972)

720000 {1978) -

IgG 150000 white et al 13.8 Grey(1972)

(1978)
a-2-Macro- 725000 Putman(1975)
globulin
Transferrin 76500 Putman(1975) 11.4b Feeney and
_ | Komatsu(1966)
14,3°  Perkins(1966)
Animal
Bovine albumin 69000 Longworth 6.14%  Berrens(1965)
(1971) | ‘
Bovine 160000 Longworth 1441 Longwérth
y-globulin (1971) (1971)
Rabbit IgG 140000 Mamet-Bratle 13.5 Stevenson
(1970) (1970)
Sheep IgG 145000 15,0

a: pH 7.0 in 0,01M phosphate buffer

b: apotranaferrin

5

c: Fe +.Transferrin
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2¢3¢1e1 Preparation of fluorescent protein conjugaies uased

in energy transfer immunoassay studies.

Fluorescein-labelled conjugates.

Proteins labelleds

lyophilised human serum albumin (100% pure);

monospecific rabbit immunoglobuling to human serum'albumin,
transferrin and IgG, and to human colostrum IgA;

the IgG fraction of sheep anti—nortriptyline antisgerum.

Procedure: The method of Rinderknecht (1962) utilising

fluorescein'isothiocyanate isomer I adsorbed on Celite (10 %)

was used to label the protein. Celite was separated from the
labelled solution mixture by centrifugation, and the unreacted
dye was removed using & short column of Sephadex G-25 (medium
grade).equilibrated with 0.01M phosphate buffer pH 7.2 . The
laﬂelled proteiﬁ wag fractiSnated on a column of DEAE4Sephadex
A-50 using a 0.O75M - 1.5M NaCl gredient in 0.01M phosphate
buffer pH 7.2i, (In the case of FITC-labelled sheep 1gG, the

salt gradient used was 0,025M - 1.5M NaCl ).

The pr&tein content and molar F:P of fluorescein-
labelled antibodies were found from the nomograph of Well et

al (1966). For fluorescein-labelled albumin the F:P ratio was

. determined using the lowry method to determine the protein

concentration, and a value of 7.2 x 104 Mf1cm“1 at 493 nm for

the molar absorption coefficient ot the fluorescein

' thiocarbamide group (Chen 1969).

Rhodamine=labelled conjugates

Proteins labelled:
lyophilised human serum albumin (100 % pure); monospecific
rabbit immunoglobulins to human serum albumin and IgG .
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Procedure: Rhodamine conjugates were prepared by reacting the
protein with an acetone solution of rhodamine-B isothibcyanéte.
The reagent solution was added, slowly and with stirring, to a
solution of the protein maintained at pH 9.5 with solid sodium
carbonate, After stirring for a further houf, excens reasgent
- was removed and the conjugate fractionated by ion-exchange

chromatﬁgraphy as'described above for FITC-labelled conjugatés.
| In determining thé F:P ratios, the fhodamine group wasg assumed
1

to have a molar absorption coefficient of 1.23 x 104 wtem™

at 557 nm (Chen 1969)

Fluorescamine- and MDPF-labelled conjugates

Proteins iabelled:

lyorhilimsed human‘serum albumin , transferrin, IgG;

monospecific rabbit immunoglobulins to iuran.coloatrum IgA.
Procédure:.The preparation of these conjﬁgates wag based on the
methodology of Weigele et al (1973) with some modifications. The
weighed protein (25 = 35 mg) was dissolved in 2 ml of 0.1M
gsodium phosphate buffer.pH 9.5 + Depending on the molar F:P
ratio required, 50 ul portions of the [luorescamine or MDFF
solution in acetone (3.0 =4.0 mg m1-1) vere added (using a
Hamilion microlitre syringe) to the protein solution with
stirring for one hour. Separ;tion of the labelléd conjugate
from the hydrolysed products and acetone was performed on a
column (1.5 x 15 cm) of.Sephadex G=25 (medium grade) equilibrated
with 0.01M sodium phosphate buffer pH 7.2 containing 0.145M NaCl.
The Lowry method was applied to the determination of the protein
concentration of the conjugate., The bound label was assayed using

1

a value of 6400 + 60 M lem™! ana 6300 + 100 M lom™? at 285 nm for

the molar absorption coefficients of the conjugated MDPF and FL
groups, respectively (Handschin and Ritschard 1976).




76

Molar fluorophore:protein (F:P) ratio

Trans-FL
Added Recovered %
2.0 1.85 92.5
4.2 3.9 92.8
7.2 7.0 97.2
10.0 9.79 97.9
12.8 12.6 ™ 98.4
av. 35.8
IgG~FL
Added Recovered %
8.5 6.6 7146
1409 9-5 62.4
22.8 16.7 T3.2
ave T1.1
Alb-FL
Added Recovered %
6.74 6.2 92.0
10.7 10.0 93'5
16.1 14.7 91.3
av. 92.3

Trans-M
Added Recovered %
2.7 2.6 96.3
442 4.1 97.6
6.5 6.3 96,9
9.0 8.8 97.8
13.0 12.8 98.5
IgG-HM
Added Recovered %
1.2 6.8 60.7
16.3 9,87 - 60.6
25,0 .16.0 64.0
av, 61.8 

Quinacrine-labelled human imminoglobulin G

Procedure: Quinacrine mustard conjugates of human IgG were

preparéd by adding various amounts of the mustard dissolved in

tri-distilled water to 1.0 =1.5 % w/v protein solutions in

0.1M NaHCO5 . The mixture was vigorously agitated on a flask-

shoker for one hour. Labelled protein was separated from
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unreacted mustard on Sephadex G-25 (medium grade) equilibrated
with 0.01M phosphate buffer pH 7.2 containing 0.145M NaCl. The
protein concentration and molar F:P of the conjugate was found

uging the method described by Chen (1976). See page 56

Dansyl=labelled albumin

Procedure: DNS-Cl dissolved in acetone (3 = 5 mg m1'1) were
added, slowly and\with stirring, to the protein solution {16 -
20 mg dissolved in 2 ml 0.1M NaHCOB) kept at ice-bath tempera~
ture, After mixing for 1% hours, the undissolved materials were
removed by centrifugation and the solution allowed to come to
room temperature. Organic solvent and unbound dye were removed
by gel filtration on Sephadex G-25 {medium grade) equilibrated
with 0,01M phosphate buffer pH 7.2 « (Conjugate and unbound dye:
were easily visualized on the column). The protein content of
the conjugate was measured by the Lowry method, and the bound
DNS assayed spectrophotometrically assuming an € value of

1

2.4 x 103 M—1cm- at 340 nm (Chen 1968).

2.%41.2 Preparation of fluorescamine-~ and MDFF-labelled
desmethylnortriptyline (DNT)

- Optimization of derivative formation procedure

(a) Flworescamine-labelled DNT  (DNT-FL)

Procedure 1 (pH effect on the reaction): 0.5 ml of 8.27 x Tom

fluorescamine in acetone was rapidly added to 2.5 ml of 9.64 x

6M DNT in 0'05M phoaphate buffer of pH (7-5' Bn0| 8!5,.‘.,

107
12,0)s The mixture was vigorously mixed on a voritex mixer and
then equilibrated in the waterbath at 25°C for 5 minutes before

fluorescence intensities If(485) were recorded in 10 mm path




78

length silica cuvette using the Baird-Atomic Fluoripoint
Spectrofluorimeter with X = 390 nm and spectral bandwidth
= 8 nm. In each case, final labelled product (DNT-FL) concen-

tration was 8.0 x 10 6M and the molar excesa of added FL = 17.2 .

Procedure 2 (Molar excess of FL for quantitative reaction):

2.1 ml of 1415 x 10~2M DNT solution in 0.05M phosphate buffer

pH 9.0 were rapidly and thoroughly mixed on vortex with various
amounts of 1.37 x 1072M FL in aceténe. In each case, the appro-
priate amount of pure acetone was added to the reaction mixture
to give the final total volume of 3 ml. This was to ensure that
any changes in fluorescence intensity recorded were not the
result of co-solvent polarity effects. The solutions were equlli-
. brated at 25;0 for 5 minutes before fluorescence readings

(485) were recorded using_the game experimental conditions as

above. "inal concentration of DNT-FL 8.0 x 10 6M .

Note: In all subséquent experiments, solutions of DNT-FL were
prepared with a 25-fold molar excess of the label in 0.01M

sodium phosphate buffer at pH 9.0 .

(b) MDPF-labelled DNT (DNT-M)
Procedure: The optimization experiménts were performed as
described above except that the molar excess of MDPF in the
study of the pH ef fect was 20.5; and the solutions were buffered

at pH 10.0 in the determination of the molar excess of MDIF

required for quantitative reaction with DNT.
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Table 2.2 Abbreviations used to denote fluorescent conjugates

Protein/Ligand

Label Conjugate
Antibody (Ab)® FITC Ab-F
Fluram Ab=TL
RBITC Ab-R
Albumin DNS-~C1 Alb~D
FITC Alb-F
~ Fluram Alb-FL
MDPF Alb-M
RBITC Alb=R |
|
|
‘Deamethylnortriptyline Fluram DNT-FL |
DNT MDPF DNT-M
Immanoglobulin G Fluram IgG-FL
1gG MDPF IgG-M
. Quinacrine IzG-Q
Trangferrin Fluram Trang-FL
MDPF Trang-M

a 3 The antigen for which the antibody is specific should be

obvious from the context; where ambiguity may arise,

gubscript will be used to denote the specific antigen.

Thus, Abx means antibody specific for antigen X.
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2.3.2 Electroimmunodiffusion and Radial immunodiffusion

Determination of albumin concentration by electro-
imminodiffusion was performed on Cellogel cellulose acetlate
strips containing anti-albumin antibodies (Dakopatts). 1 ul
samples of diluted serum standards (Hoechét) and appropriately
diluted serum samples were applied on the Cellogel sirip using
1 1 microcap pipette. A barbiturate buffer pH 8.6, I = 0,02
{barbitone 0,736 g 11 , sodium barbitone 4.12 g 1"1) was.used
in the electrophoresis which was carried out in a water-cooled
elecfrophoreais chamber at a constant voltage of 120 V for 2
hours, After the staiﬁing (Cdémassie Blue RL, 0.25 % in
methanol:acetic acid:water, 5:1:5 by volume) ahd destaining
procedures to locate the rocket-shaped precipitin peaks, albumin
conéentrations of the test éamples were determined from the plot

of rocket heighta against concentrations of standards.

M-Partigen Immunodiffusion plates {Hoechst) were usged
for the quantitative determination of serum proteins, The
procedure followed for the radial immunodiffusion experiments

was ag directed in the enclosed instructiions.
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CHAPTER 3 ENERGY TRANSFER IMMUNOASSAY : A STUDY OF THE
EXPERIMENTAL PARAMETERS IN AN ASSAY FOR HUMAN

SERUM ALBUMIN.

|
3.1 Introduction
In the first description of energy transfer immuno-
|
|
\
|
|

assay (ETIA) by Ullman et al (1976), fluorescein (donor) and
rhodamine (acceptor) were used in the development of asmay methods
for measuring both low molecular-weight (morphine, codeine) and
high molecular-weight (human IgG) species with detectability at
ievelé gbove 100 pM. The same donor-acceptor fluorbscent labels
were also uged in other épplications of the method reported in
subseguent papérs from the same laboratory. These include assays
for the Quantitation of ﬁuman IgA in samples containing from 80 -
450 mg a1~ of the immunoglobulin (Rodgers et a1,1978), and igﬂ
in the range 60 — 260 mg d1”| (Eimstad et al, 1978). ALl the above
assays have made use of the competitive binding prinéiple in the
direct labelling method, or the sandwich assay principle in the
indirect labelling method. In the former, pﬁfified or enriched
antigen and antibody afe respectively labelled with the donor and
acceptor fluorescent groups. The average distance between donor
and acceptor within the antigen—antigody complex formed should be
gsufficient to permit resonance energy transfer, This will lead to
~ ‘the quenching of the donor fluorescence and (possibly) the enhance-
ment of the acceptor fluorescence, These effects will be :eversed
by the inclusion of unlabelled aﬁtigens {present in standards and
samplea) in competitive reactions for the limited antibedy binding
gites. In the alternative sandwich assay, separate portions of the

antibody are labelled with the donor and acceptor molecules. {
' | |

Unlabelled antigen causes the aggregation of the separately
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labelled antibodies, and the effects of energy transfer are

- again observed. The sandwich assay does not require the use of

purified antigens but a high degree of specificity is required of
the antibodies so as to avoid the excessive fluorescence baﬁk-
ground due to inactive fluorescein~labelled proteins. Séndwiches
cannot be made with hapten-antibody combinations, so the sandwich

assay method is applicable to only multivalent ie., macro-molecular

antigens. >

Slnce energy transfer from donor to acceptor involves
a change.in the fluorescence propefties of one or both of the
labels, the aésay is homogeneous. That is, the separation of
antibody-bound‘and free fractions of the antigen is not necessary,
and hence thias type of.assay is easier to automate compared to the
'

heterogeneous system. ]Eurthemore, the simultaneous measurement of

the quenching and enhancement effects gives a more accurate T

ment of the specific antigen—antibody combinatlons, and s0 offers

a gimple method for distinguishing‘genuine energy transfer effects

from spurious environmental effects on the fluorescence intensity.

In‘thia 6hapter, the development of an energy tr&néfer
assay for low concentrations of humad'élbumin is described, and
the suitability of fluorescein and rhodamine as fluorescent donor
and acceptor labels in ETIA evaluated. The effects on the nesay
system of several experimental variables were investigated, includ~
ing (i) the fluorophore:protein (F:P) ratio, (ii) concentrations
of labelled antigen and antibody, (iii) the fluoriheter spectral
bandwidth, and (iv) whether, for greater resonance transfer |

efficiency, the donor (fluorescein) should be conjugated to the

antigen or the antibody. The assay method was applied to the
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analyses of test serum samples and the results compared with .
'thoae found by electroimmunoassay. Siudies on- the specificity
of the agsay system as well as the stability of labelled immune

reactants on storage will also be described.

Human blood contains at least 100 individual proteins,
and albumin which constitutes 60 per cent by weight is the most
abundant. Its relatively small moleculsr size (molecular Qeight_:
662413 Putman,1975) confers upon it the important role of maintain-
ing through its osmotic pressure effect the circulating fluid
within the vascular system., It binds with many physiological
substances (eg. bilirubin, steroid hormones), drugs, antibiotics
etc,, and is tﬁerefore an important trangport protein for many
_ substances in blood. Albﬁmin is syﬁthesized in the livér and is
a precursor for tisaue proteigs.

In clinical laboratories, a simple, rapid and precise
quentitative assay for albumin is essential for the diagnosis of
vascular, cirrhotic and'nephrotic defects, nutritional deficiencies
of other proteins, and many other disease‘states. A éummary of the
different methods which had hEen'deve}oped for the analysis of

albumin in human blood plasma was given by Peters (1977),

3,2 Experimential

Quantitative fluorimetry was performed in thermo=
statted 10 mm path length silica cuvettes using the Baird-Atemic
Fluoripoint Spectrofluorimefer. A1l determinations were made at

%7 ¢ after samples had been incubated at this temperature for 20

minutes before measurement. Corrected excitation and emission
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spectra were recorded at 25 C.:

All fluorimetric measuremenis were corrected for the
‘fluorescence background due to the buffer (saline(0.145M)-
- phosphate buffer, pH 7.2, 0.01M) and added proteins;Abontributions
.to the background from rhodamine~labelled antibodies were found

to be negligible,

For st;bility studies, labelled protein solutions were
stofed in the dark at 4 C and examined for their fluorescent end
immunological characteristica over periods of several months. If
a labelled protein golution had turned tﬁrbid with precipitaiion;
it was first centrifuged tolremove the precipitates and the molar
F:Plof'the récovered conjugates was then re-analysed as described
in Section 2.3.1.1 . After re-standérdization, suéh reagents were

used -in  the usual way.

