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Abstract: The principles of chemiluminescence and the application of chemiluminescent labels and substrates in 
immunoassays are reviewed. Various immunoassay formats and all known classes of chemiluminescent molecules, 
including 1.2-dioxetanes, luminol and derivatives, acridinium esters, oxalate esters and firefly luciferins are described as 
well as the many sensitizers and fluorescent enhancers. Recent promising developments are discussed. 
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Abbreviations: Ab. antibody; ABEI, aminobutylethylisoluminol; ADP, adenosine diphosphate; Ag, antigen; AMP, 
adenosine monophosphate; AMPD-. 3-(2’-spiroadamantane)-4-methoxy-4-(3”-0~-phenyl)-l,2-dioxetane; AMPGD, 3- 
(2’-spiroadamantane)-4-methoxy-4-(3”-~-~-galactopyranosyloxy)-phenyl-l,2-dioxetane (disodium salt); AMPPD, 3-(2’- 
spiroadamantane)-4-methoxy-4-(3”-phosphoryloxy)-phenyl-l ,2-dioxetane (disodium salt); AP, alkaline phosphatase; 
ATP, adenosine triphosphate; DNFB, dinitrofluorobenzene; EDTA, ethylene diamine tetraacetic acid; FMNH?, flavin 
mononucleotide (reduced form); FMN, flavin mononucleotide (oxidized form); GOD. glucose oxidase; G6P, glucose-6- 
phosphate; G6PDH, glucose-6-phosphate dehydrogenase; HRP, horseradish peroxidase; IgG, immunoglobulin G; 
LCIA. luminescent cofactor immunoassay; MPO, microperoxidase; NAD’, nicotinamide adenine dinucleotide (oxidized 
form); NADH. nicotinamide adenine dinucleotide (reduced form); PIP, p-iodophenol; S,, first singlet excited state; 
STAV, streptavidin; T,, first triplet excited state; TCPO. bis(2,4,6-trichlorophenyl)oxalate; X0. xanthine oxidase. 

Introduction 

Immunoassay methods relying on radioisotopic 
labels play a major r61e in medicine and related 
areas [ 11. However, many alternatives to radio- 
active labels have been advocated since Yalow 
and Berson introduced these powerful 
methods [2, 31. The major stimuli to search for 
alternatives are (1) safety - radioisotopes 
constitute a health hazard and a waste disposal 
problem [l, 31; (2) stability - the relatively 
short-living nature of radioisotopes limits the 
shelf-life of labelled antigens and antibodies, 
and furthermore, radiolysis of conjugates is 

often observed [l, 31; (3) speed - a radiolabel 
is not affected by antigen (Ag)-antibody (Ab) 
binding and therefore a separation step is 
always required [3]. An alternative for the 
radioimmunoassays might be chemi- 
luminescent immunoassays. 

Much of the current interest for chemi- 
luminescence arises from the way molecules 
are being excited. Since there is no need for 
sample radiation, problems of light scattering, 

unselective excitation and source instability are 
absent. Therefore analysis based on chemi- 
luminescence has many advantages [4]. (1) The 
extreme sensitivity of chemiluminescent 
analysis, resulting from the low background, is 
the most important advantage. Further, highly 
efficient and inexpensive luminometers are 
commercially available [4-61. (2) Chemi- 
luminescence has a large linear response. Since 
it is an emission process, the response is usually 
linearly proportional to the concentration, 
from the minimum detectable concentration up 
to the point where it is no longer possible to 
maintain excess of reactants relative to the 
analyte. The linear dynamic range may be up 
to six orders of magnitude. (3) Most chemi- 
luminescent assays can be performed faster 
than non-chemiluminescent assays, especially 
when light is generated in a single ‘flash’. (4) 
Most chemiluminescent reagents and con- 
jugates are stable. (5) Until now no toxic 
effects have been reported for chemi- 
luminescent reagents. (6) Assays that use 
sensitive chemiluminescent markers require 
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less reagent than conventional assays and are 
therefore cheaper. (7) Bioluminescent re- 
actions are highly specific because of the 
involvement of enzymes. 

Chemiluminescence is exploited in many 
immunoassay formats. These formats may be 
heterogeneous (I) or homogeneous (II) 
immunoassays (Fig. 1). Homogeneous assays 
do not require separation of free and bound 
fractions, because the activity of the label is 
altered whenever binding between Ag and Ab 
occurs. In heterogeneous assays, however, a 
separation step is always necessary, since there 
is no change of label activity. In competitive 
immunoassays (I-A) a labelled and an un- 
labelled Ag (or Ab) compete for a limited 
amount of Ab (or Ag). A ‘limiting reagent’ 
method is further classified either as an 
immunoassay (I-AI) when the Ag is labelled or 
as an immunometric assay (I-A2) when the Ab 
is labelled [7]. In non-competitive immuno- 
assays (I-B) excess of reagents is used. Such an 
assay is classified as an indirect immunoassay 
(I-B2) when a secondary Ab is involved 
directed against a second Ab, or as a direct 
immunoassay (I-Bl) without such a secondary 
Ab [7]. Schematic representations of these 
assay types are given in Fig. 1. 

Other ways for classifying the formats of 
immunoassays are based on the number of 
antibodies involved and on the incubation 
time. In a one-site immunoassay the Ag (the 
analyte) is bound by one Ab. When the Ag is 
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‘sandwiched’ between two different antibodies 
it is a two-site immunoassay. For this latter 
assay the Ag must be sufficiently large to 
contain at least two independent epitopes. 
Two-site immunoassays cannot be used when 
the Ag is small (hapten). 

Measurement of the Ag-Ab interaction is 
performed preferably at equilibrium which is, 
usually, very time-consuming. For shorter 
incubation times, when equilibrium is not 
attained, large systematic errors might be 
introduced. However, non-equilibrium assays 
are frequently used but require very defined 
incubation times. 

Chemiluminescence 

Absorption of UV-vis radiation by an 
organic molecule induces the transition of an 
electron from the ground state to an excited 
electronic state and is accompanied by 
vibrational and rotational changes in the mol- 
ecule (Fig. 2). The excited molecule is either in 
a singlet (S,) or in a triplet (T,) state (Fig. 2). 
Return to the ground state (S,) with emission 
of radiation is called fluorescence (S, -+ So 
transition) or phosphorescence (Ti --+ So 
transition). The wavelength of the emitted 

photons is different (i.e. longer) from the 
radiation originally absorbed. Return of the 
electron to the ground state by non-radiative 
processes (Fig. 2) is an alternative pathway but 
is undesirable from an analytical point of view. 

Figure 1 
Schematic representations of the immunoassay types as explained in the text. The label is a chemiluminogenic molecule 
or an enzyme. 
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Figure 2 
Diagram showing the electronic energy levels and tran- 
sitions in a chemiluminescent molecule. S,, is the singlet 
ground state, S, is the first singlet excited state and T, is 
the first triplet excited state. All states are shown with their 
multiple vibration energy levels. 

In chemiluminescence a chemical reaction 
generates an organic molecule in an electron- 
ically excited state without absorption of 
radiation. However, the processes following 
excitation hold both for chemiluminescence 
and fluorescence/phosphorescence. In chemi- 
luminescence, usually, the fluorescent prop- 
erties of excited molecules are exploited. In 
most chemiluminescent processes oxidation 
reactions are involved providing the relatively 
high energy for excitation. 

Bioluminescence or ‘in-vivo chemi- 
luminescence’ is found in many living 
organisms, where the enzyme luciferase cata- 
lyses the oxidation of luciferin. 

The efficiency of chemiluminescent pro- 
cesses is defined by the quantum yield, &i, 
being the fraction of molecules emitting a 
photon on return to the ground state. The 
quantum yield is the product of three ratios: 

4d = 4c.4e.4f, 

where +, is the fraction of reacting molecules 
yielding an excitable molecule, $, is the frac- 
tion of molecules in an electronically excited 
state and +f is the fraction of these molecules 
emitting a photon. The quantum yield is often 
very low, typically <l%. 

In some instances, when the excited mol- 
ecule is an ineffective emitter, sensitization or 
indirect chemiluminescence may be applied. 
By adding a more efficient fluorophore to the 
chemiluminescent system, excitation energy is 
transferred to that fluorophore resulting in a 
considerable increase in efficiency. The 
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emission characteristics of the chemi- 
luminescent process are then determined by 
the sensitizer. 

Chemiluminescence is observed in the gas 
and liquid phase, and at solid surfaces [8, 93. 
Gas-phase chemiluminescence has found wide 
applicability in the monitoring of air pollution 
[4]. Light production at solids has found some 
application [4]. However, gas-phase and solid- 
phase chemiluminescence are out of the scope 
for this review. For immunoassays only liquid- 
phase chemiluminescence is relevant. 

Many liquid-phase chemiluminescent re- 
actions involve peroxide and proceed through 
the decomposition of reaction intermediates 
with the simultaneous formation of carbonyl- 
containing molecules [4]. These classes of 
chemiluminescent compounds (and a rep- 
resentative example) are: (1) acylhydrazides 
(luminol); (2) 1,2-dioxetanes (AMPPD); (3) 
acridinium esters (lucigenin); (4) oxalates 
(TCPO); and (5) luciferins (firefly luciferin). 
These classes will be discussed successively. 

Acylhydrazides (luminol) 

Albrecht reported first on luminol chemi- 
luminescence in 1928 [lo-121. Since that time, 
the chemiluminescence of luminol (5-amino- 
2,3-dihydrophthalazine-1,4-dione, Fig. 3a) and 
isoluminol (Fig. 3b), as well as various deriv- 
atives has been studied extensively. All chemi- 
luminescent reactions of (iso)luminol are 
oxidations being carried out in either protic 
(water, lower alcohols) or aprotic solvents 
(dimethylsulphoxide (DMSO), dimethyl- 
formamide) [ 111. 

In aprotic media, only oxygen and a strong 
base are required for chemiluminescence [13]. 
The reaction in protic solvents usually requires 
a base, an oxidizing agent and either a per- 
oxide or oxygen [ 111. 

Iron-containing proteins (hematin) catalyse 
the reaction, and the amount of light emitted is 
proportional to the amount of protein added 
(when excess substrate is present). Most 
frequently the enzymes microperoxidase 

(MPO), myeloperoxidase, horseradish per- 
oxidase (HRP) and catalase, or the substances 
cytochrome c, haemoglobin and deuterohemin 
are used. 

Other catalysts of the reaction are ozone, 
halogens, Fe(II1) complexes, singlet oxygen, 
persulphates, Co(I1) and Cu(I1) ions as well as 
their complexes [ 1 l-131. Superoxide anion, 
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Figure 3 
Overall chemiluminescent reaction of (a) luminol and (b) isoluminol (R,. Rz = H). 

Table 1 
Effects of amino-substitution of isoluminol on chemiluminescence [4] 

Isoluminol 
AEI 
AEEI 
ABI 
ABE1 
APE1 
AHI 
AWE1 
AOMI 
AOEI 

RI 

&-(CH+ 
H,N-(CH;),- 
H2N-(CHZ)I- 
HZN-(CH2),- 
H2N-(CH2)5- 
H:N-(CH,),- 
H2N-(CH3)h- 
H,N-(CHZ),- 
H,N-(CH:),- 

RZ 

-H 
-H 

-C2H, 
-H 
-ClH, 
-GHs 

-H 
-C,HS 
-CH3 
-CzH, 

Relative 4 

5 
- 

100 
14 
84 

- 

17 
44 

Detection limit (PM) 

30 
- 

1 
20 

2 
- 

2 
5 

- 
- 

R,, R2 - are defined in the structure in Fig. 3b. 
Relative $ is relative to luminol. 
ABE1 = aminobutylethylisoluminol, ABI = aminobutylisoluminol. AEEI = aminoethylethylisoluminol, AEI = 

aminoethylisoluminol, AHEI = aminohexylethylisoluminol. AH1 = aminohexylisoluminol. AOEI = aminooctyl- 
ethylisoluminol, AOMI = aminooctylmethylisoluminol and APE1 = aminopentylethylisoluminol. 

generated by xanthine oxidase (X0) has also 
been used to oxidize luminol in aqueous 
solution [13]. 

Luminol, isoluminol and derivatives 

Electron-donating substituents at positions 6 
or 7 of the phthalhydrazide moiety decrease &, 
more than those at positions 5 or 8. Electron- 
withdrawing substituents decrease $,, drast- 
ically [ 131. 

For luminol, the quantum yield, &,, is about Alkylation of the amino group in isoluminol 
5% in DMSO [12] and about l.O-1.5% in leads to a large increase in chemiluminescence 
aqueous systems [ll, 131. Isoluminol (Fig. 3b) capability, whereas similar substitution in 
shows about 510% of that efficiency. Several luminol leads to a large decrease due to steric 
derivatives of (iso)luminol have been tested for hindrance [ 11, 131. Especially ethyl derivatives 
their ability to elicit light. The &, depends both of isoluminol have shown good results. It is 
on the structure and the oxidation conditions observed, that luminescence intensity increases 

WI. with increasing length of R2 (Table 1) [14]. 
Structural modification of the heterocyclic 

ring of (iso)luminol leads to complete loss of 
the chemiluminescent properties [ 11, 131. 
Analogues in which the amino group is re- 
placed, or with substitution anywhere in the 
non-heterocyclic ring are generally found to be 
chemiluminescent [ll]. These compounds vary 
in their light-producing ability (Table 1). 