3+3 Results and Discussion

Energy trangfer between fluorescein and rhodamine
within the antigen-antibody complex was demonstraied by addition
of rhodamine-labelled anti~albumin agtibodies (Ab-R) to a fixed
concentration of albumin-fluorescein (Alb-F). The degree of
energy tranafer was assessed by measuring the quenching of
fluorescein emission at 520 nm and the enhancement of rhodamine
emission at 580 nm ( an excitation wavelength of 470 nm was used
throughout). The resonance transfer efficiency of the fluorescein-
rhodamine system was expected to be high because there was gigni-
ficant overlap between the fluorescein emission spectrum and the

rhodamine excitation spectrum - see Fig.3,1 . However, the
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400 500 ' 600
| L nm
Figure 3.1 Corrected excitation (E) and fluorescence (F) spectra of

albumin-fluorescein conjugate, label : protein ratio = 1.3 1 (-~
and of rhodamine-antibody conjugate, label : protein ratio = 7.5 : 1,

- e e Ea
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magnitude of the energy transfer effects (and hence the sénsiti—
vity) of this particular assay system was found to depend on
several other factors, including the molar ratio of labelled
antigen and labelled antibody; the fluorophore:protein ratios of
the labelled molecules; and whether the antigen was labelled with.
fluorescein and the antibody with rhodamine or vice-versa. These
factors will be considered in turm.
~
Pig. 3.2 shows that addition of increasing amounté of

Ab-R to a fixed concentration of a lightly-labelled Alb-F (molar
F:P = 1,3) caused fluorescein quenching and rhodamine enhancement
to increase approximately linearly up to at least a 12-fold molar
excess of antibody. At very low (<0.5) antibody:antigen ratios, -
however, significant changes in fluorescence.intensity were not
observed, For any given mixtgra of Alb-F and Ab-R, the rhodamine
enhahcement was rather greater than fluorescein quenching. This
result may be related to the sﬁall non—épecific enhancemen% effect
that occurred when unlabelled ant;.-alburﬁin antibodies were added
to fluorescein-labelled albumin ( Fig. 3.2), and which partially
offeets the quenching due to energy-trenafer, Ullman et al (1976)
had also noted a similar slight increase in fluorescence intenéity
when unlabelled anti-morphine antibody was reacted with morphine-
fluorescein molecules. Possibly, in both the cases, the enhance-
ment phenomenon ls due to thg change in the polarify of the medium
within the environment of the bound antigen-fluorescein molecules,
It is alsoe clear from Fig. 3.2 that observations of rhodamine
enhancement, as well as of fluorescein quenching, may be feasible
in this type of fluorescence immunoassaﬁ, although in the present

work the absolute intensity of the rhodamine fluorescence was

found to be generally low. However, the background fluorescence




of blood serum agnd other biological fluidas hag been found

(Soini et al, 1979) to be generally greater at shorter wavelengths,
80 interferences from thig cause will be reduced if, instead of
measurement of fluorescein quénching at 520 nm, the fhodamine
enhancement at 580 nm is measured. All previous.studies on energy
tranafer (Ullman et al, 1976; Rodgers et al 1978; Eimsta& et al,

1978) have made use of only fluorescein quenching measurements

The figure also shows that the magnitude of the quench-
ing and enhancement effects is strongly deﬁendent on the number of
rhodamine molecules bound to the antibody molecules, with heavily-
labelled conjugates producing the largest effects especially at
high antibody : antigen ratios. Thebeffect of the degree of-
rhodamine labeiling on the qugnching of albtumin-fluorescein
fluorescence by excess lébelled antibodies can be related to_ihe
greaﬁer probabjlity of one or more rhodamine groups being attached
close to thé antigen-binding éite.: energy transfer is thus more
efficieht beéauée of the lower mean distance between'the fluores—

cein and rhodamine groups.

Legénds for Figures

¥Fig. 3.2 Enhancement of rhodamine fluorescence (580 nm) and
quenching of fluorescein fluorescence (520 nm) when increasing
amounts of rhodamine-labelled antibody are added to an albumin-
fluorescein conjugate (label:protein ratio = 1,3:1). The degree

of labelling of the antibody is indicated by the n valueas:

n = moles of rhodamine per mole of antibody. The dotted line
shows the slight enhancement of fluorescein fluorescence (520 nm)
when unlabelled antibody is added to the same albumin-{lucrescein
conjugate. Pure solutions of fluorescent conjugates have arbitirary
fluorescence intensities of 100. Excitation wavelength : 470 nm.

Fig. 3.3 Effects of adding rhodamine~labelled antibody to an
albumin-fluorescein conjugate (labelsprotein ratioc = 4:1). Other
details as in Fig. 3.2.
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Comparison of Figures 3.2 and:3.3 showa that the degrée of
labelling of the albumin-fluorescein molecule is also an
important facfor. For a given rhodamine—labelled solution, . and
a given antibodysantigen ratic, the efficiency of resonance
transfer from fluorescéin to rhodamine is less for an albumin-
fluorescein with a molar F:P of 4.0 than for a cohjugété in
which the molar_F;P is only 1.3. That is, the more heavily-
labelled albumin.conjugate lg lesa suscepltible to gquenching by
the energy transfer mechanism than the lightly-labelled one. The

priﬁcipal reason for this effect ias likely to be fhat, in the
| heavily-labelled conjugates, fluorescein—fluofescein enexrgy
transfer occurs in competition with fluorescein-rhodamine energy
transfer. Thé corrected excitation and emission spectra of an
albumin=-fluotescein coﬂjugate overlap to a considerable degree,
(Fig. 3.1)+ The fluorescein-fluorescein energy transfer is thus
llikely to be quite efficient These results show that the optimum
conditions for the observation of large proportional changes in
the fluorescence intensities of fluoresceln and rhodamine 1abele
include the uge of lightly-;abelled-fluorescein (donor) conjugates,
and heavily-labelled rhodamine (acceptor) conjugates. A few
expefimenta'were also performed in which the labels were reversed
ie, an antibody solution lightly 1a:£e11'eq with fluorescein (label:
protein ratio = 1.4:1) was the donor of energy, and a heavily-
labelled albumin-rhodamine conjugate (label:protein ratio = 8.0:1)
was the acceptor. Results of all these experiments show that the
meagured quenching and enharicement éffects were subatantially
lesé than those found using albumin~fluorescein and antibody-
rhodamine conjugates. It is naturally posaible that the opposlte

result will be obtained with a dlfferent antigen,
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The sengitivity of the assayf;yétem wag found to be dependent

on the total concentration of the labelled reactants. Fig._5,4
shows that in an assay system where the concentration of albumin-
fluorescein waz 4.8 x 10-9 and the molar labelled antibody :
labelled antigen 14.6, albumin concentrations of 10"9M and

below could be detected. (This is well below the concentration

of albumin in normel urine - ca. 10-7M, so the energy transfe? _ _
agoay might be suitable for this application - Cf. Woo et al,1979)
When both labelled albumin and labelled antibody were present at
10-fold highef concentration, however, the sensitivity of the
agsgay is much reduced. In the latter donditibns, not only was a .
higher concentration of sample albumin necessary to dissociate
labelled albumin-labelled antibody complexes, but inner-filter
effects would also reduce the observed fluorescence intensity
changes. If the labelled iqmune reactants were preaent in very
low concentrations, however, the maximum instrument gain setting
(producing worsening signal to noise ratios) had to be used to
_measufe the fluorescence signalélz in this'work, the 1imit of
detection of albumin_in'phre sblution was féuhd to be ca. 4.5 x

=10y . The sensitivities of different fluorimeters differ

10
subatantially in practice, so an ingtrument specially designed
to give optimum results with fluorescein-labelled specein might

be able to improve on this detection limit conmiderably.

A further important limitation on the sensitivity of

| a fluorimeter in this assay is the spectral bandwidth. Fig. 3.5
shows that the largest energy iransfer effects, measured by
determining fhe quenching of fluorescence of labelled albumin,
were ocbgerved when boih the excitation and emission monochromgto;s
§n the instrument were used with narrow bandwidths. In the

illustrated experiment, the quenching observed with excitation
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Changes in fluorescence intenaity at 520 nm when unlabelled albumin
is added to mixtures containing (a) 4.8 x 10™8M albumin-fluorescein
conjugate {1label : protein ratio 1.3 : 1) and 7 x 10"TM antibody~
rhodamine conjugate (label : protein ratio 12 3 1), and (b) the
pame conjugates each at one~tenth the concentrations in (a).
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Effects of spectral bandwidths on the efficiency of energy transfer
(measured at 520 nm) between an albumin-fluorescein conjugate
(9.6 x 10'91“1; label:protein ra.ti’b, 1¢3:1) and an antibody-rhodamine
conjugate (1.6 x 10"71-1; label:protein ratio, 16.5:1). The albumine
- fluorescein conjugate alone has a fluorescence intensity of 100,
—@-——@- = emission bandwidth 12 nm, excitation bandwidth varied;
—O—0- = emission bandwidth 32 nm, excitation bandwidth varied;
—=—m»- = excitation bandwidth 12 nm, emisnion bandwidth varied;
—0---0—= gxcitation bandwidth 32 nm, emission bandwidth varied.
Excitatiqn wavelength, 470 nm,
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end emission bandwidths of 8 and 12 nm respectively was 51.5 %;
when both monochromators were used with bandwidths of 32 nm, the
observed quenching wag only 35 %. This effect occurs because the
excitation apectrum of the rhodamine label partially overldps
that of the fluorescein label (Fig. 3.1). Thus, when the fluori- |
meter is used with large bandwidths some direct excitation of the
fhodamine occurs at a nominal.exciting wavelength of 470 nm; in
addition to and in competition with the energy transfer excitation. -
This problem has been previously noted during other studies of
energy transfer phenomena {Schiller, 1975) : one practical effect
in the present application is to reduce the value of filier fluori-

meters in fluorescein-rhodamine energy transfer assays.

‘The excellentkspecificity of the assay-is.exemplified
in Fig. 3.6. Addition of human IgG to a mixture of fluorescein-
" labelled albumin and rhodaminé-labelled anti~albumin prodﬁced‘no.
significant.chaﬁges in fluorescence intensity. Furthermore,."
excellent agreement between the energy;tfansfer méthod.(:using
fluorescein Quenching méaéurements)_and the electroimﬁunoassay
method was obtained when four diluted serum samples were studied
(Table 3.1). The energy;transfer assay also showed excellent
. precision, partidularly when the serum samples were di;ﬁted 500

times to minimise fluorescent background interference.

The development of a useful fluorescence immunbassay
requires that the fluorescent labelled reagents‘are reasonably
stable both under measurement conditioné and on gtorage. A long
shelf-1ife for such reagents will facilitate long~texrm assay
standardization and ig indeed one of the major potential
edvantages of fluorescence immunoagsay methods comﬁared to

isotopic assays. In this work, fluorescein-labelled proteins
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Figure 3.5
o Effects of adding albumin (—0———0~) and human immunoglobulin G
(—e——e—) to a solution containing an albumin-fluorescein
conjugate { 4.8 x 10~7M ; label:protein ratio, 1.3:1) and an anti-
albumin-rhodamine conjugate ( 5 x.10-aM s label:protein ratio,
8.1:1). The albundn-ﬂuorescein conjugate_ alone has arbitrary
fluorescence intensity of 100, Excitation wavelength, 470 nm;
bandwidths, 12 nm. '




Table 33

Determination of albumin in ‘diluted human serum samples:
- comparison of energy-transfer and electroimmunoassay methods

Energy-Transfer (E-T) Assay - ) : Electroimmunoassay

'Sample Dilution Same day = (n=10)  Different days (n=10) Same day, (n=10)
for E-T Concentration cv Concentration cv Concentration cv
assay ng. di-l $ mg. dl-1 % mg. dl-1 %

1 x50 3370x130 3.8 . 31802220 6.9 . 3300+160 5.0
2 x50 3400110 3.1  3570£230 ) 6.4 37004260 7.0
3 x500 39702120 3.0 4070£160 4.0 4100£180 4.4

4 x500 3510280 2.3 3620:180 4.9 37008120 3.3

6
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stored in the dark at 4 C werg'found to be stable ( in respect
of fluorescent and immunological characteristics) over periods
of several months. Rhodamine~labelled antibody solutioné, on the
other hand, exhibited turbidity and precipitation after only a
.few weeks in the same storage conditions. Heavily-labelled
.fractions (F:P 10) were particularly vulnerable to such losses.
Thus, a preparation of rhodamine=-labelled anti~-albumin, with an
initial rhodamineiprotein ratio of 13.0 was'féund, after storage
at 4 C for 12 weeks, removal of precipitate by cenﬁrifugation,
and analysis, to have a rhodamine:protein ratio of only 9.3.
After re-~gtandardization, such rhodamine-labelled sgmples were
gtill usable but the sensitivity of the assay was thusg reduced,.

so such reagents are clearly not ideal.

Froﬁ these results it is apparent that, while energy-
transfer immunoassays using -fluorescein and rhodamine as the
donor and acceptor labels are peifectly practicable, these,
fluorophores are by no means idea; for use in such assays.
Particular disadvantages include the poor stahility of rhodamiﬁe—
labelled antibodies, and the overlap of the fluorescein and
rhodamine absorpiion spectra. In addition, the Stokes shift for
fluorescein is relatively small, so interference from scattered
light may limit the sensitiviiy of the assay in bioleogical
sampleg; and in the present work the intensity of the rhodamine
emigsion at 580 nm was too feeble to permit its routine use in
a sensitive assay. Results of the investigations performed to
identify pairs of labels that overcome most of these disadvantages

are discussed in ihe next chapter.
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'CHAPTER 4 EVALUATION OP SOME POTENTIAL DONOR~ACCEPTOR

FLUORESCENT LABELS APFLICABLE IN ENERGY
TRANSFER IMMUNOASSAY

4.1 Introduction

All the applications of ETIA so far reported -
(Ullman et al 1976; Rodgers et al 1978; Eimstad et al 1978)
~ have made use of\flﬁoresceih as the donor labél because of its
high sbsorption coefficient and fluorescence quantum yield,
and rhodamine as the acceptor label because of its good spectral
overlap with the fluorescein emission maximum. An efaluation of
these two labels described‘in Chapter 3 has shown that they are
not an ideal pair of labels for use in such assays. The
: prineipal défiuiencies of the fluoreacein-rhodamine eﬁargy
traﬁafer assay system cen be attributed to 3
(1) the =mall Stokes shift of the fluorescein molecule (ca 30 nm)
which makes fluorimetiric measurements at the emission maximum -
wavelength (520 nm) very liable to interferences from Rayleigh
.(and poasibly Raﬁan) scétter eapecially in assays of biological o
samples;
(i1) the partial overlap of the absorpiion specira of fluores-
cein and rhodamine which-reduces the assay sensitivity when
large spectral bandwidthe for fluorescein excitation at 490 nm
-are used; and
(iii) the poor stability of the rhodamine-labelled protein
solutions on storage,'which'prefents long-term assay standardi-

zation,

To date, most fluorescence immuﬁoaésaya (FIA) have

utilized fluorescent molecules which were originally developed
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for other applications. For example, fluorescein which ia

perhaps the most commonly used fluorophore in FIA (eg.Aalbérsé
1973: Watson et al 1976; Smith 1977; Shaw et al 1977; McGregor
et al 1978; etc) was initially employed by Coons et al (1942)

in immunofluorescence microscopy as a topographical marker for
the localization of éntigens or antibodies in tissue cells. Not'
surprisingly, a large number of the commonly ( and commercially)
available fluorescent labela have been'found'to be unsuitable
for specific applications in FIA. The special requirements of a
fluorescent label for use in FIA severely limit the choice to_
only a few fiuorophores. A further limitation is iﬁposed by the
gpecific requirements of ihe energy transfer.assay method which
requires, amongst other conditions,'the optimum egpectral overlap
of the donor emiesion spectrum with the acceptor excitation

agpectrum.

This chepter describes the preiiminary investigations
which were performed to identify éu;table_donor-accepfor pairs
amongst the many commonly available fluorescent labelas. The
develorment of a single pair of labels applicable to the widest
possible range of materials would be very desirable, although in
practice it is more likely that a nuﬁber of different donor-
acceptor systems would be reqﬁired to facilitate the labelling
of a range of ligands with different chemically active groups.
The following donor-adceptor paire were studied:

(a) quinacrine and fluorescein

(b) quinacrine and rhodamine

(¢) dansyl chloride and rhodamine

(d) fluorescamine and fluorescein

(e) MDPF and fluorescein (to be described in.
Chapters 6 and 7)
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0f the above, only (d) and (e) were found to be suitable donor-

acceptor pairs, Fluorescamine (donor) and fluorescein (acceptor)
were uaed to develop an energy tranafer assay for human glbumin
in an evaluation of their applicability to the development.of

" gimilar assays for other analytes.'The general methodology used
in the albumin assay was later extended to the developrment of
assays for nortriptyline and related tricyclic antidepressants
(Chapter 5), human\seium trensferrin (Chapter 6), and human

immnoglobulin ¢ and A {Chapter 7)

Expériments were also performed to investigate the
changea in the rluorescence-intensitiea when.unlabelled gpecific
entibodies were reacted with antigens labelled with different
types of fluorophores (quinacrine, DNS, fluram and MDPF). In
these studies, albumin—flubrescamine conjugafes in particular
were.fbuhd to exhibit large iﬁcreases in the fluoréscence
intengity when excess qnlabelled gnti-albumin antibodies wéﬁe_
' added. Further investigations (to be déscribed in subsequent
chapters) confirm that the fluram enhancement phenomenon iz a

-general effect observed with all the fluorescaminenlabelled

antigens studied in this work.,

4.2 Experimental

The donor-acceptor pairs listed above were gtudied
using the following labelled proteins {see Table 2.2 for
abbreviations used). '

(a) IgG=Q and Ab-F
(b) IgG~q@ and Ab-R
(c) Alb=D and Ab-R
(d) A1b-FL and Ab-F
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Quantitative fluorimetric ﬂtudles of fluoreqcamlne-
fluofescein energy-transfer were performed with a Baird-Atomic
Fluoripoint Spectrofluorimeter, Tﬁe MPP-AAB Fluorescence
Spectirophotometer was used in experiments to evaluate other
dohor-acceptor pairs. Thermostatted.10 mm path length silica
cuvettes were used in all fluorescence measurements at 35 C
after preincubation of the reagents at the same temperature for
60 minutes (for efPeriments on (a) and (b) ) or 45 minutes ( for
:experiments on (c) and (4) ). Corrections were made for the |
background fluorescence contributed by the buffer, added proteins
and labelled antibodies. The buffer used in all the experimenfs

was 0.01M phosphate buffer, pH 7.2, containing 0.145M NaCl.

The spectra shown in Figure 4.10 were recorded with
a Baifd—Atoﬁic Fluoricord Spectrofluorimeter connected to.a Model
27000 chart recorder; other ;pectra were recorded in the
cbrrected mode using the ﬁPF-44B together with tﬁe Model 56

recorder.

4.3 Results and Discussion

The condition of maximum’ spectral overlap ( the J_
factor in Equation (1.11) ) is an important prerequisite for
efficient energy transfer by the resonance mechanism, In a given
donor-acceptor system where this condition amongsf’others is
fulfilled, the transfer efficiency can be éxpected to be high;
at the same time, the observation of the energy transfer'éffects
can be complicated by other factors related to the spectral
charaoteristiés of both the donor and acceptor labels. This is

exemplified in Figure 4.1(b) which shows the good =zpectral
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Figure 4.1{(a) Corrected eicitation (E) and fluorescence (F) spectra of an

IQG‘quinacrine conjugate (label : protein ratio, 1.9:1). Instrument gain setting

vol

was reduced 3.3 times when recordiﬂg.from 200 to 300 nm.
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Figure 4.1(b) Corrected excitation (E) and fluorescence (F) spectra
of a fluorescein-labelled anti~IgG conjugate {label:protein ratio,

1.5:1) (
(label:protein ratio, 1.9:1) is shown by dotted lines.

)« Fluorescence spectrum of an IgG~quinacrine conjugate
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overlap ¢f fluorescein with the quinacrine emission spectrum.
This desirable condition for the observation of energy transfér.
between quinacrine and fluorescein is offset, however, by the
broad apectrél bandwidth of the quinacrine fluorescence spectrum,
which also overlaps the fluorescein em}ssion spectrum to a
considerable degreé. One practical limitation of this result in
the study of quinacrine-fluorescein energy transfer will be the
difficulty of meaauring accurately the enhancement'of fluorescein
and the quenching of quinacrine emission intensitiea. Clearly,
these .two labela are not suitable for use as donor—accep_tor

labels in ETIA.

In’ order td overcome the'éhortcomings of fluorescein

" a8 the acceptor label in the above syatem, rhodﬁmlne ag an
acceptor of energy wés investigated as a potential feblacement
for‘fluorescein. Even thougﬂ‘the spectiral ovérlap betweén
quinacrine emission and rhodamine excitation spectira ia 1ess

~ than optimum (Fig. 4.2), rhodamine was nevertheless employed in
this invesiigation because, if efficient energy transfer from
quinacrine to rhodamine could occur, then the measurement of the
rhodamine enhancement intensity at 585 nm would be more convenient
-»compéred to the measurementi of the fluorescein emission intensity.
at'SéO nm (for reasons already.discussed in Chapter 3). The
efficiehcy of quinacrine—fhddaminé energy transfer was investi=
gated by addition of rhodamine-labelled anti-IgG édnjugates to a
fixed concentration of IgG-quinacrine. The resultant energy |
transfer effects were assessed by ﬁeasuring'the quenching of
quinacrine emission at 500 nm and the rhodamine enhanéement at

585 nm ( an excitation wavelength of 425 nm was used). Figures

4.3 and 4.4 show that in the reaction between a iightly labelled
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Flgure 4,2 Corrected excitation (E) and fluorescence (F) spectra of
a rhodamine-labelléd anti-IgG conjugate (label:protein ratio, 8.,3:1 )}
( )e Fluorescence apectrum of an IgG-quinacrine conjugate (= ~ = )

reproduced from Fig. 4.1(b).
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Figure 4,3 (a) and (b) are respectively the emission spectra

of IgG-quinacrine conjugate (8,95 nM; label:proiein ratio,1.9:1)
and rhodamine~lsbelled anti-IgG conjugate (22.9 nM; label:protein
ratio, 8.3:1). (c) is the emission spectrum of a mixture contain-

ing beth the conjugates at the concentrations stated.
_ Excitation wavelength, 425 nm ; bandwidths, 10 nm .
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, Figure 4.4 Ae in Fig. 4.3 , except that the rhodamine-
labelled anti-IgG conjugate concentration is 1.07 x 10"714.
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" IgG-quinacrine conjugate (labél:protein ratio, 1.9:1) and its

specific antibody heavily labelled with rhodamine (labelzprotein
ratio, 8.,3:1), no significant changes in the fluorescénce'inten;
sities of gquinacrine and rhodamine were observed either at low
(2.56) or high (12.8) molar labelled antibody:labelled antigen
ratios. The negligible transfer effects observed in this case
was at first thought to be due to the low degree of labelling in
the IgG-quinacrlne molecules, but similar negllgible transfer
effects were again observed when more hea&ily labelled IgG-
‘quinacrine conjugates (label:protein ratios, 4.2:1 and 8,6.1)
were used with the same preparation of rhodamine—labélled anti=-
1gG conjugates. Furthermore, the accurate détermination of quina~
erine quenching effect at 500 nm was made more difficult by the
overlapping Raman scatter peak (Fig. 4. 5), a small increase (ca

.20 % ) in the IgG—quinacrlne emission intensity was also noted

. when" excess unlabelled anti-IgG antibodiea wera added (Fig. 4.5).

: The latter effect would have more than nullified.whatever small

decreases in quinacrine émission caused by energy trapsfer.

These results demonstraté clearly that quinacrine is not a

suitable donor label for uge in ETIA studies.

Legend for Figure 4 5

Emigsion spectra showing the changes in the fluoreacence intensity
of mixtures containing a fixed concentration of IgG~quinacrine
conjugate (1.79 x 10-8M label;protein ratio, 1.9:1) and increas-
ing amounts of unlabelled anfi—IgG antibodies.

B = emission spectrum of buffer alone, the Raman scatter peak
occurs at 500 nm, :

(1 = emission spectirum of IgG-quinacrine conjugate alone.

1 =( - B. All other spectra were corrected for the added Ab.
2,(AbsAg ratio, 3.811) ;3 3,(7.6:1) 5 4,(11.3¢1) 5 5(15.0:1) 3
and 6,(18.9:1). Excitation wavelength, 425 nm; bandwidtha, 10 nm.
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Figure 4.6 Corrected excitation (E) and fluorescence (F) spectra
of a rhodamine-labelled anti-albumin conjugate (= = - ) (label:

)

protein ratie, 7.5:1), and of an albumin-dansyl conjugate (
(1abel:protein ratio, 16:1)
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The overlap of dansyl emission and rhodamine

excitation spectra is shown in Figure 4,6. The efficiency
of energy transfer in the dansyl-rhodamine system was assessed
by adding rhodamine-labelled anti-albumin conjugates to a fixed
concentration of dansylated albumin (dansyl:protein :atio,.16:1),A
~and measuring the decrease in the dansyl emisaion intensity at
530 nm and the relatively small increase in the rhodamine
emission intensity at 585 nm (excitation wavelength, 340 nm).

See Figure 44T« At more than a 12-fold molar excess of labelled.
antibody conjugates, the quenching of the dansyl emission inten-
sity amounted to no more than 30 per‘cént in the two cases where
the degree of rhodamine labelling was T.1 (Fig. 4.7a) and 11.6
(Fig. 4+7b).(A small increase in the dansyl emission intensity
was also observed when excess unlabelled anti-albumin was added
to ﬁ game concentration of the albumin-dansyl conjugate - Fig.4.8;
- this effect may partially of}set the quenching of dansyl emission
intensity by rhodamine-labelled antibodies). Interestingly, in
all these astudies, there did not seem to be a proportional
increase in the rhodamine enhancement intensity at 585 nm
comparable to the observed deérease in’ the dansyl emiasion inten-
sity at 530 nm. A possible explanation for this observation is
likely to be that, in this particular system, the nonradiative
deactivation processes are highly efficient in competitively '
diminishing the sensitized rhodamine fluorescence intensity. &
few experiments were also performed using lightly labelled
albumin-dansyl conjugates ( dansyl:albumin ratios, 4.8:1 and
6.0:i). Results relating to the energy transfer effects observed
in these ptudies were not at all satisfactory becausé the feeble
fluerescence signals from low concentirationa of these 1igh£1y

labelled conjugateas required the use of meximum gain seiting
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in the fluorimeter : this inevitably produced worsening

signal to noiase ratioa. It is apparent from the ébOVe resultg
that while energy transfer from the dahsyl to the rhodamine
group can take place within the labelled antibody-labelled
antigen complex, the magnitude of the transfer effects was not
sufficiently large to permit its application to the development
| of a sengitive assay fbr albumin., It is naturally possible thét
a greater magnitude of the transfer effects'may be obtained
using a different antigen, although it is éuite likely that
even in such an assay system the rhodémine enhancement signal
at 585 nm will be too feeble to be utilized for accurate
fluorimetric measurements. Moreover, the excitation and
emission specira of dansyl chloride overlap those of serum and
other biological fluids (Soini et 21,1979), and so fluorimetric
measurements of the dansyl gmission intensity at 530 nm are
very liable to fluorescence backéround interferences in assays

of biological materialg,

Legend for Figure 4.7

Emission spectra showing the changes in the fluorescence inten-

sify of mixtures containing a fixed concentration of albumine

dansyl conjugate (5.85 nM ; dansyl:albumin ratio, 16:1) and

increasing amounts of antibody-rhodamine conjugates (label:

protein ratios, (a) 7.1:1 ; (b) 11.6:1 ).

R ¢ emigsion spectrum of albumin-dansyl conjugate alone

Fig. 4.7(a) 1,(Ab:iAg ratio, 3.5:1) ; 2,(7.0:1) ; 3,(10.6:1) ;
4,(14.131) 5 5,(17.1:1). |

Fig. 4.7(b) 1,(4bsAg ratio, 2.6:1) 5 2,(5.121) 3 3,(7.7:1)
4,(10.2:1) 5 5,(12.8:1). |

Emission spectra of added antibody-rhodamine conjugates aione

are indicated by numerals within circles. BExcitation wavelength,

340 nm 3 bandwidths, 6nm.
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Figure 4.8

Emission spectra showing the changes in the fluorescence
intensity of mixtures containing a fixed concentration of
albumin-dansyl conjugate (5.85 nM; dansyl:albumin ratio,
1631) and increasing amounis of unlabelled anti-albumin
antibodies. | |

B

emission_spectrum of phosphate buffer alone.

R ¢ emission spectrum of albumin-dansyl cohjugate alone.
1,(AbsAg ratio, 3.7:1) 3 2,(7.5:1) 3 3,(11.2:1) ; and
4,(14.9:1). Excitation wavelength, 340 nm; bandwidths, 6 nm.
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Figure 4.9 shows tha£ the maximum of the fluorescamine
emission spectrum overlaps strongly the maximum of the fluoreé-
cein excitation spectrum. Transfer of energy from fluorescamine
to fluorescein can therefore be expected to be efficient, and
this is exemplified in Figure 4.10 by the quenching of fluores-
camine and the enhancement of fluorescein emission intensities.
Quantitative fluorimetric atudies of fluorescamine- fluﬁrescein
energy itransfer were performed 5y.adding increasing amounts of
fluorescein-labelled anti-albumin antibodies to a fixed concen-
tration of albumin-flﬁorescamine conjugate {label:protein ratio,
10.0 : 1), and measuring'the_decreases in fluorescamine emission
: intensity at 485 nm and the simultaneous ihcreases in fluorescein
‘emission intensity at 535 nm (an excitation wavelength of 390 nm
was used)..Figuré 4+11 shows the changes in intensities of
fluorescamine and fluorescein emission at various molar labelled
antibody : labelled antigen ¥atios. In the two cgses where the
degrees of fluorescein labelling were 1.4:1 (Fig. 4.11a) and
3,2:1 (Fig. 4.11b), ithe decrease in fluorescamine emission
intengity varied épproximately linearly with the added antibody
conjugates. At a 6~fold molar excess of labelled antibody conju-
gates; the overall quenching effect in both the cases amounted
to no more than 20 per cent. In the same conditions, the observed
proportional enhancement of the fluorescein emigsion intensity
was conpiderably greater, amounting to more than 110 per cent
increase. The most likely cause for this apparent disparity
between the quenching and enhancemerit effects can be related to
the exceptionally large increases in the albumin—fiuorescamine
conjugate emissiﬁn intensity when excésa unlébelled anti-albumin
was added (Figure 4.12), The“figure élso shows that the enhance-

ment phenomenon, termed the "fluram enhancement effect" in this
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thesis, was'strongly dependent on the number of fluorescamine
molecules bound to the albumin,,with heavily-labelled conjugates
producing the largest effects. Neither the addition of nonf' |
specific bovine gammaglobulins tc a solution of albumine
fluorescamine conjugate, nor the addition of unlabelled anti-
albumin antibodies to a solution of albumin-fluoréscein conjugate
produced any signifiéant increases in the fluoregcence intensities
of the conjugates (Fig. 4.12). Experiments performed using other
antigens labelled wiih fluorescamine also gave results 51milar to
those obtained with albumin-fluorescamine conjugate, thus confirm-
ing that the fluram enhancement phenomenon is indeed a general
effect (see Chapters 5,6 and 7). A probable mechanism for this
effect has been described by Miller (1979).