Attaching luminol via the aromatic group to, 
for example, an analyte, is not recommended. 
However, isoluminol attached via the aromatic 
amino group is frequently used; mostly 
through a succinimidic derivative of either Ag 
or Ab [12]. 

Diazoluminol (Fig. 4a) has been used as a 
label in several assays [12]. The &,, however, 
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Figure 4 
Structures of (iso)luminol derivatives: (a) diazoluminol, (b) aminobutylethyl-naphthalhydrazide (ABENH) [4] (c) 
benzoperylene derivative and (d) an energy transfer derivative (with the acridone moiety) [ll]. 

largely decreases after coupling to an Ag or 
Ab. The relative &, of a diazoluminol con- 
jugate compared with luminol is about 1.3% - 
[12]. - 

Many aminonaphthalhydrazides show 
chemiluminescence, and substitution of the 
aromatic amino group has a large influence on 
the &,. One of the most promising deriv- 
atives is aminobutylethyl-naphthalhydrazide 
(ABENH; Fig. 4b). Its &i is about 4 times 
higher than the &, of luminol [12, 131. Besides 
this high +,,, ABENH emits at longer wave- 
length (515 nm) than luminol and isoluminol 
(about 420 nm). This may prevent quenching 
after coupling to an Ag or Ab and interference 
from other fluorophores [15]. A major dis- 
advantage, however, is that these compounds 
are easily oxidized by air-oxygen at the surface 
of the solution [14]. 

The most efficient chemiluminescent 
hydrazide yet discovered is a benzoperylene 
derivative (Fig. 4~). Its relative &r compared 
with luminol is 700-800% [ll, 121. The fluor- 
escence quantum yield, &, of the emitter is 
only 14% so that the I$, is a remarkable 50%. 

Linking of hydrazides to a fluorophore 
results in an energy transfer derivative (Fig. 
4d), with a larger A,,, reducing possible 
interference from other fluorophores [ 111. 

Reaction mechanisms 
(1) The peroxidase-catalysed reaction. Per- 

oxidases, in particular, catalyse the (iso)- 
luminol reaction. The mechanism consists of: 
(1) the pathway leading to a key intermediate, 
identified as an cu-hydroxy-hydroperoxide; and 

(2) the decomposition pattern of this key 
intermediate (Fig. 5) 1161. 

The first part is heavily dependent on the 
composition of the reacting system (overall 
concentrations, nature of the oxidant, 
additives, buffer and pH). In contrast, the 
decomposition pattern of the key intermediate 
is unique and depends only on the pH of the 
system [16]. 

Catalysis by HRP presumably follows a 
mechanism as shown in Fig. 6, in which initially 
an oxidized derivative of the enzyme is formed, 
HRP-I. Next, HRP-I is reduced to the native 
enzyme in two one-electron steps via a half- 
reduced intermediate, HRP-II [ 17, 181. 

Enhancement of peroxidase-catalysed chemi- 
luminescent reactions. The complex reaction 
mechanism offers several areas for enhance- 
ment [19]. For the peroxidase-catalysed re- 
action the most important enhancers are: 6- 
hydroxybenzothiazole derivatives (‘synthetic 
luciferins’) and p-substituted phenols (e.g. p- 
iodophenol (PIP), p-hydroxycinnamic acid and 

p-phenylphenol). 
The most efficient enhancer is PIP. En- 

hancement by this compound is markedly pH 
dependent, with a significant increase in light 
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Figure 5 
Simplified reaction mechanism of luminol, through the key intermediate (an cx-hydroxyperoxide; second structure) into 
the aminophthalate ion (last structure) and light. 

Figure 6 
The HRP catalysed reaction mechanism, in which an 
oxidized derivative of the enzyme is formed (HRP-I). 
which reacts with the anion of luminol (LH-) to form a 
half-reduced HRP-II and the radical LH-. The cycle is 
completed in a second reaction with a luminol molecule 

[171. 

emission occurring between pH 7.0 and 9.5, 
and a maximum at approximately pH 8.5 [19, 
201. 

This enhancement by phenols and ‘synthetic 
luciferins’ only occurs when using peroxidase; 
other iron-containing catalysing proteins, how- 
ever, show a decrease in light emission [20]. It 
is suggested, that in the phenol-enhanced 
reaction, first phenoxy radicals are formed and 
subsequently luminol radicals. The phenoxy 
radical (or in general the enhancer radical) acts 
as an electron-transfer mediator to increase the 
efficiency of luminol radical formation [ 17,211. 

(2) The X0-catalysed reaction. Xanthine 
and hypoxanthine are substrates for X0, a 
molybdenum- and iron-containing flavoprotein 

[22]. X0 catalyses the oxidation of both 
substrates in the presence of molecular oxygen 
to yield uric acid, H202 and superoxide anion 
radical. A ‘ping pong’ mechanism is generally 
accepted, in which the enzyme reduction by 
the substrate is followed by an electron transfer 
from the reduced enzyme to molecular oxygen 
[23, 241. This transfer may occur by two 
mechanisms, one giving rise to superoxide 
anion radical formation, the other to H202 
formation. High pOZ levels and low substrate 
levels give rise to the superoxide anion path- 

way [23]. Superoxide anion radicals induce 
light emission from luminol derivatives more 
efficiently than H202 [25]. 

It has been proposed that hypoxanthine is 
oxidized by X0 in two successive two-electron 
transfers, since xanthine is released during the 
reaction (Fig. 7). 

Enhancement of X0-catalysed chemi- 
luminescent reactions. Several approaches to 
enhance the chemiluminescence have been 
reported. (1) With sodium dithionite added a 
sudden increase in light emission occurs. The 
background light emission in absence of 
xanthine or hypoxanthine is not enhanced. An 
explanation for this phenomenon is not yet 
available [23]. (2) Fe(III)-EDTA and sodium 

perborate in alkaline buffer form hydroxyl 
radicals which can oxidize luminol with a high 
efficiency (Fig. 8) [24, 26, 271. The light 

Figure 7 
Xanthine oxidase catalysed reaction mechanism of hypoxanthine (and xanthine) to uric acid [22]. 
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Figure 8 
Simplified mechanism of Fe(III)-EDTA enhanced chemi- 
luminescence reaction catalysed by X0 [26]. 

emission is enhanced up to lOOO-fold. Free 
Fe(II1) ions do not enhance the reaction. The 
hydroxyl radicals are formed by a one-electron 
reduction of peroxide. Without sodium per- 
borate, a slow and progressive increase in the 
light emission is observed. A low concentration 
of sodium perborate accelerates the reaction, 
through the early availability of H202 [26]. 

At high pH values the spontaneous dis- 
mutation of superoxide anion radical is negli- 
gible compared with the reaction with Fe(III)- 
EDTA, thus leading to a high generation of 
hydroxyl radicals [26]. A pH optimum, how- 
ever, is observed (pH 9.8-10.2) because of 
inactivation of X0 at higher pH values [24]. 
The long-term signal can be monitored for 
several days without loss of sensitivity [24, 26, 
271. 

All iron complexes with an ethylenediamine 
structure are able to generate a similar en- 
hancement as the EDTA complex, but 
HEDTA (N-(2-hydroxyethyl)ethylene 
diamine-N,N’,N’-triacetic acid) shows ad- 
ditionally a lower blank signal, making this 
chelating agent more suitable than EDTA [24]. 

Upon adding urine or serum to a final 
concentration of 1% (v/v), the chemi- 
luminescent light signal completely disappears, 
probably because of components present in the 
matrix. This largely limits the use of this system 
in homogeneous immunoassays [28]. 

(3) The glucose-h-phosphate dehydrogenase 
catalysed reaction. Glucose-6-phosphate de- 
hydrogenase (G6PDH) was used for the first 
time in a chemiluminescent immunoassay with 
bacterial luciferase in 1982 [29]. The enzyme 
converts glucose-6-phosphate (G6P) into 6- 
phosphoglucono-S-lactone (6PGL, an intra- 
molecular ester). During this reaction, NAD+ 
is converted into NADH, which reduces in- 
directly, in the presence of the electron 
mediator 1-methoxy-5methylphenazinium 

Figure 9 
Scheme showing the G6PDH-catalysed chemi- 
luminescence reaction [29]. 

methylsulphate (l-MPMS), molecular oxygen 
to superoxide anion radical and/or Hz02. 
These two species generate light in a system 
containing (iso)luminol (Fig. 9). 

No enhancers have been described for this 
system yet. With this system, 1 amol of enzyme 
(as a label) can be detected [29]. 

Applications of cyclic hydrazides in immuno- 
assays 

Type I-AI assays. An advantage of substrate- 
labelled Ag, is the relative ease of coupling it 
to a wide variety of substances [4, 30, 311. A 
disadvantage of most substrate-labelled Ag 
assays, however, is an additional incubation 
step with strong base for 30 min at 60°C. By 
this means, the label is removed from the 
resulting Ab-label-Ag complex to prevent 
quenching by the Ab and to adjust the pH for 
an optimal reaction condition. Another dis- 
advantage is the short time of light production 
in an assay without enhancer, after addition of 
an enzyme [30, 311. 

Enzyme-labelled Ag assays, however, 
should be more sensitive, because one enzyme 
molecule can activate many substrate 
molecules. 

Separation of bound and free Ag is per- 
formed in four ways. (1) A wash step in 
microtitre plates, to which the Ab is adsorbed. 
(2) The Ag-specific Ab binds a secondary Ab, 
which is immobilized on polyacrylamide beads. 
A simple centrifugation step separates the 
bound and free fractions. (3) The Ag-specific 
Ab is coupled to a magnetic particle. A 
magnetic field will immobilize those particles 
on the bottom of the reaction tube, allowing a 
simple wash step for separation. (4) A secon- 
dary Ab or some gel-forming agent precipitates 
the Ag-Ab complex, while free Ag does not 
precipitate. 

The conjugates used are all stable and 
possess no known hazard for health or environ- 
ment. These techniques are simple, reliable, 
relatively fast and comparable to radio- 
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Substrate-labelled chemiluminescent immunoassays type I-AI with (iso)luminol (derivatives) 

Analyte 

Aldosteron 
So-Androstane-3oc,l7B-diolglucuronide 
Biotin 
Cortisol 
Cortisol-3-CM0 
Cyclosporin 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol-6-CM0 
Estriol 
Estriol 
Estriol-16-a-glucuronide 
Estrone-3-glucuronide 
Estrone-3-glucuronide 
17a-Hydroxyprogesterone 
17a-Hydroxyprogesterone 

LgG 
IgG 
Methyltestosterone 
Methyltestosterone 
Pregnanediol-3u-glucuronide 
Pregnanediol-3a-glucuronide 
Pregnanetriol-3a-glucuronide 
Progesterone 
Progesterone 
Progesterone 
Progesterone 
Progesterone-l I-hemisuccinate 
Somatomedin C 
Somatomedin C 
Testosterone 
Thromboxane BZ 
Thyroxine 
Thyroxine 
Thyroxine 
Thyroxine 
Transferrin 
Triiodothyronine 

Substrate as label Catalyst Enhancer 

ABE1 conjugate 
AEEI conjugate 
lsoluminol conjugate 
ABI conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABENH conjugate 
ABE1 conjugate 
AEEI conjugate 
AEEI conjugate 
lsoluminol conjugate 
ABE1 conjugate 
Diazoluminol conjugate 
Luminol conjugate 
ABE1 conjugate 
ABE1 conjugate 
AHEI conjugate 
AHEI conjugate 
AEEI conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
AEEI conjugate 
ABENH conjugate 
Luminol conjugate 
AHEI conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABE1 conjugate 
ABENH conjugate 
ABENH conjugate 
ABE1 conjugate 

MPO-HzOz 
MPO-H202 
LPO-H20Z 
Micelles 
MPO-HZOZ 
MPO-HZ02 
MPO-H1Oz 
MPO-H201 
MPO-HZOz 
MPO-HZO, 
MPO-HZOZ 
MPO-HzO, 
MPO-H20Z 

MPO-H,02 
MPO-HzO, 
MPO-HzOZ 
G6PDH 
MPO-HzO, 
Haemin-HzOz 
Haemin-H1O, 
MPO-H,O, 
MPO-HzOz 

MPO-H,O, 
MPO-H,02 
MPO-H,Oz 
MPO-H,O> 
MPO-H20z 
MPO-HZ02 
MPO-H20Z 
MPO-HZOz 
MPO-H,02 
Cu(ll) 
MPO-HZOZ 
MPO-HzOz 
MPO-H202 
MPO-HZOZ 
MPO-HzOz 
MPO-H;OZ 
MPO-H,02 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
NO 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