An ETTA for albumin based on the fluorescamine-
fluorescein label pair would have to make use of only the fluores=-
cein enhancement measurementslfecause the quenching of the
fluorescamine emission intensity by energy transfer is counter-
acted simultaneously by the fluram enhancemenf effect. In the
assay for albumin, the optimum conditions réquired include the use
of heavily labelled albumin-fluorescamine conjugate (labelzprotein
ratio, 30:1) and the antibody lightly labelled with fluorescein
(1label:protein ratio,1.5:1). The molar excess of labelled antibody
to labelled antigen in the assay should preferably be not too
jarge { « a 6-fold molar excess of labelled Ab) because at high
concentrations of the antibody—fluorescein conjugates, the magni-
tude of the energy transfer effects observed will be diminished by
inner.filter effect, The standard curves shown in Figure_4.13
permit low concentrations of albumin (sub-nanomolar levels) in

pure solution and in serum samples to be detected. Subsequent

chapters will describe the applications of the fluorescamine-

fluorescein label pair to the development of ETIA's for other

analytes.
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Figure 4.9 Corrected excitation (BE) end fluorescence (F) spectra
"of an albumin-fluorescamine conjugate (label:protein ratio, 5.8:1)
), and of an antibody-fluorescein conjugate (1lsbel:protein
ratio, 3.2:1) (= = = ). ‘

A
5
J
. ]
L : 1
\ ) .
e I | \
[} i 1
] ' ||
[
t “ ' !
i t !
TRAY |
i ! !
| | ] ]
) I |
I ) ! \
! \
1 t \
| h
| '
! \
] ;‘ ]
i i \
} " \
| 1 v
' 'l 1
! 1" 3
' " \
! 1} \
f bt \
/ ' i
! ' \
/ by \
’I : \ \
| )
! | \
!
by I ) ‘ 1
. fi :
1 t 1
i ! I
! n' | \
I 1 \ \
! " \ \
) i i Y
- ) | \ v
/ ' \
“u ] t ‘ P
\ / \
N [}
hY / ! \
\s,,. / ! |
il Y, ' {
. “—\“'-\-—- Z /, \
- -
| ] i ] i X 1 I 1 L i 1 1 i

- A
320 400 500 600




120

L
410 450 500 550 aéo 850

Figure 4.10
Emission spectra of (a) an albumin~fluorescamine conjugate |
(1.5 x 10"TM ; label:iprotein ratio, 6.2:1) 3 (b) an antibody—
fluorescein conjugate (4.67.x 10~ TM ; label:protein ratio,
1e4:1) ; and (c) a mixture containing both the conjugates at
the concentrations stated. )\

ox = 390 nm 3 bandwidthsg, 12 nm
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Legends for Figures !

Figure 4.11 .

Quenching of fluorescamine emission intensity If(485) and the
enhancement of fluorescein emission intenaity If(535) as
increasing amounts of antibody—fluorescein conjugates (label:
protein ratio, (a) 1.4:1 ; (b) 3.2: 11) are added to a fixed
concentration of albumin-fluorescamine conjugate (5.7 x 107 By

labelzprotein ratio, 10:1). Corrections were made for contrie-
butions to the background fluorescence by added labelled
antibodies. Excitation wavelength, 390 nm ; bandwidths, 10 nm.

Figure 4.12

The Fluram Enhancement Effect.

Increases in fluorescamine emission intengities If(485) of
albumin-fluorescamine conjugates when unlabelled anti-albumin
antibodies are added: '

6.2 X 10-8M Alb-FL ; label:protein ratio, 6.2:1 (—o—o—o—)
T.4 x 10-8M Alb-FL § label:protein ratio, 10:1 (——r—e)
7.0 x 10-8M Alb-FL 3 label:protein ratio, 14.7:1 (~o0—0—0D—)
Effect on the fluorescamine emission intensity at 485 nm when
non-specific bovine gammaglobulins are added to an albumine
fluorescamine conjugate (7.4 x 10~ M label:;protein ratio,
10:1) is shown by ( 4 A 4 ) Excitation wavelength used for
all the above measurements, 390 nm; bandwidths, 10 nm.

Changes in the fluorescein emission intensity at 530 nm when
unlabelled anti-albumin antibodies are added to an albumin- =~
fluorescein conjugate ( 4.8 x 107°M ; label:protein ratio,1.3:1)
are indicated by { © © © ), Excitation wavelength, 470 nm ;.
bandwidths, 8 nm. A1l fluorescent conjugates alone have

arbitrary intensity of 100.

Figure 4.13

Changes in the fluorescence intensity at 535 nm when unlabelled
albumin in pure solutions (~x—x—) and in standard serum (—} ;——)
is added to mixtures containing 2.3 x 10 =81 A1b-FL (1abel:protein
ratio,10:1) and 1.4 x 10'7M Ab-F (labelzprotein ratio, 1.421).
>\e¥= 390 nm ; bandwidths, 10 nm . Error bars are standard

deviations for 4 measurements.
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CHAPTER 5 DEVELOPMENT OF FLUORESCENCE IMMUNOASSAY METHODS FOR
NORTRIPTYLINE AND RELATED TRICYCLIC ANTIDEPRESSANTS

5.1 Introduction

In view of the wideapread use of tricyclic;antidqpressants,
TAD, (see Table 5.1) for the alleviation of depression, there exists
in the clinical laborétories a need for a rapid, sensitiVe and
precise method for the quantitative measurement of these exogenous
compounds in human blood serum and urine. Reported analytical .
techniques for measuﬁing tricyclic antidepressants in_biologibal
fluids have been based on spectrophotometric (Wallace et al,1967),
isotoﬁic (Hammer et 21,1967), chromatographic (Borga et al,1972 ;
Braithwaite et al,1971 ; Faber et al,1974), and immmnochemical
procedures including a radioimmﬁnoassay (Aherne et al,1976 ;
Maguire et al,1978) and a double-antibbdy enzyme immnoassay

(A1-Bassam et al,1978) for nortriptyline.

Thisg chapter describes the development of two
fluorescence immnoassay methods for the determination of
nortriptyline in human blood serum : an energy transfer assay in
which fluorescamine iz used as the energy donor and fluoregcein
ags the acceptor, and a fluorescence enhancemeﬁt immunoassay in
vhich the fluram enhancement effect is utilized., An evaluation of
flucrescamine and fluorescein as donor—acceftor labels applicable
in ETIA was described in the last chapter. It was found that the
fluorescamine~fluorescein energy transfer within the albumine
antibody complex was efficient. A large increase in the
' fluorescein emission intensity at 535 nm and a relatively small

decrease (offset by the fluram effect : see Section 4.3) in the




126

fluorescamine emisasion intensity‘at 485 nm were observed. Fﬁ:
the foregoing reason, the energy transfer assay that was
developed for albumin made use of only the fluorescein

enhancement measurements,

In several respects, fluorescamine and fluorescein are
superior to fluorescein and rhodamine as donor-acceptor
fluorescent labels in ETIA. Compared to fluorescein as the donor
label, fluorescamine‘has a large Stokes shift of ca. 100 nm, and
so with the excitation wavelength of fluorescamine sét at 390 nm,
the fluorimetric measurement of the fluorescein enhancement |
emission at 535 nm will be less susceptible to scétter intera
férences. Purther, large fluorimeter slit widths for greater assay
sengitivity may be used because, in contrast to the fluorescein-
rhodamine system, the effect on the fluorescamine-fluorescéin
energy transfer of the fluorimeter spectral bandwidth is
negligible. Fluorescamine derivatives of proteins and other
analytes containing the primary amine group can be easily prepared
without the need to separate the labelled conjugates froﬁ excess
unreacted fluoreséamine molecules which are rapidly hydrolysed to
non=-fluorescent products (Udenfriend et al,1§72). And compared to
rhodamine-labelled protein conjugates, fluorescein-antibody

conjugates are more stable, being usable and free from turbidity

or precipitation after storage for several months in the dark at 4C

5.2 Experimental

Quantitative fluorimetric studies were performed in 10 mm
path length silica cuvettes using a Fluoripoint fluorimeter fitted
with a temperature-controlled cell compartment._All reagents were

were incubated at 30 C for 30 minutes before measurements were
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recorded at the same temperature.'besmethylnortriptyline and the
imminoglobulin G fraction of sheep anti-nortriptyline antiserum
were labelled with fluorescamine and fluorescein reépectively as
- described in Section 2.3.1. For étudies on serum samples, the sera
were diluted 1:1 v/v with saline (0.145 M)-phosphate buffer, pH
9.0, 0.01M,_containing known concentrations of drugs. The spiked

sera were then further diluted 50-fold prior to analysis.

‘Studies on the fluram effect of nortriptyline-
fluorescamine conjugate made use of the IgG and IgM fractions of
the sheep antiserum (Figure 2.1). A value of E;é% = 15 was ﬁsed
to calculate the protein concentrations of the sheep immunoglobulins,

Assumed molecular weights for sheep IgG and IgM molecules are

145000 and 900000 respectively.

In. all fluorimetric measurements;'correptions were made
for the background fluorescencéﬂfrom added proteins, labelled
antibodies, serum and buffer, Tricyclic antidepressanis were found
not to contribute to the background. The following non-gtandard

abbreviations are used to denote the drugs studied in this work.

AT : Amitriptyline DP ¢ Degipramine
BT : Butriptyline IP- : Imipramine
CP : Chlomipramine NT : Nortriptyline

DNT : Desmethylnortripiyline PT

Protriptyline

DNT=-FL ¢ Desmethylnortriptyline-fluorescamine
conjugate
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Antidepressants (TAD)
Table 5.1 Some Tricyclic n pr {
1] Ry
CHCH,CH,NT
2
Amltriptyline Ry = CHs Ry = CH3
Nortriptyline Y Ry = CHg Ra = H
besmethylnortriplylfna Ry = H Ry = H

. CH
éu,cn,cu,u( 3
1
Chiomipramine Ry = CHy Ry = Ct
Desipramine _ Ry = H Ry = H
Imipramine H1 = CH3 Rz = H
l CH,
| CH,CHCH,NZ
Butriptyline ' 2 2 NCH,
CH,
o C”chzCthl(c“a
H
Protr}p_tylfno

t
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5.3 Results and Discussion

The fluram enhancement effect of DNT-FL conjugate was
first investigated by measuring the changes in the fluorescamine
emission intensity at 485 nm as increasing amounts of unlabelled
sheep anti-nortriptyline IgG molecules were added to a fixed
concentration of DNT-FL conjugate (7.5 x 10-7M); an excitation
wavelength of 390 nm was used in this wOrk; Figure 5.1 shows that
in the presence of a 14.3-fold molar excess of unlabelled sheep
IgGA, the DNT-FL cénjugate emigsion intensity increased by more
than 170 per_éent. The sbasence of non-specific enhancement effect
ig also illustrated in the figure which shows that when a |
comparable molar excess of non-spécific human IzG, in lieu of the
sheep 1gG, was added to a solution of DNT-FL conjugate, the
measured increase in the fluorescamine emission intensity of the
conjugate was less than 2 per‘cént. This relatively small increaée
in the fluorescence intensify.can be attributed to.the viscosity
change in the solution medium when protein was added..The
specificity of antibody binding of DNT-FL conjugate was
demonstrable by the observation that addition of excess unlabelled
INT caused the labelled DNT—antibody complex to dissociate, and
consequently the fluram enhancement effect-to be reversed. The
effects of addition of DNT on the fluorescence intensity of a

Ty

solution containing 1.5 x 10-8M DNT-FL conjugate and 1.16 x 107
‘sheep IgG molecules are shown in Figure 5.2. These gtandard graphs

permit the detection of DINT at.concentrétions g3 low a3 3.5 nM

in agueous solution and 6.5 nM in spiked sera.
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Figure 5.1

Changes in the fluorescence intensity at 485 nm of a solution of
desmethylnortriptyline-fluorescamine conjugate (7.5 x 10-7M) when
gheep anti-nortriptyline IgG (graph A) and non-specific human IgG
molecules (graph B) are added. Excitation wavelength, 390 nm;
bandwidths, 20 nm. |

5
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Figure 5,2

Fluorescence intensity changes at 485 nm as increasing amounts of
unlabelled desmethylnortriptyline in pure solution (—ui-f—-) and

in spiked sera (-%%—§-—) are added to a reagent mixture containing
desmethylnortriptyline-fluorescamine conjugate (1.5 x 10-8M)'and
unlabelled sheep immunoglobulin G molecules (1.16 x 10"7M).
Fluorescence intensity of the reagent mixture without unlabelled
desmethylnoririptyline is assigned an arbitrary value of 100.
Excitation wavelength, 330 nm ; bandwidths, 20 nm.
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Experiments were 3156 performed to investigate fhe
.changes in the fluorescence intensity when the IgM fraction of
the same éheep antiserum was added to a solution of DNT—FL
conjugate. Results of these investigations are given in‘Table 5.2.
Comparison of the tabulated results with Figure 5.1 shows that a
greafer fluram enhancement effect was observed with the Igh
molecules than with the IgG molecules at comparable immunoglobulin
to.DNT-FL conjugate molar ratios. It is naturally possible that
a standard curve for INT similar to that shoﬁn in Figure 5.2
could be obtained using a reagent mixture containing IgM molecules
and fluorescahine—labelled INT conjugate. Since a greateﬁ fluram
effect was observed with the IgM ﬁolecules, an‘imprOQement on |
the detection iimits by several orders of magnitude might be
attainable if IgM-containing reagents were used in the assay.
Due to a lack of IgM protein available, investigations into these

_possibilities were not performed,

Table 5.2

Fluram enhancement effect of INT-FL conjugate when IgM

molecules are added.

If(485) % Increase ..
Te5 x 10“7M DNT-FL 40 -
IegM/DNT-FL (mol/mol)
0.354 58 45
0.69 ' | 8% 112
1.38 ' 168 _ 320
2.75 182 . 355

4.14 182 355
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Corrected excitation (E) and fluorescence (F) spectra of a desmethyl-
), and of a sheep anti-

nortriptyline~fluorescamine conjugate (
nortriptyline IgG-fluorescein conjugate (label:protein ratio, 3.5:1)

(----)
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The corrected spectra (Figure 5.3) of the

fluorescamine derivative of desmethylnortriptylinehghowe@__J‘
excitation and fluorescence maxima at 390 nm and 490 nm,
respectively. The exclitation and fluorescence maximg of .
fluorescein-sheep antiwnortriptyline IgG conjugate were at 495 nm
and 920 nm respectively. There is therefore the required
excellent overlap between the fluorescence spectrum of tﬁg_dénor‘
label (fluorescamine) and the.excitation spectrum of the
acceptér (fluorescein). PFurther, the overlap.between the
excitation specira of the two labels is negligible : the

- efficiency of the observed energy transfer is thus undiminighed
even when large spectrgl bahdwidths arg used in the fluorimeter.
Filter fluorim;ters can theréforé be convenlently used in this
ETIA, in contraat to the case of fluorescein-rhodamine label

pair (see Chapter 3).

Energy trahsfer wasg demonstrated by adding fluorescein=-
labelled antibodies (fluorescein to protein ratio, 7.5:1) to a
40 nM solution of fluorescamine~labelled desmethylnortriptyliﬁe.
The degree of energy transfer was assessed from the quenching
effect of the fluorescamine emission at 480 nm and the enhancement
of the fluorescein emission at 530 nm. A 3.4=fold molar excess of
labelled antibody reduced the intensity of the flucrescamine
derivative emigsion by 60 per cent and produced a 4.5-fold
enhancement of the fluorescein enhancement (Figures 5.4(a) & (b) ).
As noted in previous studies of energy transfer using antigens
labelled with fluorescamine as the donor‘label, the observed
proportional reduction of the fluorescamine emission intensity,
being partially offset by the fluram enhancement effect, was very

much less than the corresponding proportional increase of the
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Figure 5.4(a)}
Quenching of fluorescamine (at 480 nm) and enhancement of

fluorescein (at 530 nm) emission intensities when fluorescein-
labelled antibody conjugate (1label:protein ratio, 7.5:1) are
added to a fixed concentration of deémethylnortriptyline-
fluorescamine conjugate (4.0 x 10-8M). Excitation wavelength,

390 nm 3 bandwidths, 20 nm., Molar ratio, labelled Ab:labelled Ag.




136

500/~
*
400}~
300~
\.
L
.
Q 200}
(2]
Tp)
p -
S
et
]

100 i i | A
—
Q.
(e4)
N
L
[

| ) | ,

MOLAR RATIO

Figure 5.4(b)

Same as in Flgure 4.5(z) except that a value of 100 has been
arbitrarily assigned to the fluorescence intensity of the

fluorescamine derivative alone,
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fluorescein fluorescence, In prg&tice, this would mean that
flporimetric determinationa in this type of ETIA can make use

of only the fluorescein enhancement measurements. Figures

5.4{a) and (b) also show that the fluorescence of both labels
changed approximately linearly as the molar ratio of fluorescein-
antibody to fluorescamine-nortriptyline increased from 0.7 to 3.4;
Addition of unlabelled desmethylnortriptyline reversed these |
effects, producing,\for example, a reduction in the fluorescein-
antibody conjugate fluorescence at 530 nm. This reduction was unzed
to set up standard graphs for the determination of tricyclic
antidepressants in pure solutions and in spiked sera (Fiéure 5.5).
In these assays the ratio of labelled antibody to labelled.éntigen
wag 2.3:1. The limit of detection of desmethylnortriptyline was
about 2 nM (0.5 ng ml™') in pure solution and about 6 nM in
spiked sera. The precision of the assay was high (mean coefficient

of variation = 1,1 %)

°0

L 1] o

10

1 [ - v

w0 w2 109 104

tdeamelhylnortriplyline |/ nM .

Figure 5.5 Changes in the fluorescence intensity upon combining -
DNT in pure solution ( —4—) and in spiked sera (—3—) with
4.8 x 10-% DNT-FL conjugate and 1.1x10 M IgG-fluorescein conjugate
(fluorescein: protein ratio, 7.5:1). Excitation wavelength, 390 nm;
bandwidths, 10 nm.
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Figure 5.6 Changes in the fluorescence intensities upon combining

DNT and other tricyclic antidepressants with mixturea

containing 4.0 x 10-8 7

M DNT-FL conjugate and 1.1 x 107 'M
IgG-fluorescein conjugate. A value of 100 is arbitrarily
asaigned to the fluorescence intensity of the reagent
mixture alone ie. without any unlabelled drug.
Excitation wavelength, 390 nm; bandwidths, 12 nm.

Cross~reactivity studies (Figure 5;6) showed that
nortriptyline, amitriptyline, imipramine and protripfyiine
generated fluorescence changes similar to those found for
desmethylnértriptyline. Desipramine showed little reactivity in |
the assay, while chlomipramine and bﬁtriptyiine showed partial
reactivity. An enzyme immunoassay (Al-Bassam et al,1978) for

tricyclic antidepressants, using antiserum from the same source
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as this work, showed similar cross-reactivities; such effects
do not preclude the use of the assay in practice as these drugs
are normally administered singly. Other immunoassay studies of
nortriptyline showed that the major metabolite, 10=hydroxy-
nortriptyline, would nof substantially interfere in the assay
although present in greater amounts than nortriptyline itgelf
(Maguire et al,1978; Ziegler et al,1976b).

The fluorescence immunoassay methods described
provide several advantages over other heterogeneous agsays for
nortriptyline_and tricyclic antidepressants (Maguire et 21,1978;
Al-Bassam et al,1978). The sensitivities of both fluorescence
assays (from 0,5 -~ 1.9 ng m1—1) are more than adequate for the
routine measuremént of nortriptyline and other.TAD's in plasma
samples. The normal plasma levels of nortriptyline lie.in the
range 50 = 250 ng m~ (Zziegler et al,1976a). Desmethylnortrip-
tyline-fluorescamine conjugates required for use in both the
assays can be prepared very easily and quickly immediately
prior to the assay. The fluorescence assay methods are homo-
geneous, go the need for the troubleSOmé geparation step
required in heterogeneous assays is eliminated. Pinally, the
prior extraction of plasma sample is not requi?ed, thus allowing

for a more rapid assay.
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CHAPTER 6 HOMOGENEOUS FLUORESCENCE IMMUNOASSAY METHODS FOR

641

HUMAN SERUM TRANSFERRIN.

Comparative Studies of Fluorescamine and MDPF as

Labels in Fluorescence Immunoassays.

Introduction

6.1.1 Properties and clinical significance of transferrin.

It was found by Holmberg and Laurell (1945;1947)
that iron was principally transported:iﬁ'human'blood plasﬁa by
the specific iron-binding §,-globulin which they named
transferrin (also called siderophilin). There are about 20
genetic variants of transferrin (Giblett, 1969), all apparently
compatible with good heélth. At a normal blecod pH, each |
transferrin molecule (mole;ular weight, 76500) can bind two
atoms of Fe(III) to form a pink complex, although under normal
circumstances the t:ansferrin binding sites are only one third
saturated. The concentration of traﬁsferrin in human blood

1 which may be

plasma is normally in the range 200 - 400 ﬁg ar”
decreased in cases of nephrosis (where there is a loss of
transferrin in the urine), malignant neoplasia, or when there
is a hereditary deficiency of the protein as in ﬁatients with
& severe hypochromic anemia (Heilmeyer,.1964). Incréaséd serum
transferrin levels are observed in iron deficiency anemia and
in the last montha of pregnancy. Estrogenic substances such as
those found in oral contfaceptives can élso caugse an inéreaée

in the concentration of transferrin as well as other transport

proteins in plasma (Laurell et al, 1968).




141

64142 Determination of transferrin.

Tﬁénsferrin levels may be meagsured directly bj
immunological techniques or indirectly by measuring the maximum
amount of iron the serum can bind, ie. the total ironfbiﬁding
capacity (TIBC). The indirect technique overestimates transferrin
by 10 - 20 % because the metal binds to proteins othgr than
transferrin when the Intter is more than half saturatgd (van der
Heul et al, 1972). Transferrin may be quantitated'immunochemically
by the radial immﬁnodiffusion, electroimmunodiffusion or immuno-
nephelometric methods. Data éomparing the immunochemical, radio- .
isotopic and colorimetric procedures for the measurement of total
iron 5inding capacity and transferrin appear in recent literature
(Buffone et al, 1975, and references 1 to 4 cited therein;Daipneault.
et al,1978). In this work,two fluorescence immunochemical methods
for determining low concentrations of transferrin in serum samples
have been developed. The first method is based on the enhancement
in the fluorescence intensities of the fluorescamine and MDPF
derivatives of transferrin on binding to anti-transferrin antibodies
(fluorescence enhancement assays). The second method is an energy
transfer assay in which either fluorescamine or'MD?F as the energy

~ donor is used in conjunction with fluorescein as the acceptor.

The excellent sensitivities attainaﬁle in the energy
transfer assays for human albumin (Chapter 4) and nortriptyline
(chapter 5) show that the fluorescamine-fluorescein label pair are
suitable for use in other applications of this ETIA method. Likewise,
the sensitive fluorescence assays that were developed also for
albumin and nortriptyline demonstréte clearly that the fluram

enhancement effect can be generally applied to the analysis pof both
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low and high molecular-weight antigens. MDPF fesembles fluoresca-
.mine in many respects: molecular structure, chemical reactions gnd
luminescence characteristics (page 49). However, some workers
(Handschin et al, 1976; Weigele et al, 1973a) have reported that
MDPF provides several advantages over fluorescamine, including fhé
greater fluorescence siability of the MDPF conjugates over a wide
pH-range, This stability has been éttributed to the lack of a free
carboxylic group, which in fluoreﬁcamine derivativea may give rise
to an intramolecular nonfluorescent lactone (Weigelg et a1,1973a).
The additional a?ailability of MDEF to complement (if not to
substitute for) fluorescamine in these FIA methods will cé:tqinlyl
enhance the versatility of these fluorogenic reagents and enlarge
* the rather limited number of useful fluorophores for fluoroimmuno-

logical techniques.

This chapter describes the experiments carried out to
examine the coﬁparati#e merits‘of fluorescamine and MD?F asg

fluorophores for specific applications in FIA. The bases for

comparison include (a) the efficiency of the fluorophores as donors

of energy (together with fluorescein as the acceptor) in ETIA;

(b) the magnitude.of the fluram and MDPF enhancement effects; (c)

the accuracy and precision of the assay methods in the analyses

of serum samples; and (d) the stability of the fluorescent conju-

gates under storage conditiona.

6.2 FExperimental

The Baird-Atomic Fluoripoint fluorimeter was used to
record all quantitative fluorimetric measurements. The reagents

were incubated at 30 ¢ for at least 30 minntes before measurements
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were made in 10 mm path length silica cuvettes thermostatted at
fhe same temperature. Corrections were made for fluo:escence
background contributed by the phosphate buffer (0.01M, pH 7.2,
containig 0.145M NaCl), added proteins including serum samples,
and labelled antibodies. Corrected spectra were recorded’at 25 C
using the Perkin-Elmer MPF-44B fitted with the DCSU-2 corrected_
spectra unit.,

Radial immunodiffusion was performed using MfPartigen

Transferrin Immunodiffusion plates according to the recommendations
of the marmfacturer (Behringwerke AG, Marburg/Lahn, West Germany-
throﬁgh Hoechst (UK) Ltd.). Zone diameters were measured after a

48-hour incubation at room temperature.

Serum samples were diluted 5~ and 500-fold,
respeétively, prior to analysis by the immunodiffusion and energy
transfer assay methods. Standard human serum (Behringwerke AG)

was used as a standard.

All fluorescent protein solutions were kept in .the
dark at 4 C. After six weeks in storage conditions, MDPF- and
fluorescamine-labelled transferrin conjugates were found to be
usable. Furthermore, no gignificant difference in the fluorescence
properties between the two transferrin.conjugates was evident. A
golution of antibody-fluorescein conjugate, after four months in
‘the same storage conditions, was found to be usable although a
very_slight precipitation of the conjugate was also noted. This
was easily removed by centrifugation and the recovered sample was
found not to have suffered any significant loss in immunological

or luminescence properties.
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6.3 Results and Discussion

As noted above, the two fluorogenic reagenis (MDPF.
and fluorescamine) have many properties in common, and solin
ahalogy with the fluram enhancemént effect of fluorescgmine
derivatives, it can reasonably be expected that a similarienhancef'
ment effect will alsoc be observed with MDPF-labelled derivatives.
This expectation i3 indeed borne out by experimentalsreéults.
Fighre 6.1 shows that the increases in the emiésion intensities
at 465 nm of transferrin-fluorescamine (Trans-FL) and transferrin-
MDPF (Trans-M) conjugates are strongly dependent on the molar
excess of the added antibodies and the fluorophore:transferfin
ratios of the conjugates. In all the transferrin conjugétes
examined, a greater magnitude of the enhancement effect was
obtained with a more heavily-labelled conjugate than a lightly-
labelled one. However, the results available are not sufficient
to enable one to conclude which of the two transferrin conjugates
(Trans-FL or Trane-M) exhibited the greater enhancement effect,
even though it would appear from Figure 6.1 that the fluram
enhancement effect was more pronounced compared to the MDPF
enhancement effect., An accurate determination of the relative
magnitude of these two effects would require the use of
transferrin conjugates with the same degree of fluorescamine and
MDPF labelling. The effect on the fluorescence spectrum of a
?ransfefrin-fluorescamine conjugate on binding to increasing
amounts of unlabelled antibodies is shown in Figure 6.2. Except
for a general increase in the fluorescence intensity of the
transferrinrconjugate with added antibodies, no spectral
distortion is evident and there is no shift in the emigsion

spectrum maximum.
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MOLAR RATIO

Figure 6.1

Changes in the fluorescence intensities at 485 nm 6f mixtures

containing a fixed concentration of transferrin-fluorescamine ox
transferrin-MDEF conjugates and increasing amounts of unlabelled
antibodiea: _ _ .
6 x 10~ Trans-M conjugate (label:protein ratio,2,8:1) (—0—0-);
6 % 10"%M Trans-M conjugate (label:protein ratio,6.4:1) (-#—a-);
9 x 10-8M Trang-FL conjugate{label:protein ratio,3.7:1) (-0—0-);
9 x 10~8M Trans-FL conjugate(label:protein ratio,7.8:1) (—e—e—).

The changes in the fluorescence intensity of mixtures containing a

fixed concentration of Trans-FL conjugate and increasing amounts of
non-specific human IgG molecules are shown by (—Xx—x—). Pure solu-

tions of fluorescent conjugates have arbitrary fluorescence intensity

of 100. >\,x,390 nm; bandwidths, 8nm; molar ratio = Ab:Ag
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Figure 6.2

Spectra showing the changes in the fluorescence intensities

of mixtures containing a fixed concentration of 'I‘rans-'—FL' conjugaté
(7 x 10-81'1; label:protein ratio, 7.831) and increasing amountg of

antibodies: {a) without antibody; (b) Ab:Ag molar ratio, 5.2:1)5

(¢) AbsAg molar ratio, 9.1:1). Excitation waveleng'th,' 330 nm;

bandwidths, 8 nm.
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Figure 6.1 also shows that the addition of a 10,6-

fold molar excess of non-specific human IgG to a solution of
transferrin-fluorescamine conjugate {label:protein ratioc, 3.7:1)
produced only a 12 % increase in the fluorescamine emission ‘
intensity at 485 nm, thus confirming that the fluram (and by
analogy, the MDPF) enhancemenﬁ phenomenon is a consequence of
specific antigen-antibody combinations, and not of spuriocus
environmental effects on the fluorescence intensity. The specificify
of antibody binding of the fluorescent transferrin conjugates was
further demongstrated by the reversal of the enhancement effects
when unlabelled transferrin molecules (in serially diluted
standard serum samples) were added to dissociate the fluorescent
antigen—antibody complex. The resultant decreases in the fluores-
cence intensities of transferrin-fluorescamine and transferrin-
MDPF conjugates were used to set up standard graphs for the
determination of serum transferrin concentrations (Figure 6.3). In
these assays, the molar excess of unlabelled antibodies were 12:1
in 3 x 10784 Trans-FL conjugate (label:protein ratio, 7.8:1), and
11.8:1 in 3.4 x 10784 Trans-M conjugate (label:protein ratio,7:1).

The 1limits of detection in both assays are comparable (5 nM =

4 mg a17),

Comparison of Figures 6.4 and 6.5 shows that the
corrected excitation and fluorescence.spedtra of the fluorescamine
and MDFF derivatives of transferrin are aimost identical: the
excitation and fluorescence maxima of both conjugates occur at
390 nm and 490 nm, respectively. The corresponding maxima for a
fluorescein-labelled antibody conjugate occur at 495 nm and 525 nm,
respectively. The condition of optimum spectral overlap between

the donor (FL or MDPF) emission and the acceptor (fluorescein)
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Figure 6.3 Fluorescence intensity changes at 485 nm as increasing amounts
of unlabelled transferrin molecules (in serially diluted standard serum samples)

are combined with mixtures containing (a) 3 x 10~%4 Trans~FL conjugate (label:
protein ratio, 7.8:1) and 3.6 x 10”11 antibody molecules (-—E-§—- )3
(b) 3.4 x 1079 Trans-M conjugate (label:protein ratio, 7:1) and 4 x 10~ Tu

antibody molecules ( —~§%—§}ﬂ— ). Reagent mixtures without added unlabelled
antibodies have arbitrary fluorescence intensity of 100, Exrror bars represent

standard deviations for 3 measurements. Excitaticn wavelength, 390 nm; bandwidths,6 nm.

ghy
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transferrin ~fluorescamine conjugate {label:protein ratio,
3.9:1) ( }, and of an antibody-fluorescein conjugate

(1abel:protein ratio, 2.7:1) (= = = = ).
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Figure 6.5 Corrected excitation (E) and fluorescence (F) spectra of a

transferrin-MDPF conjugate (labeliprotein ratio, 3.2:1)(——),
Spectra of an antibody-fluorescein conjugate (= w - )
reproduced from Figure 6.4.
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excitation spectra obtains, and therefore a high degree of .
energy transfer in the fluorescamine=fluorescein as well as in

the MDPF-fluorescein syatems can be expected.