Table 3 
Enzyme-labelled chemiluminescent immunoassays type I-AI with (iso)luminol (derivatives) 

Analyte Enzyme as label Catalyst Enhancer 

Aldosterone HRP conjugate Luminol-H,Oz PIP 
A’-THC HRP conjugate Luminol-H,O, PIP 
A’-THC- 11 -oic acid HRP conjugate Luminol-H,O, PIP 
Dehydro-epiandrosterone HRP conjugate Luminol-HzOz No 
Dehydro-epiandrosterone-sulphate HRP conjugate Luminol-H,O, No 
Digoxin HRP conjugate Luminol-H,O, PIP 
Estradiol X0 conjugate Luminol Fe(lll)-EDTA 
Organophosphorous compound, MATP HRP conjugate Luminol-H,O, Coumaric acid 
Parathyroid hormone HRP conjugate Luminol PIP 
Thyroxine HRP conjugate Luminol-HzO, PIP 
Thyroxine X0 conjugate, Luminol Fe(llI)-EDTA 

ABE1 = aminobutylethylisoluminol. ABENH = aminobutylethyl-naphthalhydrazide, ABI = aminobutylisoluminol. 
AEEI = aminoethylethylisoluminol, AHEI = aminohexylethylisoluminol, B/F = bound/free fraction, CM0 = 
carboxymethyloxime, IU = international units, LPO = lactoperoxidase, MATP = methylphosphonic acid. 
p-aminophenyl-I ,2,2,-trimethylpropyl diester and THC = tetrahydrocannabinol. 
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Sensitivity Range Matrix B/F separation Reference 

0.03 nM 
13.4 pg *I-’ 
50 nM 

54 pg samplee’ 
6.6 p.g ml-’ 
0.18 nM 
0.01 nM 

50 ng I-’ 
0.25 pg sample-’ 
3.8 pM 
3.25 nM 
4.5 pg sample-’ 

~250 pg I-’ 
3.8 ~.LM 
2 pg sample-’ 
3.25 nM 
0.1 pg sample- ’ 
6 pg sample-’ 

10 pg sample-’ 
5 pg sample-’ 

125 pg g-’ 
3.1 pg sample-’ 
2 pg sample-’ 

30 pg sample-’ 
1.6 kg I-’ 
0.54 nM 
0.04 nM 
0.32 nM 
2 pg sample-’ 
4 pg sample-’ 

16 pg sample-’ 
16 pg sample-’ 
0.1 mg sample-’ 

51 pM 
5.3 nM 

25 nM 
100 pM 

2 PM 
13 amol sample-’ 
0.23 nM 

O-2 nM 

50-350 nM 

10-1000 nM 
25-1600 pg I-’ 

O-20 nM 

O-50 pg sample-’ 

5-750 pg sample-’ 

2-100 pg sample-’ 

0. I-100 pg sample- 

O-800 pg g-1 
l-400 pg sample-’ 

10-100 pg sample-’ 
30-2000 pg sample-’ 

1.6-3.2 p.g I-’ 
0.6-127 nM 
O-10 nM 

2-100 pg sample-’ 
15-1000 pg sample-’ 

33-515 nM Serum 

Serum 
Urine 

I 

Saliva 
Plasma 
Saliva 
Urine 
Urine 
Urine 
Urine 
Dried blood 
Dried blood 

Serum 
Muscle tissue 

Urine 
Urine 
Urine 
Serum 
Saliva 
Saliva 
Plasma 
Plasma 
Serum 
Serum 

13-160 amol sample-’ Seminal fluid 
1.4-12.3 nM Serum 

Whole blood 
Serum 
Saliva 
Plasma 

Magnetic field 
Centrifugation 

Magnetic field 
Microtitre plate 
Microtitre plate 
Centrifugation 
Microtitre plate 
Microtitre plate 
Aspiration 

Charcoal 

Precipitation 

Microtitre plate 

Aspiration 

Centrifugation 
Centrifugation 
Microtitre plate 
Magnetic field 
Aspiration 

Precipitaton 

89 
90 
91 
92 

4, 93 
95 
30, 31, 34 
30 
94 
96 
97 

4, 98 
30, 99 

100 
4, 101 

34 
100 
29 

103 
4 
4 

103 
104 

34 
4, 106 

105 
30, 32 
30, 33 
30 
33 

4, 107, 108 
109 
109 

4, 110 
4 

111 
4 
4, 112 
4, I3 

15 
111 

Table 3 
Continued 

Sensitivity Range Matrix B/F separation Reference 

100 fg sample-’ 
0.13 pg 1-l 
0.13 pg I-’ 

25 pg sample-’ 
100 pg sample-’ 

0.4 nM 
20 pg ml-’ 
50 nM 

1.0 pg samples 
10.3 nM 

140-1180 pM 
0.1-4 pg Ill 

25-1000 pg sample-’ 
0.1-10 ng sample-’ 
0.4-6.4 nM 

20-2000 pg ml-’ 

l-l 15 pg sample-’ 
lo-323 nM 
O-50 ulU ml-’ 

Saliva/plasma 
Urine 
Urine 
Serum 
Serum 
Serum 
Serum 
Serum 

Serum 
Serum 

Microtitre plate 113 
Microtitre plate 114 
Microtitre plate 114 
Microtitre plate 115 
Microtitre plate 115 
Microtitre plate 116 
Microtitre plate 26 
Microtitre plate 117 
Microtitre plate 118 
Microtitre plate 116 
Microtitre plate 27 
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immunoassay results in sensitivity [30-341. 
Type I-AI assays using (iso)luminol (deriv- 
atives) are presented in Tables 2 and 3. 

Type I-A2 assays. Only one type I-A2 assay 
with a luminol derivative has been reported 
[35]. In this assay the hapten or Ag is immobil- 
ized onto a solid phase by adsorption or by 
covalent coupling via a carrier protein. The 
first antibody is biotinylated and a streptavidin 
(STAV)-ABE1 conjugate serves as a universal 
marker. This assay generates an amplification 
because of the exceptionally strong affinity 
between STAV and biotin. Light emission is 
measured after washing and addition of an 
enzyme or catalyst and H202 at high pH value. 
No loss of immunoreactivity is observed due to 
the biotinylation [35]. Cortisol and progester- 
one-11-hemisuccinate have been measured 
with this assay, using both MPO and catalase in 
the presence of H202. Sensitivities have not 
been reported [35]. 

Type I-BI assays. Assays with substrate- 
labelled second Ab are summarized in Table 4. 
The prolactin and hGH (human growth hor- 
mone) assays both use a biotinylated second 
antibody and a STAV-ABE1 conjugate as a 
label. Theoretically the sensitivity of these 
reactions is limited only by the Ab avidity for 
the Ag and the label performance [35, 361. 

In the hGH assay, a lo-fold improved 
sensitivity has been found, due to the use of the 
STAV-biotin principles, compared with the 
use of labelled second Ab systems. 

Examples of assays with enzyme-labelled 
second Ab are given in Table 5. 

Type I-B2 assays. This assay is a modifi- 
cation of type I-BI. The modification consists 
of the use of a HRP-conjugated Ab, directed 
against the second Ab, resulting in higher 
specificity. 

Anti-hepatitis B surface Ag [37], Listeria 
monocytogenes serogroup 4 Ag [38], and 
Legionella pneumophila serogroup 1 urinary 
Ag [39] are assayed, using fluorescein isothio- 
cyanate (FITC) in a ‘FITC-anti-FITC’ system. 
The FITC link is used here, because of the high 
affinity of the anti-FITC Ab for FITC. 

Type II assays. In homogeneous assays, 
separation is not necessary. However, often a 
purification step prior to the immunoassay is 
applied to remove interfering substances from 

the biological matrix (e.g. an organic solvent 
extraction for steroid assays). In homogeneous 
assays a labelled Ag competes with unlabelled 
Ag for the Ab. The activity of the label 
changes whenever binding to an Ab occurs. 
Three types of homogeneous immunoassays 
have been reported. 

(1) Antibody-enhanced immunoassay. 
Steroid-isoluminol derivatives emit light with 
higher intensity, when the conjugate is bound to 
an Ab. In most cases, both the peak intensity 
and the total light intensity are increased when- 
ever binding occurs. In some cases the peak 
intensity is decreased and delayed in time, but 
the total light intensity remains of higher value 
after binding. The reasons for these changes 
are unknown [40]. Examples of these Ab- 
enhanced assays are presented in Table 6. 

(2) Energy-transfer immunoassay. When 
ABEI-labelled antigens bind to FITC-labelled 
antibodies, there is a change in the ratio of 
chemiluminescence at 460 nm (blue) and at 
525 nm (green). These energy-transfer assays 
are at least as sensitive as the conventional 
RIAs [41] (Table 6). 

(3) Quenching of free label. In this assay, a 
photographic plate is positioned beneath a 
microtitre plate. Analyte and HRP-labelled 
antigen compete for the microtitre plate- 
adsorbed Ab. After incubation, a ‘yellow dye’, 
luminol, PIP and H202 are added. Light 
produced by the HRP conjugate can only reach 
the photographic plate when this conjugate is 
very close to this plate, thus only Ab-bound 
conjugate will be detected. Light emitted by 
the free conjugate will be absorbed by the 
‘yellow dye’ [42] (Table 6). 

Recent developments in luminol-based 
immunoassays 

(1) Assays using pro-enhancers or pro-anti- 
enhancers. These assays are based on the 
enzymatic generation of enhancers or anti- 
enhancers from pro-enhancers or pro-anti- 
enhancers, respectively [43]. 

Pro-enhancers. An alkaline phosphatase 
(AP) assay has been described [43]. The sub- 
strate is p-iodophenylphosphate (PIPP), which 
is converted by AP to PIP, which is a potent 
enhancer of the peroxidase-catalysed reaction, 
whereas PIPP is not. In the presence of a 
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limited amount of AP, the light emission is 
proportional to the enzyme activity [43]. 

Pro-anti-enhancers. An alternative assay uses 
p-nitrophenylphosphate (PNPP), which after 
conversion by AP yields PNP (p-nitrophenol), 
an inhibitor of the PIP-enhanced peroxidase 
catalysed reaction. In the presence of a limiting 
amount of AP, the light emission is inversely 
proportional to the enzyme activity [43]. The 
detection limits for AP, using pro-enhancer or 
pro-anti-enhancer, are 100 amol and 1 pmol, 
respectively [43]. 

At low concentrations of released enhancer 
or anti-enhancer, large differences in light 
emission are observed, making a sensitive 
assay possible. A disadvantage is the limited 
dynamic range [43]. 

cw-Fetoprotein has been measured in a sand- 
wich-type assay (type I-Bl) with an AP- 
labelled second Ab, using the pro-enhancer 
PIPP and a luminol-H,O,-HRP mixture. The 
sensitivity obtained was 3.2 Kg 1-l. The sensi- 
tivity for the analogous calorimetric assay is 
16.6 kg 1-l [43]. 

(2) Liposome chemiluminescent immuno- 
assay. In 1989 a new, sensitive immunoassay 
combining a liposome immunoassay with 
chemiluminescent detection was developed 
1441. Lysis of the liposomes with a melittin 
conjugate releases entrapped glucose oxidase 
(GOD). GOD plus added substrate produces 
H202, which in turn generates light in the 
presence of isoluminol and MPO. 

Two types of assays for digoxin have been 
developed, both using the liposome lysing 
capability of free ouabain-melittin conjugate 
(ouabain resembles digoxin), whereas anti- 
digoxin antibody-bound conjugate does not. 
The best assay has a sensitivity of 0.3 nM 
digoxin. 

A modification of this assay has the GOD- 
cofactor flavin adenine dinucleotide (FAD) 
incorporated in the liposomes. The sensitivity 
is improved to 10 pM digoxin because more 
(smaller) molecules of FAD can be entrapped 
inside a liposome than GOD [45]. 

(3) Flow-injection chemiluminescent 
immunoassays. A non-equilibrium competitive 
flow-injection enzyme immmunoassay for 
thyroxine (T4) involving affinity separation of 
the immunocomplex of HRP-labelled anti- 
bodies and Ag from the free labelled anti- 

bodies has been described [46, 471. An en- 
hanced chemiluminescence reaction is used for 
detection of Ab-conjugated HRP. T4 and the 
anti-T,-HRP conjugate are separated by T4 
immobilized on a column. A T4-concentration 
of lo-” M can be detected [46]. The column 
containing the immobilized T4 is not regener- 
able but can be used for more than 100 assays. 
The total assay time is C.5 min. 

A flow-injection sandwich enzyme immuno- 
assay, with HRP as a label, for human IgG has 
also been described [46, 48, 491. IgG (analyte) 
and anti-IgG-HRP conjugate are injected. A 
single polystyrene bead with immobilized anti- 
IgG Ab is placed in a reaction cell. After 
incubation and separation, luminol, PIP and 
H202 are added to the bead and chemi- 
luminescence is measured. The detection limit 
for human IgG in this assay is 1 nM; the assay 
time is Cl.5 min [46, 481. 