Experimeﬁts to study the energy transfer effecta of
the two donor-acceptor pairs were perfofmed by adding increasing
amcunts of antibody-fluorescein conjugates to solutions containiné
a fixed concentration of Trans-M conjugate (3 x 10-8M; label:
protein ratio,13.2:1), and also to solutions containing a fixed
concentration of Trans-FL conjugate (7.x 10'8M; label:protein
ratio, 13.9:1). The degrees of energy transfer were assessed by
measuring the decreases in the donor (FL or MDPF) emission
intensities at 455 nm and the concomitant increases in the
acceptor (fluorescein) emission intensity at 530 mm ( excitation
‘wavelength, 390 nm), Figures 6.6 and 6.7 show that sddition of
increasing amounts of the labelled antibody molecu;es to the
transferrin conjugates caused the quenching and the enhancement
effects in the two donor-acceptor systems to increase approximately
linearly up to a 4-fold moiar excess of labelled antibodies.
Thereafter, while the fluorescein emission intensities continued
to inocrease linearly up to an antibody:antigen molar ratio of 6:1,
the fluorescamine as well as the MDPF emission intensities
appeared to be less susceptible to the quenching effect. In
addition, for a given antibedy:antigen mblar ratio, the propor-
tional increase in the enhancement effect was rather greater than
the proportional decrease in the quenching effect. As_noted and |
explained previously in other studies of the fluorescamine-
fluorescein energy transfer (Chapters 4 and 5), this apparent
disproportionality between the quenching and enhancement effects

can be related to the counter-acting fluram and MDFF enhancement




Ab~Fy,

Trans-M

' Figure 6.6 Enhancement of fluorescein fluorescence (530 nm) and
quenching of MDPF fluorescence (485 nm)-when increasing amounts of
fluorescein-labelled antibody molecules are added to solutions _
containing a fixed concentration of Trans-M conjugate (3 x 1_0-81‘{;
label:protein ratio, 13.2:1). The degree of labelling of antibody

is indicated by the "n" values: n = moles of fluorescein per mole
of antibody. An arbitrary value of 100.is assigned to the fluorescence
intensity of a pure solution of trangferrin-MDPF conjugate, '

Excitation wavelength, 390 nm; bandwidtihs, 8 nm.
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Figure 6.7
As in Figure 6.6 except that a transferrin-fluorescamine

conjugate was used (7 x 10'3; labelsprotein ratio, 13.9:1)

effects which partially offset the quenching of the fluorescamine
and MDPF emission intensities caused by resonance energy tranzsfer.
As shown in the same figures, the magnitude of the energy transfer

effects in the two donor-acceptor systems is also dependent on the

degree of fluorescein labelling of the antibody conjugates. The use
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of a more heavily-labelled antibpﬁy-fludrescein conjugate

appeared to cause the quenching effect to be increased more than
the enhancement effect. An explanation for this observation is
likely to be that in the condition of a higher concentration of
fluorescein molecules, the observed enhancement in the fluorésce;n
emission intensity would be much diminished by inner filter .effects
due to the high background fluorescence. These results suggest.that
the optimum conditiq?s required in the asgays for transferrin
ghould include the use of heavily-labelled_fluorescaminew or MDPF;
transferrin conjugates {label:protein ratio, ca. 12:1) (donorj and
a lightly-labelled antibody-fluorescein conjugate (label:protein
ratio, < 4:1) (acceptor). The molar excess of labelled antibody in
the assay should be kept low (labelled Abslabelled Ag molar ratio,
ca,4:1). These conditions are essentially similar to those required
in the energy iransfer assay for albumin described in Chapter 4.
Typical standard grapha for th;‘determination of transferrin in

pure solution and in serum samples aré shown in Figures 6.8 and 6,9.

The eicellent specificity.-of the assays was demons-
trated by the absence of cross-reactivities when two of.the major
constituents of serum proteins, albumin end IgG, were included in
the assay medium (Figure 6.10). Furthermore, good agreement between
the energy iransfer assays and the immunodiffuéion method was
obtained when four serum samples were analysed for their transferrin
contents. These resultis are summarized iﬁ Table 6.1. The precision
of the two ETIA methods was comparable (mean CV = 6.6 %)
Transferrin concentrations found in the three samples taken from
heal thy donors all lie within the normal rangé (200-400 mg d1"1).

On the other hand, the blood sample iaken from the victim of a

road traffic accident was found to have a very low transferrin
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Figuré 6.8

Standard graphs for transferrin determination.

Changes in the fluorescein fluorescence intensity at 530 nm when
unlabelled transferrin molecules in aqueous solutions are added to
reagent mixtures containing (a) 5 x 70784 Trans-M conjugate (label:
protein ratio,13.2:1) and 1.8 x 107TM Ab-F conjugate (label:protein
ratio,4:1) ( —H Y3 (B) 4x 10"%M Trans-FL conjugate (label:
protein ratio, 13.9:1) and 1.8 x 10 “TM Ab-F conjugate (label:protein

ratio,4:1) ( —}—}—‘ )e

. Bxcitation wavelength, 390 nm; bandwidths, 12 nm. Error bars

represent standard deviations for 4 measurements.
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Figure 6.9 As in Figure 6 8 except that serially diluted
gtandard serum solutions were used as standards.

concentration, Bacterial degradation, as evidenced by the putrid
smell emitted from the sample, might have been the cause for this

low level of transferrin,

It is apparent from these results that both
fluorescamine-fluoréscein and MDPF-fluorescein are suitable donor-
acceptor labels for use in other applications of the ETIA method.
There is no significant difference in properties between
fluorescamine and MDPF when these are used as donors of energy

together with fluorescein as the acceptor. In the assesgsment of

the relative magnitude of the fluram and MDPF enhancement effects,
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it was found that such effects are strongly dependent‘on the
fluorophore:protein ratios of the conjugates as well as the
molar excess of unlabelled antibodies added. So an accurate
determination of the comparative magnitude of these two enhance-
ment effects must make use of tranaferrin conjugates with the
same degree of fluorophore labelling. However, in view of the
close similarities between the two fluorogenic labels, it seems
reasonable to assume that, all other conditions being equal, the
fluram and MDPF enhancement effects are about comparable in_
magnitude. Thus, for applications in FIA, the choice betweeh
these two fluorophores would be dictated by the simple economie

consideration of cost and availability.

100 =~

1,530

+ 80 =

-
-
<

IPROTEIN]/ nM

Figure 6,10 Effect of adding transferrin (—o-o0—), albumin
(-4—A—) and human IgG (—o—0~) to a solution mixture containing
4,0 x 1070 Trans-¥L, conjugate (labeliprotein ratio,13.9:1) and
1.8 x 10~TM Ab-F conjugate (label:protein ratio,4s1). An arbitrary
value of 100 is assigned to the fluorescence intensity of the

solution mixture without any added proteins.

Excitation wavelength, 390 nm; bandwidths, 12 nm.
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Table 6. 1

Determination of Serum Transferrin

Energy Transfer Immunoassay

Sample Radial immunodiffusion
FL as donor MDPF as donor
n=35 n=>5 n=>5

1 220 + 16.5 250 £+ 18 240 + 16

2 255 + 13 260 + 1745 275 + 18

3 260 + 20 290 + 16 285 + 20

RTA sample 135 + 6.8 152 + 9.4 -

(n=4) (n=4)

A1l concentrations in mg dl-_1. The serum samples were diluted 5- and 500-fold prior
to analysis by the immmodiffusion and energy transfer assay methods, respectively.
ARTA = Road Traffic Accident '

84l
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CHAPTER 7 ' DEVELOFMENT OF FLUORESCENCE IMMUNQASSAY METHODS

Te1

FOR HUMAN IMMUNOGLOBULIN G AND A

Introduction

Tets1 The immunoglobulina G and A. Properties and clinidal -

significance.

The immunoglobulins are a family of atructurally
and functionally related serum glycoproieins which exhibi4
antibody activity. The basic structure of the immunoglobulin

molecule consists of two identical heavy polypeptide chains

“and two identical light polypeptide chains joined together

* by interchain disulphide bonds and noncovalent forces

(Edelman 1973%; Porter 1973). There ére, however, variations
which account for the e}ass and subclags differences and

their varying antigen=binding capacities. Based on differences
in heavy chain composition and molecular weights, the immuno-
globulins are classified into five classes, namely,
immunogldbulin (1g) G, IgA, IgM, IgD and IgE. Heterogeneity
within classes allows for subclasses (Refer, for example,

white et al (1978), p 930 ).

The relative concentrations of serum immuno-
globuling change at various stages of growth and dbnormalities
are found in many disease states. These abnormalities
generally fall into three categories: (i) decreased levels
in two or more immunoglobulins as found in immunologic
deficiency diseases; (ii) increased levels of two or more
immunoglobuling as in cases of chronic infections; and (iii)

large increase in the level of one of the immunogiobuling as
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may occur in cases of myeloma .

Human IgG comprises 75 per cent of the total serum
immunoglobuline with a mean adult serum concentration of 990 =
1300 mg dl"'1 depending on the geographical factora. Its concen-
tration is found to be raiged in patients suffering from.auto—
immune diseases (Sunderman 1364; Sherlock 1970) and in cases of
I1gG myelomzs (Cohen 1968; Nah 1971). Decreased levels in gserum
IsG are encountefed$in cases of congenital and acquired hypo-

‘gammaglobuliﬁémia, somé malabsdrption gyndreme and during
excessive protein loss (Cohen 1968). Mafernal Igd.ié the only
clasg of immunoglobulin that is normally transferred écross the
placenta to the-foetus. IgG is, however, the last of the immuno-
globuling to be produced after an antigenic chailenge or

immunization.

Senaitive techniques which have already been developed
for the quantitation of IgG in human serum and other biological

fluids are summarized in Table T.1.

Table T.1 Techniques for IgG quantitation

Technique References

Radial immnodiffusion Mancini et al {1965); Fahey et a1(1965).

Electroimm noassay Laurell (1966;1372); Perry et al (1974).
Immunoelectrophoresis Chanta and Hiramoto (1974).
Radioimmunoassay Salmon et al (1969); Cawley et al(1974);
' Woo et al (1979)
Nephelometry Killingsworth and Savory (1972);
Markowitz et al (1972); Deaton et a1(1976).
Enzymeimmunoassay Engvall and Perlmann (1971);

Halliday and Wisdom (1978).
Fluorescence immnoassay Blanchard and Gardner (1978).
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‘Homan immunoglobulin A, with a concentration of 200 mg %

in normal uerum (Hobbs 1971), constitutes approximately 20 % of
the serum immanoglobuling., As the major immunoglobulin in body
gecrelions such as saliva, mucus, colostrum, etc., it provides
protection for linings of the digestive, respiratory, exbretory_
and reproductive passages (Gabl and Wachter, 1961). Secretory IgA
containg an additional structural unit called the secretory piéce
(Hansen and Johanssen, 1967). |

| Serum‘Igh concetration is found to be raised in patients
: suffering from Wiscott-Aldrich syndfome and IgA multiple myeloma
(Cohen 1968; Nah 1971), in some stages of autoimmune disease, and
in many cases of hepatic cirrhosis (SUnderman, 1964 ). Decreased
levels of serum IghA are found in cases of nephrotic syndrome,
gastrointestinal disease associated with severe protéin losgs and
certain leukemias. Extremely low cohcentrations of IgA have also
been encountered in cases of ataiia telangiectasia and congenital

agammaglobulinemia (Cooper et al, 1973).

T.1.2 Development of fluorescence immunoassay methods for

immunoglobulin G and A.

This chapter describes the FIA methods that have been
developed in thig work for the quantitation of IgG and IgA. The
fluorescaﬁine—fluorescein label pair are again applied to the
development of a direct ETIA for IgG and an indirect (sandwich)
ETIA for IgA. The methodology used in the direct energy transfexr
assay for IgG is as previously described for noririptyline and
transferrin (Chapter 5 and 6 reaspectively). In the sandwich assay

for IgA, separate portions of the rabbit anti-IgA antibodies are

labelled with fluorescamine (donor) and fluorescein (acceptor)
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reapectively. Addition of unlabelled IgA molecules causés the
ageregation of the separately labelled antibodies., The mean
distance between the donor and acceptor groups within the
"gandwich" immune complex formed should be sﬁfficienf for
regsonance energy transfer to occur. The consequent quenching of
the donor and/or enhancement of the.acceptor émission intensitiés
can be related to the amount of the IgA presenti, In this method,
_ thé use of purified or enriched antigens is not necessary.

N ‘ R
Studies on the fluram and MDPF enhancement effects of IgG
conjugates show that such effects can also be applieﬁ to the

development of fluoregcence assaya for the determination of IgG.

7.2 BExperimental

Quantitative fluqrimetric measufements were perfdrmed
in thermostatied 10 mm path lehgth gilica cuvetties using the
MPF-A4B Spectrofluorimeter, All determinations were made at 35 C
after reagents had been incubated for one hour.at the same
temperature. Corrections were made for fluorescence background
contributed by the buffer (0.01M phosphate, pH 7.2, containing
0.145M NaCl) and added proteins including standard serum and test
gerum samples. The fluorescence background due to the added |
iabelled antibodies was also subtracted from all measuremenis in
the quantitative study of thE‘Energy transfer effects between
IgG~fluorescamine conjugates and added antibody~f{luorescein
molecules. All spectra were recorded in the corrected mode., For
rthe determination of IeG conqentrationa in test serum pamples, the
sera were diluted 400-fold prior to analysis by the energy transfer

and the fluram enhancement assay methods.
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| 7.3 Resulis and Discugsion

Te3«1 FIA methods for IgG determination

Experimenta were first performed to study the fluram
.and 1DPE enhéncement effects of IgG-fluorescamine and?IgG—
MDPF_conjugateg. Figures 7.1 and 7.2 ghow respectively the_
changes In the emigsion spectra of a solution of IgG-FL
conjugate (7.89 x 10"8M; labeliprotein ratio, 6.6;1) and of
a solution of IgG-MDPF conjugate (2.3 x 107 M; label:protein
ratio, 6:8:1) when increasing amounts of unlabelled rabbit
anti-IgG antibodies were added. A notable featﬁrq of these
gpectra is that, except for a general enhancement of_the
fluorescence in the 400 - 600 nm range, no significant shift
in the emission maxima at 49% nm was evident, The magnitude
of the fluram and MDPF enhancement effects ig also very
dependent on the fluorophofe:protein ratios of the conjugates,
-with heavily-labelled conjugates exhibiting the largest'effects
(see Figure 7.3). This finding had previously been noted when
such effects were encountered in transferrin conjugates
(Chapter 6). The specificity of antibody binding of the
_fluorescent IgC coﬁjugates was illustrafed by the reversal of
the enhancement effects on combining unlabelled IgG molecules
(iﬁ pure solutions and in serially diluted standard serum) with
(a) 1.1 x 10~ TgG-FL conjugate (F:P ratio, 10.8:1) solution
containing a 12.4-fold molar excess of unlabelled antibodies -
see Fiéure 7.4 3 and {b) 9.5 x 10“9M IgG-MDPF conjugate (F:P
ratio, 9.9:1) solution containing a 14.3~fold molar excess of
unlabelled antibodies - see Figure 7.5. These standard graphs
permit the guantitation of IgG in pure sdlutions and diluted

gerum samples at nanomolar levels and below.
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Figure 7.1

Spectra showlng the éhanges in the fluoresceénce iniensity of a
solution of IgG-FL conjugate (7.85 x 107CM; label:protein
ratio, 6.63:1) upon adding increasing amounts of unlabelled
rabbit anti-IgG antibodies: _

(a) without antibody; (b) Ab:lgG~FL molar ratio, 0.65:1 ;

(¢) 14321 5 (d) 1.95:1 ;5 () 2,631 3 (£) 3.25:1 5 (g) 3.9:1 ;
(h) 6.55:1 5 (1) 9.82:1 5 () 13.1:1 .