Another flow-injection immunoassay for 
mouse anti-bovine IgG uses a transparent thin- 
layer flow cell as the immunoreactor with 
antigen immobilized on a membrane. The on- 
column detection with a photomultiplier tube 
is with PIP-enhanced luminol chemi- 
luminescence. The detection limit was 1 fmol 
with an assay time of 10 min [50]. 

(4) Two-phase separation of free and bound 
analyte. The antigen HRP, which is bound to a 
monoclonal Ab can be separated from free 
HRP in an aqueous system, consisting of two 
phases: 5.4% (w/w) PEG 6000 and 9.0% (w/w) 
dextran [51]. The partition coefficient of HRP 
is 1.00-1.05; the partition coefficient for Ab- 
bound HRP is 0.10-0.15. This system is used 
to separate Ab-bound Ag and free Ag very 
quickly and quite efficiently. However, other 
separation systems are very efficient as well, so 
the practical importance of this separation 
procedure has to be proven yet. 

(5) L uminescence biosensors in homo- 
geneous immunoassays. Optical biosensors are 
based on molecular recognition by biomol- 
ecules, followed by optical changes in absorb- 
ance, reflectance, fluorescence or lumi- 
nescence. Immunosensors with a luminescent 
label are attractive due to a wide dynamic 
range and low detection limits. Peroxidase has 
been utilized as a label with luminol in 
immunoassays for IgG and P,-microglobuline 

[521. 
Luminol can be employed as an electroactive 
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label in an electrochemical luminescence tech- 
nique (ECL). At the top of an optical fibre an 
optically transparent electrode (a platinum 
layer) is constructed. An auxiliary electrode is 
constructed around the optical fibre. The 
potential of the working electrode is controlled 
against a Ag/AgCl reference electrode. The 
optical fibre is connected to a photon counter. 
The luminol-labelled Ag emits light after oxi- 
dation at the electrode, while Ab-bound con- 
jugate generates no light, probably because of 
steric hindrance of the structures involved in 
the electrochemically-induced luminescence 
process. 

This principle has been used in a homo- 
geneous immunoassay in which human serum 
albumin (HSA, analyte) and HSA-luminol 
compete for anti-HSA Ab. With this tech- 
nique, 3 p,M HSA can be detected 1521. 

Conclusions 
In conclusion, cyclic acylhydrazide chemi- 

luminescent immunoassays are the most 
frequently used chemiluminescent immuno- 
assays. Most promising techniques are those 
using enhancers, such as PIP in combination 
with a peroxidase and Fe(III)-EDTA-perbor- 
ate in combination with X0. With these 
enhancers, not only higher signals are 
measured, increasing the sensitivity, but the 
light is emitted over a prolonged period of 
time, facilitating light measurement. 

An advantage of cyclic acylhydrazides is, 
that they are easily conjugated and can be used 
for different kinds of assays. A disadvantage is, 
that they need a catalyst for light emission, 
leading to higher background signals. 

1 ,ZDioxetanes 

These four-membered peroxides were syn- 
thesized in 1969, as a direct result of the 
prediction that they should be chemi- 
luminescent [4, 531. Most 1,Zdioxetanes re- 
quire high temperatures for their decom- 
position into two ketonic products (Fig. 10). 

The mechanism of decomposition is rather 
simple and well understood. Saturated di- 
oxetans produce remarkable high yields of 
excited states, unfortunately, often the T, 
states [4]. Since T, states are rapidly quenched 
in aqueous solution, the high yield of excitation 
is not available for detection [4]. The SJI’, 
ratio can be altered by variation of substituents 

WI. 

H.A.H. RONGEN et al. 

I 1 

I I 

Figure 10 
High-temperature decomposition of 1,2-dioxetane into 
two ketonic products [4]. 

Figure 11 
Structure of adamantilydene adamantane-1,2-dioxetane 

1551. 

Substituent effects on the rate of decom- 
position of 1,2-dioxetanes are substantial and 
these rates (expressed as t,,J vary from a few 
seconds to several years [53, 551. The most 
stable 1,2-dioxetane discovered yet is 
adamantylidene adamantane-1,2-dioxetane 
(Fig. ll), with a t,, of 21 years at 25°C. This 
very low rate of decomposition is attributed to 
a steric effect [53]. 

Asymmetrically substituted 1,2-dioxetanes, 
which bear a single adamantyl group, decom- 
pose more rapidly than the bisadamantyl deriv- 
ative, but are sufficiently stable for analytical 
applications [53]. Other large substituents, 
such as spirobiaryl groups, destabilize the 1,2- 
dioxetane, so no conclusive theory about steric 
effects is available yet [53]. 

Decomposition of 1,2-dioxetanes 
1,2-Dioxetanes decompose thermally into 

two carbonylic compounds, one of which is in 
the excited state [53]. Two distinct modes are 
discerned [53, 56, 571. (1) The stepwise or 
diradical mechanism is based on thermo- 
dynamic calculations [53,56-581 (Fig. 12). The 
first step is rate limiting [53]. This mechanism 
mainly occurs during thermal decomposition 
and often low efficiencies of chemi- 
luminescence are obtained, due to a small S,/ 
T, ratio [53]; (2) the chemically initiated 
electron exchange chemiluminescence 
(CIEEL) mechanism suggests a concerted, 
concomitant two-bond breaking process, which 
may lead to an electronic redistribution and the 
formation of the two carbonylic products 
(Fig. 12). 
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The latter mechanism applies to 1,2-di- 
oxetanes with easily oxidizable substituents 
[53, 59]. Probably most 1,2-dioxetanes decom- 
pose via this CIEEL mechanism [53]. The qbcl is 
usually very high due to large SI/T1 ratios [53]. 

Chemiluminescence activation of l,2-dioxetanes 
The addition of heat to 1,2-dioxetanes 

causes a decomposition via the diradical mech- 
anism [53]. The removal of a substituent is 
followed by a CIEEL-like decomposition [53]. 

In 1982 it was demonstrated, that chemi- 
luminescence from a 1,2-dioxetane bearing a 
phenolic substituent could be triggered in 
organic solvents by the addition of a base [60, 
61]. Deprotonation generates an unstable 
phenoxide-substituted dioxetane, which de- 
composes ca. 4.4 × 10 6 times faster than the 
protonated form [60, 61]. Later, other methods 
were developed for inducing the splitting of 
thermally stable dioxetanes. Silyloxy-substi- 
tuted dioxetanes can be triggered by F-  ions 
[53, 55, 61]. Enzymatic triggering was 
described in 1987 for the first time [55, 60-62] 
using arylesterase and AP (Fig. 13). 

In all cases, chemiluminescence is derived 
from the singlet excited aromatic moiety. The 
rate of enzymatic decomposition is dependent 

upon the enzyme concentration, while total 
light emission is not [58, 60]. 

The basic design of dioxetane based sub- 
strates for enzymes should incorporate several 
important functions in one molecule [53, 55]: 
(1) a stabilizing moiety (adamantyl nucleus); 
(2) a group with emissive properties (often a 
derivatized aromatic substituent, but some- 
times a fluorophore; indirect chemi- 
luminescence is observed after an inter- 
molecular electron transfer); and (3) an 
enzyme-labile function, which causes chemi- 
luminescent activation after removal. 

Based on this latter concept, two promising 
1,2-dioxetanes have been developed: AMPPD 
and AMPGD. 

AMPPD (3-(2'-spiroadamantane)-4- 
methoxy-4-(3"-phosphoryloxy)phenyl- 1,2- 
dioxetane disodium salt) is converted by AP 
into AMPD-  (Fig. 14). Light emission from 
AP-activated AMPPD is in the form of a 'glow' 
[53, 55]. This result is characteristic for a two- 
step kinetic process. First, in the presence of 
excess substrate (AMPPD), enzymatic dephos- 
phorylation proceeds at a constant rate 
proportional to enzyme concentration. 
Second, the AMPD-  anion produced, decom- 
poses kinetically. The result is a delay preced- 

°O O ° 

(a) f .~.~, , , , ,  
0 - - 0  kl k2 0 O* 

'cb~ L..: 

Figure 12 
Pathway of (a) diradical, and (b) the chemically initiated electron exchange chemiluminescence (CIEEL) mechanism 
[53]. 

° 

OPOaH-PyH ÷ O- 

O 

~_ light 

Figure 13 
Enzymatic triggering of chemiluminescence from 1,2-dioxetanes by alkaline phosphatase [62]. 
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0--0 0--0 

OPOsNa 2 HPO4 z'- O- 

÷ ÷ light 

Figure 14 
Conversion of AMPPD into AMPD- (second structure) and light, catalysed by alkaline phosphatase [55]. 

ing the steady-state chemiluminescence [53, 
55]. The plateau which the light intensity 
reaches is proportional to the AP 
concentration. 

The pH influences the velocity of enzyme- 
catalysed reactions by affecting the ionization 
state of functional groups in the active sites of 
the enzyme. Maximum chemiluminescent light 
emission (470 nm) from AP-activated decom- 
position occurs at pH 9.0 [53]. 

Non-enzymatic hydrolysis of AMPPD (or 
background) is extremely low at alkaline pH, 
and becomes only significant below pH 6.0 
[53[. 

The chemiluminescence-emitting moiety is 
the excited state of the methyl m-oxybenzoate 
anion (Fig. 14). The pK~ of the ground state 
AMPD-  anion is 9.0. Hence, the intensity of 
light emission can be dramatically enhanced, 
when the pH is increased above the pKa of 
AMPD-  [53]. Switching the light on and off is 
possible with this system by simply changing 
between pH 9.5 and 7.0 [55]. Using AMPPD, 
10 -2o mol of AP can be detected. 

AMPGD (3-(2'-spiroadamantane)-4- 
methoxy-4-(3"-[3-D-galactopyranosyloxy- 
phenyl)-l,2-dioxetane) is a direct chemi- 
luminescent substrate for I3-D-galactosidase. 
AMPGD carries a [3-D-galactopyranosyl group 
that is split off by the enzyme, producing the 
protonated form of AMPD-  at pH 7.5. When 
the pH is raised to 12, the anion is formed and 
chemiluminescent light emission occurs [53]. 
With AMPGD 10 -13 mol of 13-o-galactosidase 
can be detected [53]. 

Enhancement of  the AMPPD-AP chemi- 
luminescent reaction 

(1) Add#ion of  macromolecules. Light 
emission is enhanced when water-soluble 
macromolecules, including bovine serum 
albumin (BSA), or aqueous micelles made 
with a modified fluorescent molecule and 

cetyltrimethylammonium bromide are added 
[53, 55]. The reason for this enhancement (3- 
400-fold) is probably the interaction of the 
long-living AMPD- anion with the hydro- 
phobic microdomains of the enhancer. Since 
the emitter is an excited-state charge-transfer 
intermediate, which is easily quenched by 
proton transfer, the exclusion of water from 
the immediate vicinity of the emitter increases 
the relative intensity [53]. The viscosity of BSA 
and other polymers may also play a r61e in 
enhancing the emissive pathway. Use of 
aqueous micelles formed from a fluorescent 
molecule combines these advantages with the 
principle of indirect chemiluminescence. With 
these micelles 1.6 × 10 -21 tool AP has been 
detected [55]. CTAB, plus a fluorescent 
enhancer, is also used in Lumi-Phos T M  (Lumi- 
gen Inc., Detroit, MI, USA), a commercially 
available substrate reagent for AP. 

(2) Energy transfer enhancement. Another 
way of signal enhancement has been proposed, 
utilizing energy transfer to fluorescers (coupled 
to the methylether, cf. Fig. 14) [55]. 

Application of  l,2-dioxetanes in immunoassays 
Only type I-B1 immunoassays have been 

described for 1,2-dioxetanes. The results 
reveal a 4-67-fold improvement in sensitivity, 
compared with other available methods. All 
assays use AP as a label and AMPPD as a 
substrate. The myeloperoxidase assay uses a 
biotinylated second Ab and an avidin-AP 
conjugate; the other assays use A b - A P  con- 
jugates. The interferon-~ assay is an indirect 
chemiluminescent assay; sensitization is per- 
formed by use of a fluorophor [63] (Table 7). 

Recent developments in dioxetane-based 
immunoassays 

(1) Use of other enzymes. The development 
of modified 1,2-dioxetanes, which can be 
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triggered by other enzymes than AP and P-D- 

galactosidase is being investigated now (sulph- 
atases, aryl esterases and ureases). These may 
develop into more sensitive assays with 1,2- 
dioxetanes in the future [55]. 

(2) Multi-analyte immunoassays. The 
position of the trigger function on the aryl ring 
relative to the dioxetane ring is of importance: 
very high singlet chemi-excitation efficiencies 
are observed, when the triggering function is 
positioned meta on the aryl moiety [55]. Mol- 
ecular orbital calculations of this system re- 
vealed, that the largest amount of charge can 
be transferred from a donor (e.g. the aryl-O- 
anion) to an acceptor (the peroxide 0 atom) if 
a meta (‘odd’) rather than para (‘even’) 
relationship exists 15.5, 561. 