Note ihe overlapping Raman scatterlpeak at ca: 465 nm which

appeared as a shoulder in spectra {a) - (d). Excitation
wavelength, 390 nm; bandwidths, 8 nm.
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REI_..A'I’IVE INTENSITY,

Pigure 7.2

Spectra showing the changes in the fluofescencé iﬁtensity of

a solution of IgC~MDPF conjugate (2.3 x 10-8M; label:protein
ratio, 6.8:1) upon adding increasing amounts of unlabelled
rabbit anti-IgG antibodiea: _

(a) without antibody; (b) 1.5:1 ; (e) 2.0s1 5 (d) 8.9:1 ;5

{e) 14.8:1.

Spectra were recorded with "blank" (ie. added unlabelled
antibodles) subtractions. Hence the absence of the overlabping
Iiaman scatter peak at 465 nm in all the spectra. Cf. Figure Tate
Excitation wavelength, 390 nm; bandwidths, 8 nm. :




: , 166

200

I lass]

100 o1 1 N 1 | {
¢ . 4 B 12

MOLAR RATIO

Figure 7.3

Changes in the fluoreacence intensity at 485 nm of mixtures
containing a fixed concentration of IgG-FL or IgG-MDPF
éonjugates and'increasihg amounta of unlabelled anti-IgG
antibodies. _ _

1.9 x 10m8M IgG-M conjugate (label:protein ratio, 9.9:1){(-=—11);
2.4 x 108y IgG-M conjugate (label:protein ratio, 16:1) (-h—&=};
1.9 x 108 12G-FL conjugate (label:protein ratio, 9.3:1)(-0——0-);
2.2 x_1U“8M IgG-FL conjugate (label:protein ratio,16.7:1)fﬁ@f—x-0.

Pure solutions of fluorescent IgG conjugates have arbitrary.
emission intensity of 100, Excitation wavelength, 390 nm;
ba.ndWidtl'IG’ 8 nme.
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Figure 7.4 Fluorescence intensity changes at 430 nm upon conbining IgG molecules in

pure solutions (A) and in serizlly diluted standard serum (B) with 1.1 x 1075 IgG-FL -

conjugate (P ratio, 10.8:1) and 1.4 x 10" n anti-IgG molecules. Reagent mixture
without any added unlatelled IgG has arbitrary flucrescence intensity of 100, Errox

bars represent standard deviations, Zxcitation wavelength, 290 nm; bandwidths, 12 nm, - -

Lol
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Figure 7.5 Fluorescence intensity changes at 490 nm upon combining unlabelled IgG
molecules in pure solutions with 9.5 x 10"9M IzG-MDFF conjugate (F:P ratio, 9.87: 1)
and 1.4 x 10 7‘\*‘I anti-IgG melecules, Other details as in Figure T.4.
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The corrected gpectra qf Figure 7.6 show once again that
"there ia excellent spectral ove;lap between the fluorescamine
(donor)lcmission and the flﬁorescein (acceptor) excitation
spectra. M efficient energy trénsfer between IgG-fluorescamine
and antibody=fluorescein molecules can therefore be expected to
cccur within the antigen-antibody complex. Studies of the energy
t:ansfer effects were performed by adﬁing increasing amounts of
antibody—fluﬁrescein molecules to solutions containing a fixed
conéehtrétion of Iga—fluorescamina conjugate. The magnitude of the
- transter effects was assessed by meaguring the decreases in the
fluorescamine emigsion inténsity-at 485 nm and the simul taneous
" increases in the fluorescein emission intensity at 530 nm
( excitation wavelength, 390 nm). Results obtained are summarized
in Figures 7.7(a), (b) and {c). The general conclusions to be
drawn from thege results are similar to those already diécussed in |
\chapter 6. In pérticular,“the'observed disproportionality between
the quenching and enhancement effecta can again be related_tb the
counteracting fluram enhancement effect whigh partially offset.tﬁe
quenching of thé fludrescamine emission by energy transfer. The
optimum'éonditions required for the development of an energy
transfer assay for IgG are also similar to those found for the
. assays of albumin (Chapter 3) and transferrin (Chapter 6). These
include the use of a heavily-labelled IgG—fluorescamine conjugate
(labelsprotein ratio, 12:1) and & lightly-labelled antibody—
fluorescein cpnjugate (1abel:protein ratio,<:2:1). Ekamples of
standard graphs for the assay of IgG in pure solﬁtions.and in

serum samples are shown in Figure T7.8.

Results of the analyses of 3 test serum samples by
the enerpy transfer assay and the fluorescence enhancement assay

methods are summarized in Table 7.2 : good agreement between the

two methods is obtained,
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Figure 7.7 (a) :

Enhancement of fluorescein fluorescence (530 nm) and quenching of
fluorescamine fluorescence (485 nm) when increasing amounts of
fluorescein-labelled antibody conjugate (F:P ratio, 1.5:1) are
added to solutions containing a fixed concentration of IgG-FL
conjugate (9.2 x 10"8M; F:P ratio, 10.8:1).

Excitation wavelength, 390 nm; bandwidths 10 nm.
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Figure 7.7(b)

As in Figure 7.7(a) except that antibody~fluorescein
molecules with labeliprotein ratio, 2.5:1 are added to
2.2 x 10”M TgG-fluorescamine conjugate (label:protein

ratio, 9.3:1)
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Figure 7.7(c)

As in Figure 7.7(&) except that antibody-fluorescein

molecules with label:protein ratio, 2,511 are added to

O IgG-fluorescamine conjugate (labelsprotein

2,2 x 10
ratio, 16.7:1).
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Figure 7.8 Standard graphs for IgG determination

Changes in the fluorescein fluorescence (530 nm) when uniabelled
IgG molecules in pure solutions (A) and in serially diluted
standard serum (B) are combined with 2.2 x 10~ IgG-FL conjugate
(FsP.ratin, 10,8:1) and 1.0 x 10~TM antibody-fluorescein conjugate
(F:P ratio, 2.5¢1). Fluorescence intensity of reagent mixture
without any added unlabelled IgG is assigned an arbiirary value of

100. Error bars represent standard deviations. Excitation wavelength,

390 nms bandwidths, 8 nm.




| - 175
Table ..} Determination of IgG

Tluorescence immmoassay methods

Samyple ETIA "Fluram" enhancement assay
A 1260 + 106 (5) 1195 £ 96 (5)
B 1078 + 93 (5) 1020 + 80 (4)

C 1130 + 98 (4) 1200 + 92 (4)

“\

Concentrations in mg a1™'. Figures in brackets refer to the
number ot determinations.

Experiments were also performed in an Attempt to
‘develop 1. solid-phase energy transfer assay for 1gG based on

one of {lie reaction schemes outlined below.

Scheme T. Competitive binding assay with labelled antigen (IgG*)
on solid~phase _

* % -
Figc® + a6 + AT T Ied—ab" + IgG—ib

*
Scheme 11. Noncompetitive sandwich assay with Ab on solid-phase.

. Ea 4
E . E 3
ao® 4 166 — |-AbeTe¢ —2> |- Ab—IgG—ab

-—

Scheme 1II Competitive binding assay with AR on_solid—phase.
* . R

Fab™ 16" 4 Ig6 T |-Ab-IgE 4+ |-Ab=-IgG

*

golid-phase

i

it

donor label (eg. fluorescamine)
L = acceptor label {eg. fluorescein).

Atiempts to immobolize the fluorescent protein conjugates onto

the IMMUHOBEADS (the solid-phase) have so far not yielded
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gatisfootory results. The obsgrved fluorescence signal from the
zimmobilized conjﬁgates was found to be too feeble to permit its

use in ‘he development of a solid-phase energy itransfer assay.

T1+3.2 $andwich ETIA for IghA determination

In the sandwich ETIA method for IgA determination,
separate portions™of the rabbit anti-IgA antibodies were labelled
with fluorescamine and fluorescein respectiveiy. The correéted
excitation and fluoréscence gpectra of these conjugates are
shown in Plgure 7.9. Since the IgA molecule is multivalent_(Mw of
monomeric IgA = 180000), the reaction of the'differehtly'labelled
antibody fractions with the anfigen should bring the donof and
accéptor label groups within close proximity, and therefore
resonsnce energy transfer can be expected to occur within the
molécular dimensioﬁ of the sandwich immune complex formed. In
order to first establish the optimum condiiions required for the
developnent of a sandwich energy transfer assay for Igi, a

nunber ¢f preliminary experiments were performed.

The change in the fluorescence intensity upon
adding unlabelled IgA molecules to antibody~fluorescamine (Ab-Fm)-
conjﬁgate wag first investigated. Results are summarized in |
Table 7.3, Addition of IgA to a solution of Ab-FL conjugate
(2.4 x 10‘8M; labelsprotein ratio, 14.7:1) resulted in a small
enhancement of the fluorescence up to a maximum of 19 per cent.
_This énhancement.effect, though small in magnitude, is
nevertheless analogous to the fluram enhancement effect
encountered in previous studies of fluorescamine-labelled

antigens.
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Figure 7.9 Corrected excitation (E) and fluorescence (F) epectra of

a fluorescamine-labelled anti-IgA conjugate (iabel:protein ratio,

A4eT21) (———
(label:protein ratio, 2.3:1) (

), and of a fluorescein-labelled anti-Igh conjugate
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Table Ta?d / '
Changes in the flucrescamine fluorescence (at 490 nm) upon )
binding IgA molecules with antibody-fluorescamine conjugate
(Label:protein ratio, 14.7:1). Excitation wavelength, 390 nm.

1,(490)
2.4 x 107 Ab-FL 50.0
Igh + Ab-FL
(molar ratio)
a3 D | 54,0
4.8 B ' éo.o
6.8 _ 60.0
941 o 60,0
1.4 - . o 58.4.

The Ab-FL concéntration was then varied while
keeping ihe concentration of unlabelled IgA_cohstaﬁt ét
at 2.73 x 10-9M and 5.45 x 10_8M.lF1ﬁorescence measurements
(at 490 nm) were made both without the inclusion of unlabelled
antibody (Figure 7.16) and with the addition of an amount of
uniabelled antibody sufficient to maintain a constant total
antibody concentration of 2.4 x 108 (see Figure 7.11). In
both the cases (Figures 7.10 and 7.11) it was found that the
enbancement produced by_the I1gA molecules became significant -
only in very low concentrations {4.8 x 10-9M) of Abnﬁb
containing a largé excess of the IgA molecules (5.45 x 10-8M).
In the absence of unlabelled antibody, no significant énhancé-
ment in the fluorescence waé evident in the case when the Igh

concentration is low (2.73 x 107°M) - see curve B in Figure 7.10.

However, in the presence of the unlabelled antibody, a small
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/

increase ( ca. 8% ) in the flﬂxorescence intensity was noted at
low concentrations of Ab—FL containing 2.73 x 10"9M IgA « see

curve B in Figure T.11.

The above experiments were repeated using fluorescein=-

labelled antibody (Ab~-F) conjugate (label:protein ratio, 2.3:1) in

place of the unlabelled antibody and with the concentration of IgA
kept constant at 5.46 x 10-9M. Fluorescence measurements at 490 nm
(fluorescam%ne emission) and at 530 nm (fluorescein emission) were
made. The results are shown in Figure 7.12. In contrast to the
enhancement in fluorescence (at 490 nm) noted above, a reduction
in the fiuorescamine emigsion at 490 nm and a simultaneous
enhancement iﬁ the fluorescein emigoion at 530 nm were observed as
the Ab~F/Ab-FL molar ratio was varied from 0.7 to 4.0. There did
not seem to be any 31gnificant change in the fluorescence '
intena;tles when the Ab-F/Ab-FL molar ratio <o. 7. On the basis

of these results, 1.5/1 and 4.0/1 mixtures of Ab-F end Ab-FL were
incubated with increasing amounts.of IgA and the fluorescence
intensities at 490 nm and 530 nm were recorded. These results are
summarized in Figures 7.13'and 7.14. At very low concenﬁrations

' ef the IgA (< 55 nM), an increase in the fluorescein emission

at 530 nm was accompanied by a reduction in the fluorescamine
emission at 490 nm. However, as the IgA concentration-wael
increased, not only was there an enhancement in fluoresceln
emissxon but the reductlon in the fluorescamine emission appeared
to be offset by a counter-acting enhancement effect {cf. fluram
enhancement effect). Addition of comparable amouﬁts of‘nonspecific
bovine serum albumin (BSA) and bovine pammaglobulin(BGG) to the.

1abelled antibody mixtures resulted in only a small enhancement

in fluorescence which can be attributed to the viscosity effect.
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An explanation for these observations seems likely td be that,

as the IQA concentration in the assay mixture is.increaged; the
fluram enhancement effect (refer Table 7.3) becomes 80 pronounceﬁ
to the extent that it can more than offset the quenching of the
fluorescamine emission caused by energy tranafer. In practice
this would mean that the assay must utilize only the fluorescein
emission measurements. In the assays deVeloped, IgA at nanomolar

LS

concentrations can be detected. However, a serious drawback is

the narrow concentration range in which these assays are applicable.

it is proposed as suggestions for further work ihat experiments

be performed to optimize the assay conditions along the lines

described above.
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 Ratio of the fluorescence intensities (at 490 nm) of Ab-FL
conjugate (1abel:protein ratio, 14.7:1) solutions measured
 in the presence and absence of Igﬁ vhoge condentration is
| kept constant at (A) 54.5 nM ; and (B) 2.73 nM. |
N " Excitation wavelength, 390 nm; bandwidths, 6 nm,
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Figure 7.11 _ _

Ratio of the fluorescence intensities (at 490 nm) of ABHFL
conjugate (label:protein ratio, 14.7:1) solutions measured in
the presence and absence of (A) 54,5 nM IgA and (B) 2.73 nM Igh
plus sufficient unlabelled antibody to maintain a total

constant antibody concentration of 2.4 x 10 8M

Excitation wavelength, 390 nm; bandwidths, 6 nm.
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Ratio of the fluorescence intensities (at 490 nm and 530 nm) -
of mixtures containing Ab-FL-conjugate (label:protein ratio,
14.7:1) and Ab-F conjugate (1abe1:protein ratio, 2.3:1) in the
presence and absence of 5.46 nﬁ IgA. The composition of the
separétely labelled antibody fféctionslié varied but.the totai
antibody concentration is kept constant af 2.4 % 10"BM. |

Excitation wavelength, 390 nm; bandwidthas, 6 nm.
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Effect of IgA on the fluorescence of a 1.5/1 mixture of Ab-F.
conjugate (labelzprétein ratio, 2.3:1) and Ab-FL conjugate
(1label:protein ratio, 14.7:1) having total antibody concentration =
4.8 x 10~84. Intensity changes at 530 nm are indicated by (-0-—0— )3
at 490 nmby ( x x x ). Effect of nonspecifif: bovine serum albumin
and gammaglobulin c;;n the fluorescence of the mixture is indicated

by (M) and ( A ) respectively. Excitation wavelength, 390 nm;

bandwidths, 6 nm,
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Figure T.14

As in Figure 7.13 except that a 4/1 mixture of Ab-F and

Ab~FL conjugates is used. Other details same.
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CHAPTER 8 AUTOMATION OF AN ENERGY TRANSFER IMMUNOASSAY BY USING

STOPPED-FLOW INJECTION ANALYSIS WITH MERGING ZONES

8,1 Introduction

‘Gince its introduction in 1974 by Ruzicka and Hansen
(1975), and by Stewart.et al (1974), flow injéction analysis
has been applied to the automation of a number of determinations

~ (reviewed by Betteridge,1978). These analyses have been
ﬁerformed by injecting precisely measured sample zones into a
reagent-containing carrier stream; by varying the design of the
flow system, a wide range of interfacial gradients caﬁ be
exploited. This approach is less well-suited to analyses in
which the reagent is a biological macromolecule such as an
antibody‘or enzyme, gince such reagents may be coétly and are
often available only in small quantities: publishedvapplications_
include the use of readily-available enzymes to the analysis of
glucoée (Hansen et al,1977) and urea (Ruzicka el a1,1979b)‘in
gerum. Two additional principles recently applied to flow
'injection analysis have, however, opened up new potential
applications of the technique. It has been shown (Ruzicka and

Hansen, 1978) that "stopped flow" analyses are feagible le. that

the disgpersion of a sample zone in the carrier stream will

remain congtant if the fiow rate of the stream is reduced to

zero. This principle is of great value in kinetic assays (Rﬁzicka_
and Hansen, 1978 & 1979a) and in analyses where an incubation
‘period is required before the.sample zone reaches the detector.