Not only the &i varies with substitution, but 
also the emission A,,, [56]. The fact that 
different trigger functions generate light of 
different wavelengths could be used to design 
‘multi-analyte’ assays, to measure different 
antigens simultaneously in a single sample [55, 
561. Currently, investigations have been 
initiated with dual channel prototypes, using 
naphthyl and phenyl substituents with enzyme 
activation by galactosidase and AP [56]. 

(3) New 1,2-dioxetanes. Recently, a new, 
more sensitive substrate for AP, a chlorinated 
1,2-dioxetane (CSPD) has been developed by 
Tropix Inc. (Bedford, MA, USA). The struc- 
ture of this new compound is unknown. CSPD 
emits light at higher intensity and the 
maximum in the light output is achieved earlier 
in time. 

It is obvious, that in the future more 1,2- 
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dioxetanes will be developed for use in 
immunoassays. 

Conclusions 
In summary, this ultrasensitive detection 

system using 1,2 dioxetanes, and especially, 
AMPPD with AP offers several advantages 
[55]: (1) the sensitivity is similar or greater than 
radioactive detection; (2) elimination of com- 
plex chemiluminescent systems, involving 
extensive optimization of the different ad- 
ditives (such as for luminol); (3) stable sub- 
strates that can be activated directly; (4) simple 
detection systems; (5) low background and 
wide linear range; (6) no radiation hazard; and 

(7) relatively inexpensive reagents and equip- 
ment compared with radioimmunoassays. 

The advantages over other analytical 
systems, combined with the prolonged light 
emission using AMPPD and AP make this 
system a promising tool for chemiluminescent 
(immuno)assays. 

Acridinium Compounds 

Acridinium compounds were designed by 
McCapra in 1964 [64] in search for a model to 
help to elucidate the mechanism of firefly 
bioluminescence [65]. It turned out, that the 
acridinium compounds prepared are very ef- 
ficient chemiluminogens. The reduced form of 
acridinium compounds (acridan) provides an 
excellent model for luciferin chemi- 
luminescence [64], also because it is among the 
best understood examples of chemilumi- 
nescence [4]. Figure 15 presents the reaction 
scheme [4, 551. 

All intermediates, except the dioxetanone, 

I 3 
N w 0 ag 

(a) ” mm 

OH 

‘% 1 

@) &m 

Figure 15 
Conversion of acridinium compounds [acridan (a) and acridinium (b)] into the activated N-methylacridone [9]. 
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have been isolated and characterized [9]. The 
peroxide intermediate can be derived either 
from oxidation of the acridan or the acridinium 
compound with H202 [64]. 

The quantum yield can be over 7% [65] and 
substitution on the N or of the phenyl moiety, 
may lead to significant improvements [4]. The 
yield of the product, N-methylacridone (Fig. 
15), is quantitative under most conditions and 
the acridinium salts react well in aqueous 
alkaline H202 without further need for a 
catalyst. 

Acridinium esters 
The acridinium compounds mostly used are 

the esters, which in aqueous solutions are in 
equilibrium with their corresponding pseudo- 
bases (Fig. 16). The reaction involves attack by 
hydroxyl ions on the acridinium species, and 
formation of the electronically excited N- 
methylacridone (Fig. 15). A pH of 5 shifts the 
reaction towards the quaternary nitrogen 
species, and so favours attack by peroxide. The 
formation of the pseudo-base is decreased [66]. 

The efficiency of the chemiluminescent re- 
action correlates with the pK, of the con- 
jugated acid of the leaving group (the phenolic 
moiety in Fig. 16) [65]. The leaving group must 
have a pK, of ~11 for high light yields [64]. A 
very low pK, predisposes faster reactions, 
including hydrolysis (in the absence of H202). 
In an assay kit this is prevented by means of 
bulky groups [64]. 

Phenols, thiols, sulphonamides and fluoro- 
alcohols can be used as a leaving group [65]. In 
immunoassays, acridinium phenyl carboxylates 
are used as a label [67]. 

Figure 16 
Structure of acridinium esters and the equilibrium with its 
corresponding pseudobases [66]. 
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Application of acridinium esters in immuno- 
assays 

In all applications only one acridinium ester 
is used: 4-(2-succinimidyloxycarbonylethyl)- 
phenyl-lo-methyl-acridinium-9-carboxylate 
fluorosulphonate. This acridinium ester reacts 
spontaneously with proteins to yield stable, 
immunoreactive derivatives of high specific 
activity [65, 66, 68, 691. Following the chemi- 
luminescent reaction, the emissive species is 
released from the molecule. Thus the emission 
characteristics (&i, A,,,) are relatively in- 
dependent of structural changes of the pheno- 
lit moiety used for coupling to an immuno- 
reactant [70]. 

In general, acridinium conjugates have the 

advantage of high quantum yield, low back- 
ground signal (no catalyst is required) and ease 
of coupling to other molecules [71]. A dis- 
advantage is the fast light flash after addition of 
HzOz, complicating the light measurement 

[651. 
The problem with labelled-Ag assays (type I- 

Al) is the low solubility, so in most assays 
labelled Ab is used [72]. One type I-Al has 
been reported, in which the Ag (albumin) 
labelled with the acridinium ester competes 
with unlabelled analyte (albumin) for Ag- 
specific Ab [73]. In a type I-A2 assay 
described, the Ab is coupled to the acridinium 
ester and the analyte thyroxine (T4) and Tq- 
IgG conjugate compete for this labelled Ag. 
Separation takes place by anti-IgG-Ab 
coupled to magnetic particles [74]. 

One of the type I-B1 assays, the IgG assay, 
uses the STAV-biotin system: the second Ab 
is biotinylated and STAV-acridinium ester 
conjugate is added in an incubation step 

(Table 8). 

Recent developments in acridinium immuno- 
assays 

(1) Multi-analyte assays. N-functionalized 

acridinium compounds are a new class of 
chemiluminogenic labels (Fig. 17) [65]. The 
chemiluminescence-reaction kinetics can easily 
be adjusted, by modifying the leaving group. 
The X max of the emitted light can be selected by 
substituting the acridine nucleus with suitable 
groups. The analyte is attached via a spacer to 
the acridine N-atom. As a consequence, the 
light-emitting entity will remain attached to the 
analyte. 

These new labels will make new multi- 

analyte assays possible in the future, by label- 
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Figure 17 
Structure of an iV-functionalized acridinium compound, to 
be used in future multi-analyte assays [65]. 

ling different analytes with different acridinium 
labels [65]. 

(2) Flow-injection analysis. Common solid- 
phase immunoassays are usually relatively 
slow, complex and cannot easily be automated 
[75]. A flow-injection method for IgG that is at 
the same time sensitive, rapid in performance 
and easily automated, makes use of a trans- 
parent immunoaffinity column, where an anti- 
IgG Ab is covalently coupled to a rigid support 
[75]. A second anti-IgG Ab is labelled with an 
acridinium ester. Subsequently, the sample, an 
anti-IgG-acridinium ester conjugate and H,O, 
in OH- are injected. The chemiluminescence 
generated in the transparent affinity column is 
measured. By changing the pH to 1.8, the 
column is regenerated and within 12 min, a 
new assay can be performed [75]. 

A similar set-up has been developed by 
Hage and Koa [76] for the detection of 
parathyroid hormone, except that the acri- 
dinium-ester-labelled antibody is eluted from 
the column and chemiluminescence is gener- 
ated post-column by adding peroxide. The 
lower limit of detection is 0.24 pM. 

Conclusions 
Acridinium esters can successfully be used in 

chemiluminescent immunoassays. Advantages 
are a high quantum yield, a low background 
signal and a simple coupling procedure to 
proteins. They have one substantial disadvan- 
tage: light is emitted instantaneously. 

Oxalate Esters 

Oxalate esters are the most efficient chemi- 
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luminogens of all the synthetic compounds, 
with readily obtainable quantum yields of over 

20% [4]. Oxalate esters are probably unique in 
that these compounds, which react with the 
oxidant H,Oz, are themselves not capable of 
light emission, but transfer the energy of the 
reaction to an added fluorescent molecule. 
This offers flexibility because the oxalate ester 
can be chosen for maximum reactivity, in- 
dependent of the different requirements for 
maximum yield of fluorescence [4]. 

In aqueous systems oxalate esters are only 
moderately effective, since hydrolysis of the 
very reactive oxalate derivatives competes with 
the attack by H202. However, intensity and 
lifetime can be improved by the addition of 
weak acids, bases and certain salts [8]. Good 
leaving groups facilitate ring closure to the 
dioxetanedione intermediate and thus increase 
chemiluminescent efficiency. 

The first developed oxalate esters used 
electronegatively substituted phenols and 
although the reaction mechanism is complex, 
the outline shown in Fig. 18 probably reflects 
the essential features [4, 8, 721. 

The best known ester of oxalic acid is TCPO 
(bis(2,4,6-trichlorophenyl)oxalate, Fig. IS), 
which reacts with peroxide in the presence of a 
suitable fluorescer (rubrene) in some of the 
most efficient non-enzymatic chemi- 
luminescent reactions known [8]. The &, may 
be as high as 27%. This efficiency is due to: (1) 
the dioxetanedione-fluorescer complex gener- 
ating the singlet excited state of the fluorescer 
in high yield; (2) the high efficiency of the 
fluorescers used; (3) the key intermediate 
being stable toward unimolecular decom- 
position; and (4) unwanted, non-luminescent 
side reactions being reduced by the suitable 

selection of reaction conditions [8]. 
Efficient chemiluminescent oxalate deriv- 

atives included electronegatively substituted 
aliphatic and aromatic esters, amides, sulphon- 
amides, oxalylchloride, 0-oxalyl hydroxyl- 
amine derivatives and mixed oxalic-carboxylic 
anhydrides [8]. 

Most efficient oxalates, based on sulphon- 
amides result in a &, of 34%. Suitable fluor- 
escent partners are bis-phenethynyl anthra- 

cenes [4]. Water-soluble oxalates and fluor- 
esters can be used, but the best &, observed is 
only about 8%. The fluorescer must be stable 
to H202. Rhodamine B and sulphonic acid 
derivatives of 9,10-diphenylanthracene are 
effective fluorescers [4]. 
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Cl+-o j=&c, + Hp02 - 
Cl 

Cl4O-!;-OH + HO+=& 

Cl 

Cl 

OH + ---) light 

Figure 18 
Chemiluminescent reaction of the ester of oxalic acid: bis(2,4,6-trichlorophenyl)oxalate (TCPO). FLR represents a 
fluorescer like rubrene [8]. 

Application of oxalate esters in immunoassays Conclusion 
Almost all analytical applications deal with 

the determination of analytes which act as 
sensitizers [9]. In such assays, the dioxetane- 
dione excites the fluorophore (analyte). The 
advantage of chemical excitation is the low 
background signal. 

Oxalate esters can be used very efficiently in 

an immunoassay, when a fluorescer is added. 
The advantage is the flexibility of the system. 
The disadvantage is the low water solubility of 
most reagents and the susceptibility to hydro- 
lysis, which decreases the +,i. 

Only a few immunoassays using oxalate 
esters have been published, probably due to 
the low water solubility of most reagents and 
the susceptibility to hydrolysis [9, 771. 

Bioluminescent Systems 

Type I-AI assays. Immunoassays using 
TCPO and GOD have been published. The 
principle involves the detection of H202 re- 
leased during the oxidation of glucose by 
GOD. The oxalate is not used as a label, but 
detects Hz02 produced by Ag-GOD con- 
jugates (Table 9) [4]. 

Interest in bioluminescence predates the 

study of chemiluminescence. Detailed reports 
of light from living organisms have been made 
since antiquity [4]. It was not until 1952, that it 
became fully understood, that the reaction 
involved was that of an oxidation of a small 
molecule (a luciferin) catalysed by an enzyme 
(a luciferase) [79]. 

When l3-D-galactosidase is used as a label, 
lactose is converted via a-D-glucose (and P-D- 

galactose) into P-D-glucose, which is the sub- 
strate for GOD. TCPO and S-anilino-l- 
naphthalene-sulphonic acid (ANS) are used 
for detection (Tables 9 and 10) [78]. 

Type I-BZ assays. In the patent literature a 
method has been described in which a fluor- 
escent compound is used as a label in a 
sandwich assay, and a large amount of Hz02 
and an oxalate ester are used to activate this 
label [4]. An assay has been developed for y- 
globulin, but no further details are given [4]. 

Although terrestrial luminescent organisms 
such as the firefly and glow-worm are the best 
known bioluminescent organisms, most of the 
other examples are sea-living organisms, from 
bacteria to fish. Two-thirds of the organisms in 
the upper 200 m of oceanic water are bio- 
luminescent. To date, less than 1% of the 
known luminous organisms have been studied 

[671. 
Only bioluminescent systems relevant for 

immunoassays will be discussed. Four 
categories can be discerned, based on a 
mechanistic classification [67]: (1) pyridine- 
nucleotide linked systems (especially marine 
bacteria); (2) adenine-nucleotide linked 
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systems (firefly); (3) enzyme-substrate 
systems without cofactors; and (4) ‘precharged’ 
systems (Aequorea). 