In addition, economies of sample and of reagent can Be achleved

by using'the "merging zone" approach, in which small volumes

of sample and reagent are injected into inert carrier streams
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and imerge before reacting and being carried to the detector. The
merging zone principle has been applied to a number of analyses
(Bergamin ot al, 1978; Zagatto et al, 1979) including, in
conjunction with the stopﬁed—flow principle, the enzymatic assay

of serum glucoes (Ruzicka and Hansén,1979a).

This chapter describea the apﬁlication.of flow

- injection analysis in the field of immunoassay. The stopped-flow
‘and merging-z?ne principles are appiied to the automation of a
homogeneousg energy-iransfer immunocassay for albumin described in
Chapter 3. In this assay fluorescein and rhodamine were used as
the donor -~acceptor fluorescent labels, though as pointed out in
Chapter 3, these groups are far from ideal. Since the phencmenon
of energy trangsfer involves a change‘in the fluorescence
properties of one or hoth of yhe labels on antigen-antibody binding,_
the analysis is homogeneous (ie. no separation step is required)
and very suitable for automation. Previous studies have shown

that a fluorimetric detector can be combined successfully with
fléw injection analysis in the determination of albumin by a dye-
binding procedure using anilinonaphthalene (Braithwaite and Miller,
1979}« A modification of that assay using tﬁe merging zone

principle will also be described.

B.2 Bxperimental

Flow injection analysis was performed using the
.aﬁrangement shown in Figure 8.1. The pump was a Gilson Minipuls
P-4 B-channel instrument and the double~injection valve :
(Figure 0.2) was obtained from BIFOK (Sollentuna, Sweden)

through BE.D.T. Research Ltd., London (Cf. Ruzicka and Hansen,1979a).
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Figure 8.1

Flow~injection analysis arrangement. (B) Bypass; (D) fluorimetric
detector; (I) injector valve; (L) reaction coil; (Q) pump;
(R) reagent; (S) sample; (T) 3-way valve; (W) waste.

Figure 8,2 Double-injection valve

The rotor (2) of the double-injection
valve is sandwiched between two stators
(1 and 3) and the whole system ig
clamped.tdgether and héld in place by a
bolt. Two volumteric bores in the rotor
allow precisely measured volumes of the
gample and reagent to be introduced into
the carrier stream, The diagram shows a
volumetric bore of the rotor filled with
the sample solution (shown shaged) befcre
gsampling; the carrier stream enters
through the bottom stator at "b" and
bypasses the rotor through a shunt,
During sampling the rotor'moves in the
direction indicated by the shaded arrow
and intreduces the precisely measured
sample zone into the carrier stream. The
shunt is being bypasséd during sampling
because of its highe: hydrodynamic flow

resistance,
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Manifold = arrangement ;
L lettering as .in Fig. 8.1

Polyethylene tubing was used throughéut aﬂd was.conneéted using

the mahifold system shown in Figure 8.3. The lengths and diameters
of the tubing used were as follows: a =b = 250 mm. long, 0.5 mm.
i.dse 3¢ =d 150 mm. long, 0.5 mm. i.d. ; e = 100 mm. 1oné, 0.7 mm,
i.d. ; bypass (B) = 320 -mm. long, 0.7 mm. i.d. The reaction céil,

L, wag made of 0.7 mm. i.d. tubing and was 650 mm., 1ong for the
dye-blndlug assay and 950 mm. long for the immunoassay. The detector
was a Perkin-Elmer Model 1000M filter fluorimeter, w1th a flow cell

specially adapted with silica tubing of 1 mm. i.d. (Figure 8.4).
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=Figure 8.4 Flow cell

The illuminated volume of the cell was ca. 16 pl . Excitation
and emission wavelengths were 364 and 470 nm reapectively for
the dye-binding assay, and 470 and 541 nm reépectively for the
immunoassay. The fluorimeter was connected to an Oﬁniscribe'10 mV

‘recorder (ilpuston Instruments).

The carrier sffeam was a phosphate buffer (0.067M,
H 7.0 for the dye—biﬁding asgay; 0.01M, pH 7.2, containing :
0.145M NaCl for the immunoassay)..’.['he .8—anilino—1-naphthalene
.sulphonic acid (ANS: Sigma) was used at a concentration of 15
mg 1—1. Pure human serum albumin and purified rabbit anti-

albumin antibodies were labelled with fluorescein isothiocyanate

and rhodamine isothiocyanate respectively as described in
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Section 2.3.1, Electroimmuncassay was done on "Cellogel"
cellulose acetate membrane (Section 2.3,2 ). Individual sérum

samples were obtained from healthy laboratory workers.

‘B43 Reomlis

B8s5.1 ANS binding procedure

This assay, previously performed using conventional

flow—anectlon procedures (Bralthwalte and Miller, 1979): was
-

successtnlly adapted to the merging zone approach. A flow rate of

1.03 ml min'1'was uged. The volumes of sample and reagent injected

(determined by injecting an air-bubble into the carrier shream)

were 10.4 pl. This represents a substantial saving in reagent

compared with the previous method. The merge time, sampling time,

~and residual time (non-stop) were 9.8 8, 3.0 s, and 23.6 s

respectively. A linear relationship was obtained between the

" fluorimeter response (fluorescence of protein-bound ANS) and

albumin concentration in the range 0 - 200 mg d1” (Figure 8.5)

20

50 100 _ 150 200

[ buntn] /(ag/100m1)

Figure 8.Y% Standard graph for albumin determinatlon uaing
ANS blndlng procedure.
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Using dilnted standard serum the coefficient of variation was

1. The coefficients

was 2.3 % at 18 mg a1~" and 2.1 % at 180 mg 41~
of variation using diluted test sera were somewhat higher, averag-
ing 4.5 %. The albumin concentrations of four teat sera were

determined, the results being given in Table 8.1.

B.3.2 Energy Transfer Immunoasgsay

Initial a%tempts to automate this assay using
conventional Ylow injection procedures'gave unsatisféctory resulta.
Not only was the consumption of labelled albumin and labelled
. antibody unacceptably high, but the high background fluorescence

of the carrier stream (a mixture of the labelled species) severely
'restficted the precision and the sensitivity of the assay. These
objections were overcome using the stopped-flow, merging zone
‘method. The injected reagent was a solutién containing 2.4 x 10-7M
fluorescein-labelled aibumin (fluoréscein:albumin ratio, 1.4:1)
and 4 x 10'6M rhodamine~labelled antibody (rhodamine:antibody
ratio, 16.5:1). Previous studies (Chapter 3) had demonatrated that
this combination of lightly-~labelled anfigen and heavily-labelled
antibody, with a large excess of the latter, produced optimum
results when the assay was performed without automation. Diluted
serum samples were injected at S (Figure 9.1); The flow rate used
- was 3.8 ml min—1, giving a mefge time of 3.2 s, & nén—stop residual
time of 16 s and sample and reagent volumes of 36 ple. A stopped-
flow incubation time of 6 minutes was used: during this period; the
three-way valve, T, was used to divert the carrier stream through
the bypass, and the recorder chart was switched off, The recorder

was re-gtarted as T was turned to re-start the flow of {he sample.

In the analysis of unlabelled (sample) albumin
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concentrations, the flubrescence of the fluorescein label was
determined (the fluorescence of the rhodamine label was too
feeble_in practice to provide a sensitive assay - see Chapter 3).
Tluorescence intensities were related to the emission from a. .
2.4 x 10" M 1abelled albumin solution, arbitrarily assigned a
value of 100. The results obtained in this way were satisfactory.
Readily-measurable fluorescence peaks were obtained (Figure 8.6):
the coefficient ofxyariation of the results using diluted standard
sera was 2;55% at an albumin concentration of 5 x 10_5M,'mnd 2.3 %
at a concentration of 10"TM. The standard curve obtained (Figure

7M and below could

8.7) showed that albumin concenirations of 10~
"be determined., The values obtained from four test sera are shown
in Table #.1, along with the results of the ANS binding and

electroimnmunoassay technigues: agreement between the three methods

wag gencrally good.

844 Digcussion

The results demonstrate clearly the suitability of
stopped-flow merging zone flow injection analysis for the
automation of homogeneous immunoassays: they also cénfirm the
usefulness and sensitivity of a fluorimeter as a detector_for
flow injection methods. In the present assay the flow injection
approach had several substantial advantages over the stalic
analysis described in Chapter 3. These included smaller samples,
a considerable economy in labelled reagents and a shorter
incubation period. The incubation period of six minutes was
perféctly adequate in the albumin assay, but there would.be no
technical objectiohs to the use of longer periods if required in
other assuys. The use of a flow cell of narrow bore precluded

any interierence by inner filter effects, and the background
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g fluorescence of the diluted serum was negligible compared wiih

the fluorescein emission. 'lhe detection limit of the assay was
more than adequate for the determination of albumin in diluted
serum samples and in urine (Cf. Woo et al, 1978). Improved
detection limits could almost certainly have been achieved by the
‘use of a gpectrofluorimeter, rather than a filter flubrimeter, as
the deteclor: detailed studiés of the flucrescein-rhodamine energy-
transfer pair show that larger quenching and enhancement effectﬂ

occur at narrow spectral bandwidths (Chapter 3).
LY

‘The 'relatively low sampling rate available in this
stopped-1Tow assay'can be improved upon by modificétions to the
manifolds (Ruzicka and Hansen, 1978) and in any event provides a
féster thiroughput of samples than the manual method. Two further
small problems were noted, the first being the need to carry out
frequent checks (by injecting air4bubb1es) to ensure gynchronousg
merging of the sémple and reagent: very amall adjustméﬁts in the
flow rate could be achieved by means of a screw clip atiached to
é short length of thin-walled tubing inserted in one of the
channels (eg. in tube "a" in Figure 8.1). The second problem was |
the tendency of air bubbles to form in the carrier streams: this
effect could be avoided by equilibrating the samples and the

reagents at 37 C before beginning an analysis.

A wide variety of other homogeneous immunoassays are
suitable for auntomation using flow injection analyéis, including
fluorescence quenching, enhancement and polarization assays. The
pregent energy tfansfer approach can also be applied to the
analysis of many other macromoclecules and low molecular-weight

species such drugs and hormones. Flow injection technigues will

incressingly used in this branch of clinical and biochemical annlysiso.
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Figure 8.6  Examples of recorder responges obtained during
the energy transfer immunoassay of serum albumin in diluted

standard serum. The albumin concentrations weres (4) 1.1 x 10-6M;
(B) 5.5 x 10‘6M; () 1.1 x 1072,
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Figure 8.7

Standard curve for the energy itransfer immuncassay for serum

albumin. Error bars represent standard deviations.




Table 8.1

Determination of albumin in serum samples

ANS-binding Energy-transfer Electroimmunoassay
Sample FIA method immunoassay - FIA method
zethod -
»

1 (100) 3700 = 180 [10] | (100) 3860 * 200 [8] (150) 3800 * 140 [5]
2 (100) 3600 % 170 [10] } (500) 3320 + 170 (8] (150) 3680 *+ 80 [8]
3 ( 40) 4380 % 150 [10} ] (500) 4810 + 150 [8] (150) 4500 = 140 7]
4 ( 75) 3675 2 200‘[ 8] | (100) 3460 = 220 [4] {150) 3080 * 80 [5]

All concentrations in mg.dl.-1

FIA" : Fiow injection analysis

Figures in round brackets are the factors by which serum samples were

diluted before study; figures in square brackets are numbers of

measurements used in calculating standard deviations.

Lot
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CHAPTER 9 CONCLUSION - B

In contrast tb other fluorescence immunoassay (F14)
methods, energy transfer immunoassay (ETIA) requires the
simultanéous use of two different types of fluorescent labels,
the donor and acceptor, attached respectively to the antigen and
aniibodj in the direét asgsay method, or to separate portiona of
the antibddy inlthe indirect (or sandwich) assay method. The
direct and indirect\assays that have been developed and described
in this thesis demonatrate clearly that ETIA is a general
immunochemical method applicable to the analysis of both_haptens"
‘(eg. nortriptyline) and macro—moleculér gpecies (eg. IgG, IgA,
transfefrin, ete ). The principal merits of tﬁe energy tranafer
assay technique can be summarized as follows.

(a) Sensitivity
| In the assays developed in this work, detection
1imits in the sub-nénomdiar range were attainable. For maximum
aseay sengitivity, it has been found necessary to optimize a
giveﬁ asaay system with'respecf {0 a number of experimen{al
variables including the degrees of labelling of antigen and
antibody, the %total concentration and the relative composition
of the labelled antibody and antigen in the_assay, the
fluorimeter spectral bandwidth, etc,
(b) specificity
| The spimultaneous observation of the quenching and
enhancement effects of the enefgy transfer phenomenon permits
specific antigen-antibody combination to be distinguished
from spurious environmental effects on the fluorescence
intensity. |
‘(¢) wide applicability

The same donor-acceptor labels may be applied to
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the enelysie of a wide range of .materials. The instrumentation_
required in this case is a relatively simple fluorimeter with
filtera providing fixed exciting and emitting wavelengths.

(d) Speed of analysis |

Relatively ehoit inoubation times are required

(ef. immunoprecipitetion methods), An incubation time of one
hour at a temperature of 35 C had been found eo be adequate for
" the enalyees performed in the present study. Furthermore, the
assay is homogeneoue and hence can diepenee'with the troublesome
geparation gtep required for the heterogeneous agsays. This has
.permitted the succegsful application of the flow injection
analysis principles to the autometion of ah energy.tranefer'
immunoassay for albumin (Chapter 8). With the trend towards
increasing use‘of microprocessor~based technology in analytical
1nstrumentatlon and the recent introduction of image detection
in fluorimetry (Talmi et al, 1978), it seems likely that the
next few yeara will witness rapid developments in the field of
fluoresoence immunoassay automatlon which will in turn
contribute to increasing the speed of analysis by the ETIA
method,

(e) Stability of labelled reagents

The labelled immune reactants were found to be

generally stable both under measurement conditions and on storage.

In {he case of fluorescamine-labelled antigens, the preparation
of the oonjugates can be easily performed immediztely priox to

the analysis.

All the applications of ETIA so far described in

this thesis as well as in the published works have utilized only the
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fluorescein—rhodamine and the fluorescamine-fluorescein label peirs.
These péirs of iabels are by no means ideal or adequate for the wide_
applicability of which the ETIA technique is capable. There iglthere—
fore. a need to,defelop new fluorescent labels specially designed for

gpecific applications in energy transfer assays.

A principal.requiiement of the ETIA technique is
the need to use purified homogenecus antigens and antibody with a
high degree of specifi;ity in order to avoid the ekcessi#e.
fluorescence background due to the non-gpecific fluorescence-labelled
protéins. Recent advances in in vitro mouse myeloma cell fusion
techniques have made possible the increasing commercial availability
of monoclonal antiquies in gﬁaﬁ quantities (Koprowski et al, 1977).
It can be expected that the use of thege highly enriched immune . o

reactants in the assay system will furthef increase the sensitivity

and specificity of the ETIA.techﬁique. ' ‘

Attempts to develop a solid-phase ETIA methoé have
so far not yielded satisfactory results primarily because.the
fluorescence signal from the immobilized fluorescent conjugates was
too feeble to permit its applicatioh in an assay. Much work is
therefore needed to overcome this problem before a number of possible
solid—phése ETTIAt's can be developed based onrthe reaction schemes

outlined on page 175.

Detailed studies of the fluram ahd the analogonp
MDPF enhancement phenomena have revealed that such effects might
also be encountered with many other fluorescamine- and MDPF- labelled
antigens. A more thorough theoretical understanding of the mechanisma
underlying these phenomena is required in order to exploit these
effects for the development of a generally-applicable fluorescence

enhancement assay.
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