Marine luminous bacteria (the pyridine-nucleo- 
tide linked system) 

Many luminous bacteria exist, both free 
living and in symbiotic relationship with 
several fish [4]. The bioluminescent system 
involves the reaction between flavin mono- 
nucleotide (FMNH*), the luciferin (a long 
chain aldehyde), O2 and the luciferase [4]. In 
vitro reactions can be carried out by reduction 
of FMN either by NADH and an associated 
oxidoreductase or by various chemical means 
[4]. A reaction scheme is: 

NADH + FMN “xidoreductase FMNH2 + NAD+ 

FMNHz + RCHO (luciferin) + O2 ‘uciferase 
FMN + RCO,H + light. 

The &, is in the range lo-20%. Generally, 
the emission spectra are characterized by a 
broad spectrum, with a X,,, near 478-505 nm 

]671. 
A key intermediate, the enzyme-bound 

flavin peroxide has been isolated (Fig. 19). In 
this system, the aldehyde is oxidized to the 
corresponding carboxylic acid. Only aliphatic 
aldehydes (luciferins) with a chain length of 8 
or more C-atoms are effective [67]. The 
enzyme acts only once in the cycle. 

All types of luciferases consist of two differ- 
ent subunits, without metals or cofactors [67]. 
One subunit catalyses the reaction; the role of 
the other subunit remains to be elucidated, 
although it is essential for bioluminescent 
activity [67]. The enzyme activity is highly 
specific to FMNH,, but shows weak activity 
towards other flavins and flavin analogues [67]. 

Figure 19 
Partial structure of the key intermediate for the chemi- 
luminescence reaction by the pyridine-nucleotide linked 
system [67]. 

Application of marine luminous bacteria bio- 
luminescence in immunoassays 

Type Z-AZ assays. Luciferases, especially 
bacterial luciferases, are deactivated when 
used as a label, as a result of a binding to a thiol 

group in the active centre of the enzyme. Some 
assays exploit the reversible modulation in 
enzyme activity in an active centre-based 
enzyme immunoassay. 

The assay design involves labelling of an Ag 
with bacterial luciferase via the thiol group. 
This deactivated conjugate is then allowed to 
compete with Ag for a limited number of 
binding sites on an Ab and then the bound and 
free fractions are separated using a secondary 
Ab. Luciferase activity is restored by the 
addition of a reducing agent. This assay has 
been applied to insulin and estriol, but no 
detailed evaluation using clinical samples is 
available yet [79, SO]. 

Type II assays. 
(1) Co-immobilization assay. Homogeneous 

assays are possible with bacterial luciferases 
using an enzyme channelling assay design. In a 
homogeneous assay a bacterial luciferase, 
NADH-FMN-oxidoreductase and an Ag are 
co-immobilized on a bead. The immobilized 
Ag competes with Ag (analyte) for an Ab 
labelled with G6PDH. Addition of substrate 
mixture (G6P, NAD and FMN) leads to 
production of NADH by the G6PDH label. 

On the bead, NADH reacts with the co- 
immobilized reductase (yielding FMNH*) and 
FMNH* reacts with luciferase (yielding excited 
luciferin), so light is emitted from the surface 
of the bead [79]. In solution, NADH is also 
produced by the unbound G6PDH conjugate 
and this is destroyed by lactate dehydrogenase, 
which oxidizes NADH to NAD’. This 
scavenging reaction is only effective in sol- 
ution, so light emission is solely attributed to 
bound G6PDH activity, which is inversely 
proportional to the Ag concentration in the 
sample. This assay has been used to measure 
progesterone in extracted plasma, with a 
detection limit of 96 pg per sample [79]. 

Other assays use an Ab co-immobilized with 
the oxidoreductase and the luciferase. These 
assays have been used to determine a-feto- 
protein, prolactin and luteinizing hormone 

[791. 

(2) EMIT-assay (enzyme multiplied immuno- 
assay technique). This is a homogeneous 
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immunoassay, which relies on the alteration of 
enzyme activity, when an enzyme-labelled Ag 

binds to an Ag-specific Ab [3]. As a label, 
often G6PDH is used. Coupled to an Ag, this 
enzyme remains active, but when bound to an 
Ab, the enzyme is deactivated [3, 671. 

High analyte concentrations result in a rela- 
tive high amount of unbound Ag-G6PDH 
conjugate. After addition of G6P, NAD, 
FMN, luciferase, oxidoreductase and long- 
chain aldehyde, the next reactions take place: 

G6P + NAD G=H NADH 

NADH + FMN 
om FMNHz + NAD 

FMNH,? + RCHO ‘uciferase 

FMN + RCO*H + light. 

This assay has been used to determine pheny- 
toin [3]. 

(3) Luminescent cofactor immunoassay 
(LCZA). In these assays, NAD is coupled to an 
Ag [3, 811. The Ag-bound NAD is normally 
available for the reaction, while Ab-bound 
conjugate is not. Often Ag (analyte) competes 
with NAD-Ag conjugate for Ab binding sites. 
After incubation, ethanol and alcohol de- 
hydrogenase are added. Free NAD-Ag is 
converted into NADH-Ag and this reacts with 
NADH-FMN-oxidoreductase to yield FMNH2 
(and light). Light output is proportional to the 
concentration of Ag [3, 771. With this assay, 
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biotin and 2,4-DNFB (dinitrofluorobenzene) 

have been measured [3, 671. 

Recent developments in ‘marine bacterial’ 
immunoassays 

An amplified luminescence assay has been 
described measuring AP [82]. It relies on the 
hydrolysis of riboflavin-5’-phosphate (5’- 
FMN) and riboflavin 4’-phosphate (4’-FMN) 
yielding riboflavin: 

riboflavin + ATP 
riboflavin FMN + ADP 

FMN + NADH + H+ oxidoreductas; 

FMNH,? + NAD+ 

FMNH;! + O2 + RCHO(luciferin) ‘uclferase 
FMN + HZ0 + RCOOH + light. 

With this system, 16 amol AP can be 
detected, making this system a valuable 
detection system for AP labels [82], although it 
is not as sensitive as the AMPPD system. The 
light output continues, until the NADH is 
depleted. FMN is recycled in this scheme. 

Firefly (adenine-nucleotide linked systems) 
Firefly luciferin is a 6-hydroxy-benzothiazole 

[79]. With luciferin itself (Rz = Ra = H and 
R, = AMP; Fig. 20) the first formed excited 
state loses one of the protons on the thiazoline 
ring, forming the excited dianion, which emits 

light with a A,,, of 562 nm (yellow; Fig. 20) [4, 

671. 

Figure 20 
Reaction mechanism of ‘luciferin derivatives’ catalysed by firefly luciferase [4] 
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If both R2 and R3 are alkyl groups, X,,, 
shifts to 60.5 nm. The initial reaction is the 
rapid conversion of luciferin in the presence of 
Mg2+ and ATP to luciferyl-adenylate which, in 
the presence of luciferase combines with mol- 
ecular oxygen to give an oxyluciferyl-adenyl- 
ate-enzyme complex in an excited state. After 
light emission, the ground state complex dis- 
sociates to form enzyme, AMP, CO2 and 
oxyluciferin. 

Application of firefly bioluminescence in 
immunoassays 

For high $,i it is necessary to make esters of 
the luciferin and to perform the reaction in 
dipolar aprotic media [4]. Optimally, quantum 
yields are up to 88% [83], but the system 
cannot be used in aqueous environments, 
because hydrolysis of the ester competes with 
ionization and oxidation on the adjacent C- 
atom [4]. 

Type Z-AZ assays. An assay for methotrexate 
(MTX) has been published [3], using con- 
jugates of MTX and firefly luciferase (enzyme 
activity after coupling is 60% of the original 
activity). This conjugate competes with Ag for 
binding sites on an Ab directed against MTX 
and after incubation and separation steps, light 
emission of the bound fraction is measured. 
The light emission is inversely proportional to 
the Ag concentration [3]. 

Intensity and A,,, are altered by different 
luciferases, change in pH, ionic strength, tem- 
perature and the addition of ZnCl, or CdCl* 
[67]. Luciferin is very stable in neutral sol- 
utions, whereas in acid solutions (pH <2) a 
rapid degradation occurs. In alkaline solutions, 
luciferin is oxidized to dehydroluciferin, which 
is a potent inhibitor of firefly luciferase [84]. 

Type ZZ assays. As with the bacterial lucifer- 
ase system, a LCIA for firefly luciferase has 
been developed [3]. ATP is bound to an Ag, 
which competes with unlabelled Ag for Ab 
binding sites. The Ab-bound ATP-Ag con- 
jugate is no longer available for a reaction, 
while free Ag-ATP conjugate is [3, 671. After 
the incubation, firefly luciferase, luciferin and 

Mg*+ are added. 
High Ag concentrations result in high light 

emission. With this assay 2,4-DNFB-l3-alanine 
has been measured with a detection limit of 

0.5 nM [3, 851. 
Firefly luciferase is a dimer, but only one of 

the subunits exhibits enzymatic activity in the 
bioluminescent reaction. It is one of the most 
hydrophobic enzymes known [67]. The re- 
action is not specific for ATP. Other nucleo- 
tides are also claimed to stimulate light 
emission [67]. Mg*+ ions may be replaced by 
Mn*+ ions [72]. Inhibitors of the bio- 
luminescent reaction are SCN-, I-, NO,-, Br- 
and Cl-. Anaesthetics such as procaine and 
lidocaine are inhibitors as well and this fact has 
been the basis of some assays [67]. 

Miscellaneous assays. AP as label can be 
detected with firefly luciferase, when D-luci- 
ferin-O-phosphate is used as substrate [68,79]. 
AP converts the substrate into D-luciferin, 
which reacts with firefly luciferase to yield light 
(unlike the phosphate derivative). Several sub- 
stances have been measured (Table 11). 

A series of firefly luciferins derivatized at the 
6-position with sulphate, phosphate, galacto- 
side, arginine, r_-phenylalanine and ester 
groups is commercially available [79, 841. 
These luciferins do not react with the enzyme, 
but by splitting the substituted derivative with 
an appropriate enzyme, the original luciferin is 
reactivated and will subsequently react with 
firefly luciferase yielding light emission [79]. 

Recent developments in ‘firefly’ immunoassays 
Recently several firefly luciferases have been 

discovered, varying in a few amino acids and 
producing light with different wavelengths with 
the same substrate, yielding green, yellow- 

green, yellow or orange light [86]. Eleven 
clones were isolated and expressed in Escher- 
ichia coli. 

Each luciferase has a characteristic spectral 
distribution. Since the substrates within these 
groups do not differ, the colour variation must 
be due to differences in enzyme structure [86]. 

Table 11 
Various enzyme (AP) immunoassays using D-luciferin-O-phosphate 

H.A.H. RONGEN ef al. 

Analyte Enzyme Substrate Assay type Sensitivity Range Matrix Reference 

Kallikrein AP conjugate D-Luciferin-O-phosphate I-Al 5 pg 1-l 5-5000 pg I-’ Urine 134 
Kallikrein AP conjugate D-Luciferin-O-phosphate I-B1 5-5000 pg I-’ Urine 134 
Bradykinin AP conjugate D-Luciferin-O-phosphate I-Al 5 pg 1-l 5-5000 pg 1-l 134 
Killikrein AP conjugate D-Luciferin-O-phosphate I-B1 5-5000 pg I-’ Urine 134 
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Investigations suggest, that the potential for 
colour variation is much greater than the four 
‘colours’ isolated. With these different luci- 
ferases, it should be possible to measure 
different analytes simultaneously: multi- 
analyte systems [86]. 

Other bioluminescent systems 
(1) Enzyme substrate systems without co- 

factor. These systems do not use any cofactor. 
They are among the simplest bioluminescent 
systems discovered. No immunoassays relying 
on this system have been described [4]. 

(2) Precharged systems (Aequorea). The 
bioluminescent system of the jellyfish 
Aequorea consists of a protein in close associ- 
ation with a chromophore (luciferin), and is 
called a photoprotein. The luciferin is oxidized 
by the protein in the presence of Ca2+ to 
produce a bluish luminescence at 469 nm, 
independent of dissolved OZ. Sr2+ and Ba2+ 
also catalyse the reaction [67]. 

The gene for apoaequorin has been fused 
with the IgG heavy chain gene, and the fused 
gene expresses a protein, that retains the 
properties of both the apoaequorin and the 
IgG heavy chain [SO]. No applications have 
been described yet. 

Conclusions 
Bioluminescent immunoassays have been 

described using various formats and several 
reagents. In the future, manipulation of luci- 
ferase genes may lead to luciferases with 
improved stability and improved (e.g. con- 
stant) quality, since luciferases are not very 
stable. Disadvantages are that the enzymes 
are very expensive and there exists a large 
batch-to-batch variation in quality. 

A further prospect is the development of 
hybrid molecules, produced by the fusion of a 
luciferase gene and the gene for an Ab or a 
protein Ag [65] as with aequorin. 

Currently, the assays most likely to make the 
transition from research to routine laboratory 
are the bioluminescent immunoassays using 
AP and D-luciferin-O-phosphate and the co- 
immobilized bacterial luciferase assays [79]. 

General Conclusions 

This review deals with the application of 
chemiluminescence in immunoassays. The 
most sensitive immunoassays possible are non- 

competitive imrnunoassays which use labels 
with a high specific activity (enzymes). Two- 
site immunoassays are more specific than other 
non-competitive assays. All heterogeneous 
assays have as an advantage over homo- 
geneous assays the removal of potential 
quenching factors in the biological sample. 
Homogeneous assays often rely on an extrac- 
tion step to eliminate these interferences. Low- 
background signals can be achieved by using a 
chemiluminescent substrate for the enzymes 
(labels). 

In the case of chemiluminescent immuno- 
assays, the label used is a reactant in the 
chemiluminescent reaction; often a substrate 
for an enzyme, a cofactor or the enzyme itself 
is used. 

Chemiluminescence and immunoassays are 
combined in many ways, using various chemi- 
luminescent systems and different formats of 
immunoassays, resulting in a complex picture, 
complicated by the abundance of information 
available. 

Cyclic acylhydrazides like (iso)luminol are 
the most frequently used chemiluminescent 
compounds in immunoassays. The most 
promising techniques are those using en- 
hancers, such as PIP in combination with 
peroxidase enzymes and Fe(III)-EDTA- 
perborate in combination with X0. The advan- 
tage of cyclic acylhydrazides is, that they can 
be used for different kinds of assays. A 
disadvantage is, that they need a catalyst for 
light emission, leading to higher background 
signals. 

1,2-Dioxetanes are relatively new chemi- 
luminescent substrates for the enzyme AP. 
The most important advantages of this system 
are: a prolonged light emission, a similar or 
greater sensitivity than radioimmunoassays, 
stable substrates which can be activated di- 
rectly, a low background and a wide linear 
range. This system needs no extensive optimiz- 
ation of the different additives as for luminol. 

Acridinium esters can successfully be used in 
chemiluminescent immunoassays. Advantages 
of acridinium esters are that they have a high 
quantum yield, a low background signal and a 
simple coupling procedure to proteins. They 
have one major disadvantage: light is emitted 
instantaneously. 

Oxalate esters can very efficiently be used in 
an immunoassay, when a fluorescer is added. 
An advantage is the flexibility of the system. A 
disadvantage is the low water solubility of most 
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reagents and the susceptibility 
decreasing &,. 

Various bioluminescent 
formats have been described 

to hydrolysis, 

immunoassay 
using several 

reagents. In the future, manipulation of the 
genes for luciferases may lead to enzymes with 
improved stability and improved (constant) 
quality. Disadvantages are that luciferases are 
very unstable, very expensive and that the 
batch-to-batch quality varies largely. A future 
prospect is the development of hybrid mol- 
ecules, produced by the fusion of a luciferase 
gene and the gene for an Ab or a protein Ag 
[65] as with aequorin. The bioluminescent 
immunoassays most likely to make the tran- 
sition from research to routine laboratory are 
using AP and D-luciferin-O-phosphate and the 
co-immobilized bacterial luciferase [79]. 

It can be concluded that the use of chemi- 
luminescence as a detection system provides 
the advantages of high sensitivity, a large linear 

response, relative high speed of analysis, high 
specificity, low cost, and high stability and no 
toxicity of the reagents involved. 

In general, chemiluminescent immunoassays 
are superior (or at least comparable) to the 
most commonly used radioimmunoassays with 

respect to sensitivity, speed of analysis, cost 
and stability. A big advantage over the use of 
isotopes is the safety of the chemiluminescent 
labels. 

Besides these advantages of the chemi- 
luminescent labels, immunoassays give high 
specificity to the analytical method, creating a 
powerful analytical tool. 

Most promising chemiluminescent labels in 
immunoassays are labels, of which the light 
output can be enhanced, resulting in a lasting 
light signal, making more accurate measure- 
ments possible and simplifying the measure- 
ment procedure. Such combinations are the 
luminol-peroxidase-HZOZ system, enhanced 
by p-substituted phenols, the luminol-X0 
system, enhanced by Fe(III)-EDTA and 
sodium perborate in alkaline buffer and the 
AMPPD-AP system. 

Recent developments in chemiluminescent 
immunoassays are multi-analyte systems, with 
1,2-dioxetanes, acridinium esters or firefly 
luciferin. Also flow-injection analysis with 
luminol or acridinium esters, is utilized more 
often, resulting in fast detection systems. 

Routine clinical applications of chemi- 
luminescence immunoassays are also stimu- 
lated by the availability of luminometers and 
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luminescence readers [5, 61, and kits contain- 
ing both Ab and chemiluminescent or bio- 
luminescent substrate reagents [87], and last 
but not least an entire journal is devoted 
to chemiluminescence [88] demonstrating its 
vitality. 

References 

[II 

PI 

[31 

141 

[51 

[61 

[71 

PI 

191 
[lOI 

1111 

[=I 

R. Ekins, F. Chu and J. Micallef, J. Biolum. 
Chemilum. 4, 59-78 (1989). 
R.S. Yalow and S.A. Berson, Nature 184, 1648- 
1649 (1959). 
L.J. Kricka and T.J.N. Carter, in Clinical and 
Biochemical Luminescence (L.J. Kricka and T.J.N. 
Carter, Eds). Vol. 12. Chao. 5. Marcel Dekker, New 
York (1982): 
K. van Dyke, F. McCapra and I. Behesti, in 
Bioluminescence and Chemiluminescence, Instru- 
ments and Applications (K. van Dyke, Ed.), Vol. 1, 
pp. 1-42. CRC Press, West Palm Beach, FL (1985). 
P.E. Stanley, J. Biolum. Chemilum. 7, 157-169 
(1992). 
P.E. Stanley, J. Biolum. Chemilum. 7, 77-108 
(1992). 
M.P. van Dieijen-Visser and P.J. Brombacher, 
Immunochemische analyse in de laboratorium- 
diagnostiek. Boehringer Mannheim (1985). 
L.J. Kricka and T.J.N. Carter (Eds), Clinical and 
Biochemical Luminescence, Vol. 12. Marcel 
Dekker, New York (1982). 
A. Townshend, Analyst 11.5, 495-500 (1990). 
H.O., Albrecht, Z. Phys. Chem. 136, 321-330 
(1928). 
D.F. Roswell and E.H. White, Mefh. Enzym. LVII, 
Chap. 36, 409-423 (1978). 
K. van Dyke (Ed.) Bioluminescence and Chemi- 
luminescence, Instruments and Applications, Vol. 1. 
CRC Press, West Palm Beach, FL (1985). 

[13] H.R. Schroeder and F.M. Yeager, Anal. Chem. SO, 
1114-1120 (1978). 

[14] W. Klinger, G. Wiegand and R. Knapper, J. Steroid 
Biochem. 27, 41-45 (1987). 

[15] G.H. Messeri, H.R. Schroeder, A.L. Caldini and C. 
Orlando, Meth. Enzym. 133, 557-568 (1986). 

[16] G. Merenyi, J. Lind and T.E. Eriksen, J. Biolum. 
Chemilum. 5, 53-56 (1990). 

[17] M. Hodgson and P. Jones, J. Biolum. Chemilum. 3, 
21-25 (1989). 

[18] I. Durrant, Nature 346, 297-298 (1990). 
[19] G.H.G. Thorpe and L.J. Kricka, Meth. Enzym. 133, 

331-353 (1986). 
[20] G.H.G. Thorpe, L.J. Kricka, S.B. Moseley and T.P. 

Whitehead, Clin. Chem. 31, 1335-1341 (1985). 
1211 T.E.G. Candy and P. Jones, J. Biolum. Chemilum. . 1 

6, 239-243 (i991). 
[22] L. Stryer, Biochemistry, 3rd edn, p. 619. Freeman, 

New York (1988). 
[23] R. Radi, H: Rubbo, L. Thomson and E. Prodanon, 

Free Radical Biol. Med. 8. 121-126 (1990). 
[24] E.H.J.M. Jansen, R.H. ‘van den ‘Berg’ and J.J. 

Bergman, Anal. Chim. Acta 227, 57-63 (1989). 
[25] J. Wilhelm and V. Vilim, Anal. Biochem. 148,201- 

210 (1990). 
[26] A. Baret, V. Fert and J. Anmaille, Anal. Biochem. 

187, 20-26 (1990). 
[27] A. Baret and V. Fert, J. Biolum. Chemilum. 4, 149- 

153 (1989). 
[28] E.H.J.M. Jansen, R.H. van den Berg and G. 

Zomer, J. Biolum. Chemilum. 4, 129-135 (1989). 



CHEMILUMINESCENCE AND IMMUNOASSAYS 461 

[29] A. Tsuji, M. Maeda, H. Arakawa, S. Shimiza, T. 
Ikeeani. Y. Sudo, H. Hosoda and T. Nambana. J. 
Ster%d Biochem. 27, 33-44 (1987). 

[30] J. de Boever, F. Kohen, D. Leyseele and D. 
Vandekerckhove, J. Biolum. Chemilum. 5, 5-10 
(1990). 

[31] J. de Boever, F. Kohen, C. Usanachitt, D. Van- 
dekerckhove, D. Levseele and L. Vandewalle, Clin. 
Chem. 32. 1895-1960 (1986). 

1321 J. de Boever. F. Kohen. D. Vandekeckhove and G. . > 
van Maele, Clin. Chem. 30, 1637-1641 (1984). 

[33] J. de Boever, F. Kohen and D. Vandekerckhove, 
Clin. Chem. 32, 763-767 (1986). 

[34] F. Kohen, J. de Boever and J.B. Kim, J. Steroid 
Biochem. 27, 71-79 (1987). 

[351 C.J. Strasburger and F. Kohen, /. Biolum. 
L _ 

Chemilum. 4, i12-118 (1989). 
1361 L. Farina. S. Comuzio. G. Bolelli. P. Mimmi. G. 
L 1 

Messeri and A. Orlandini, J. Biolum. Chemilum. 4, 
587-593 (1989). 

[37] D. Ireland and D. Samuel, J. Biolum. Chemilum. 4, 
159-163 (1989). 

[38] D. Samuel, J: McLauchlin and A.G. Taylor, J. 
Biolum. Chemilum. 5. 179-182 (1990). 

[39] D. Samuel, T.G. Harrison and A.G. Taylor, /. 
Biolum. Chemilum. 5, 183-185 (1990). 

[40] M. Pazzagli, F. Kohen, J.B. Kim and H.R. Lindner, 
in Bioluminescence and Chemiluminescence, Basic 
Chemistry and Analytical Applications (M.A. 
DeLuca and W.D. McElroy, Eds), pp. 651-657. 
Academic Press, New York (1981). 

[41] A. Pate1 and A.K. Campbell, Clin. Chem. 29, 1604- 
1608 (1983). 

[42] E.H.J.M. Jansen, C.A.F. Buskens and R.H. van 
den Berg, J. Chromatogr. 489, 245-253 (1989). 

[43] L.J. Kricka, D. Schmerfeld-Pruss and B. Edwards, 
J. Biolum. Chemilum. 6, 231-238 (1991). 

I441 T. Nakamura. S. Hoshino. N. Hazemoto, M. Haga, 
L 1 

Y. Kato and' Y. Suzuki, Chem. Pharm. Bull. 37, 
1629-1631 (1989). 

[45] M. Haga, S. Hoshino, H. Okado, N. Hazemoto, Y. 
Kato and Y. Suzuki, Chem. Pharm. Bull. 38, 252- 
254 (1990). 

I461 S.B. Vlasenko, A.A. Arefyev, A.D. Klimov, B.B. . _ 
Kim, E.L. Gorovits, A.P. Osipov, E.M. Gavrilova 
and A.M. Yezorov. J. Biolum. Chemilum. 4, 164- 
176 (1989). - 

[47] A.A. Arefyev, Anal. Chim. Acta 237, 285-289 
(1990). 

1481 A.P. Osipov, A.A. Arefyev, S.B. Vlasenko, E.M. _ _ 
Gavrilova and A.M. Yegorov, J. Biolum. 
Chemilum. 2. 242 (1988). 

[49] A.P. Osipov, A.A: Arefyev, S.B. Vlasenko, E.M. 
Gavrilova and A.M. Yegorov, Anal. Lett. 22, 1841- 
1859 (1989). 

[50] H. Liu, J.C. Yu, D.S. Bindra, R.S. Givens and G.S. 
Wilson, Anal. Chem. 63, 666-669 (1991). 

1511 L. Elling, M.R. Kula, E. Hadas and E. Katchalski- . _ 
Katzin, Anal. Biochem. 192, 74-77 (1991). 

1521 M. Aizawa. M. Tanaka. Y. Ikarivama and H. 
L 1 

Shinohana, ‘J. Biolum. Chemilum: 4, 535-542 
(1989). 

1531 I. Bronstein, B. Edwards and J.C. Vovta, J. Biolum. 
L 1 

. Chemilum. 4, 99-111 (1989). 
1541 F. McCanra. I. Beheshti. A. Burford, R.A. Hann 
L 1 I 

and K.A. Zaklika, J. Chem. Sot. Chem. Commun. 
944-945 (1977). 

[55] S. Beck and H. Koster, Anal. Chem. 62,2258-2270 
(1990). 

[56] B. Edwards, A. Sparks, J.C. Voyta and I. Bron- 
stein, J. Biolum. Chemilum. 5, l-4 (1990). 

[57] F. McCapra, J. Chem. Sot. Chem. Commun., 946- 
948 (1977). 

[581 

1591 

WI 

WI 

i6-21 

b31 

PI 

F51 

WI 

M. Reguero, F. Bernardi, A. Bottoni, M. Olivucci 
and M.A. Robb, J. Am. Chem. Sot. 113,1566-1572 
(1991). 
J. Koo and G.B. Schuster, J. Am. Chem. Sot. 99, 
6107-6109 (1977). 
A.P. Schaap, R.S. Handley and B.P. Giri, Tetra- 
hedron Len. 28, 935-938 (1987). 
A.P. Schaap, T.S. Chen, R.S. Handley, R. DeSilva 
and B.P. Giri, Tetrahedron Left. 28, 1155-1158 
(1987). 
A.P. Schaap, M.D. Sandison and R.S. Handley, 
Tetrahedron Lett. 28, 1159-1162 (1987). 
H.A.H. Rongen, R.M.W. Hoetelmans and W.P. 
van Bennekom, unpublished results. 
F. McCapra, D. Watmore, F. Sumun, A. Patel, I. 
Behesthti, K. Ramakrishnan and J. Branson, J. 
Biolum. Chemilum. 4, 51-58 (1989). 
G. Zomer and J.F.C. Stavenuiter, Anal. Chim. Acta 
227, 11-19 (1989). 
I. Weeks, I. Beheshti, F. McCapra, A.K. Campbell 
and J.S. Woodhead, Clin. Chem. 29, 1474-1479 
(1983). 
T.P. Whitehead, L.J. Kricka, T.J.N. Carter and 
G.H.G. Thorne, Clin. Chem. 25, 1531-1546 (1979). 
F. McCapra, ‘Chem. in Britain, 139-144 (1989). 
J.H. Howanitz. Arch. Pathol. Lab. Med. 112. 775- 
779 (1988). 
I. Weeks, A.K. Campbell, J.S. Woodhead and F. 
McCaura, in Clinical and Biochemical Luminescence 
(L.J. Kricka and T.J.N. Carter, Eds), Vol. 12, 
Chap. 5. Marcel Dekker, New York (1982). 
R.C. Hart and L.R. Taaffe, J. Immunol. Methods 
101, 91-96 (1987). 
J.P. Gosline. Clin. Chem. 36. 1408-1427 (1990) 
F.J. Bagazioita, J.L. Garcia, J.M. Idarra,’ R. 
Patido, C. Diequez, I. Weeks and J.S. Woodhead, J. 
Biolum. Chemilum. 3, 169-174 (1989). 

[74] M.L. Sturgess, I. Weeks, C.N. Mpoko, I. Laing and 
J.S. Woodhead, Clin. Chem. 32, 532-535 (1986). 

[75] C. Shellum and G. Giibitz, Anal. Chim. Acta 227, 
97-107 (1989). 

[76] D.S. Hage and P.C. Kao, Anal. Chem. 63, 586-595 
(1991). 

WI 

F331 

P41 

1851 

WJI 

b371 
w31 

1891 

[901 

1911 

kS. Seitz, Clin. Biochem. 17, 120-125 (1984). 
H. Arakawa. M. Maeda and A. Tsuii, Clin. Chem. 
31, 430-434 (1985). 
L.J. Kricka, Anal. Biochem. 175, 14-21 (1988). 
L.J. Kricka. Clin. Chem. 37, 1472-1481 (1991). 
H.R. Schroeder, R.J. Carrico, R.C. Boguslaski and 
J.E. Christner. Anal. Biochem. 72. 283-292 
(1976). 
S. Harbron, H.J. Eggelte, S.M. Benson and B.R. 
Rabin, J. Biolum. Chemilum. 6, 251-258 (1991). 
S.J. Gould and S. Subramani, Anal. Biochem. 175, 
5-13 (1988). 
W. Miska and R. Geiger. J. Clin. Chem. Clin. 
Biochem. 25, 23-30 (1987): 
R.J. Carrico, K.K. Yeung, H.R. Schroeder, R.C. 
Boguslaski, R.T. Buckler and J.E. Christner, Anal. 
Biochem. 76, 95-110 (1976). 
K.V. Wood. J. Biolum. Chemilum. 5. 107-114 
(1990). 
P.E. Stanley, J. Biolum. Chemilum. 851-63 (1993). 
L.J. Kricka (Ed.), Journal of Bioluminescence and 
Chemiluminescence, John Wiley, Chichester. 
T.V. Stabler and A.L. Sieeel. Clin. Chem. 37, 1987- 
1989 (1991). 
P. Pinzani, F. Franceschetti, A. Magini, A. 
Orlandini and M. Pazzagli, J. Biolum. Chemilum. 4, 
575-579 (1989). 
H.R. Schroeder, P.O. Vogelhut, R.J. Carrico, R.C. 
Boguslaski and R.T. Buckler, Anal. Chem. 48, 
1933-1937 (1976). 



462 H.A.H. RONGENeral. 

[92] D.I. Metelitza, A.N. Eryomiv and V.A. Shibaev, /. 
Biolum. Chemilum. 7, 21-26 (1992). 

[93] L. Lindstrom, L. Meurling and T. Lovgren, J. 
Steroid Biochem. 16, 577-580 (1982). 

[94] T.V. Stabler and A.L. Siegel, Cl&. Chem. 36, 906- 
908 (1990). 

[95] J. de Boever, F. Kohen and D. Vandekerckhove, 
Clin. Chem. 29, 2068-2072 (1983). 

[96] J. Bouve, J. de Boever, D. Leyseele and D. 
Vandekerckhove, Anal. Chim. Acta 255, 417-422 
(1991). 

[115] H. Arakawa, M. Maeda, A. Tsuji and A. 
Kambegawa, Steroids 36, 453-464 (1981). 

[116] G.H. Thorpe and L.J. Kricka, J. Biolum. 
Chemilum. 3, 97-100 (1989). 

[117] M.H. Erhard, A. Jiingling, S. Brendgen, J. Kellner 
and U. Losch, J. Immunoassuy 13, 273-283 (1992). 

[118] E.H.J.M. Jansen, J.J. Bergman, R.H. van den Berg 
and G. Zomer, Anal. Chim. Acta 227, 109-117 
(1989). 

[97] J. de Boever, F. Kohen, D. Leyseele and D. 
Vandekerckhove, Clin. Chem. 36, 2036-2041 
(1990). 

[119] H.R. Schroeder, C.M. Hines, D.D. Osborn, R.P. 
Moore, R.L. Hurtle, F.F. Wogomar, R.W. Rogers 
and P.O. Vogelhut, Chin. Chem. 27, 1378-1384 
(1981). 

[98] J.B. Kim, G.J. Barnard, W.P. Collins, F. Kohen, 
H.R. Lindner and Z. Eshhar, Clin. Chem. 28,1120- 
1124 (1982). 

[99] J. de Boever, W. Ulrix and D. Vandekerckhove, 
Anal. Chim. Actu 205, 215-222 (1988). 

[loo] L.J. Kricka and T.J.N. Carter, in Clinical and 
Biochemical Luminescence (L.J. Kricka and T.J.N. 
Carter, Eds), Vol. 12, p. 33. Marcel Dekker, New 
York (1982). 

[120] H.R. Schroeder, C.M. Hines and P.O. Vogelhut, in 
Bioluminescence and Chemiluminescence, Basic 
Chemistry and Analytical Applications (M.A. 
DeLuca and W.D. McElroy, Eds), pp. 55-62. 
Academic Press, New York (1981). 

[121] W.G. Wood, C. Rohde and A. Jacobs, J. Clin. 
Chem. Clin. Biochem. 26, 135-140 (1988). 

[122] T.P. Whitehead, G.H.G. Thorpe, T.J.N. Carter, C. 
Groucutt and L.J. Kricka, Nature 305, 158-159 
(1983). 

[loll G.J. Barnard, W.P. Collins, F. Kohen and H.R. 
Lindner, J. Steroid Biochem. 14, 941-946 (1981). 

[102] W. Klingler, G. Wiegard and R. Knupper, J. Steroid 
Biochem. 27, 41-45 (1987). 

[103] C.H. van Peteghem, L.J. van Look and A. de 
Guesquire, J. Biolum. Chemilum. 3, 227-230 
(1989). 

[123] F. Kohen, J.B. Kim and H.R. Lindner, in Bio- 
luminescence and Chemiluminescence. Basic Chem- 
istry and Analytical Applications (M.A. DeLuca and 
W.D. McElroy, Eds), pp. 357-364. Academic Press, 
New York (1981). 

[104] L.J. van Look and C.H. van Peteghem, Anal. Chim. 
Acru 248, 207-211 (1991). 

[105] P. Pinzani, A. Magini, F. Franceschetti, G. Messeri 
and M. Pazzagli, J. Biolum. Chemilum. 4, 580-586 
(1989). 

[124] F. Kohen, J.B. Kim and H.R. Lindner, in Bio- 
luminescence and Chemiluminescence. Basic Chem- 
istry and Analytical Applications (M.A. DeLuca and 
W.D. McElroy, Eds), pp. 351-356, Academic Press, 
New York (1981). 

[IO61 Z. Eshhar, J.B. Kim, G. Barnard, W.P. Collins, S. 
Gilad, H.R. Lindner and F. Kohen, Steroids 38,89- 
109 (1981). 

[107] F. Kohen, J.B. Kim, H.R. Lindner and W.P. 
Collins, Steroids 38, 73-88 (1981). 

[108] M. Pazzagli, J.B. Kim, G. Messeri, G. Martinazzo, 
F. Kohen, F. Franceschetti, A. Tommasi, R. 
Salerno and M. Serio, C/in. Chim. Actu 115, 287- 
296 (1981). 

[125] G. Messeri, A.L. Caldini, G.F. Bolelli, M. Pazzagli, 
A. Tommasa, P.Z. Vannucchi and M. Serio, C&t. 
Chem. 30, 653-657 (1984). 

[126] F. Kohen, M. Pazzagli, J.B. Kim, H.R. Lindner and 
R.C. Boguslaski, FEBS Letr. 104, 201-205 (1979). 

[127] W.G. Wood, J. Clin. Chem. Clin. Biochem. 28,481- 
483 (1990). 

[128] I. Bronstein, J.C. Voyta, G.H.G. Thorpe, L.J. 
Kricka and G. Armstrong, Clin. Chem. 35, 1441- 
1446 (1989). 

[109] B. Tode, G. Messeri, F. Bassi, M. Pazzagli and M. 
Serio, Clin. Chem. 33, 1989-1993 (1987). 

[llO] J.J. Pratt, M.G. Woldring and L. Villerius, J. 
Immunol. Methods 21, 179-184 (1978). 

[ill] G.C. Zucchelli, A. Pilo, S. Masini, M.R. Chiesa and 
C. Prontera, J. Clin. Chem. Clin. Biochem. 28, 193- 
197 (1990). 

[129] I. Weeks, B.P. Morgan, A.H. Campbell and J.S. 
Woodhead. J. Immunol. Methods 80. 33-38 (1985). 

[112] H.R. Schroeder, Mesh. Enzym. 84, chap. 23, 303- 
317 (1982). 

[113] W. Hubl, G.H.G. Thorpe, F. Hofmann, D. 
Meissner and H.J. Thiele, J. Biolum. Chemilum. 5, 
49-52 (1990). 

[130] G.C. Zucchelli, A. Pilo, S. Masini, M.R. Chiesa and 
A. Masi, J. Biol. Chem. 4, 620-626 (1989). 

[131] D.J. Berry, P.M.S. Clark and C.P. Price, Clin. 
Chem. 34, 2087-2090 (1988). 

[132] H. Arakawa, M. Maeda and A. Tsuji, Chem. 
Pharm. Bull. 30, 3036-3039 (1982). 

[133] S. Takayasu, M. Maeda and A. Tsuji, J. Zmmunol. 
Methods 82, 317-325 (1985). 

[134] R. Geiger and W. Miska, J. Clin. Chem. Chn. 
Biochem. 25, 31-38 (1987). 

[114] J.D. Sharma, G.W. Aherne and V. Marks, Analyst [Received for review 9 July 1993; 

114, 1279-1282 (1989). revised manuscript received II October 19931 


