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Abstract

The phenomenon of chemiluminescence allows the development of simple analytical procedures using low
cost instrumentation which can be easily controlled by computers. The sensitivity of the methods is excellent.
and selectivity is improved by high-performance liquid chromatographic separation. A broad arca of
chemiluminometric applications is drug analysis, which is reviewed in this paper.
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1. Introduction

Chemiluminescence (CL) is defined as the
production of electromagnetic radiation (ultra-
violet, visible or infrared) by a chemical reac-
tion [l]. The phenomenon can be observed
when a chemical reaction yields an electroni-
cally excited intermediate or product which
either luminesces or donates its energy to an-
other molecule which then luminesces. If radia-
tion is emitted by energy-transfer, then the
process 1s usually called chemi-excitation.
When the chemiluminogenic reaction is enzy-
matic and/or occurs within a living organism,
such as the firefly, the phenomenon is called
bioluminescence (BL).

The sufficiently low limits of detection, the
cxcellent sensitivity and the versatility of the
chemiluminometric methods of analysis are the
main reasons for the recent surge of interest in
CL and BL. Historically, the first observation
of CL was made in 1877 by Radziszewski, but
the introduction of flow injection analysis and

* Corresponding author.

liquid chromatography with chemiluminomet-
ric detectors was responsible for the plethora of
original research work devoted to this area of
chemical analysis.

2. Mechanism of chemiluminescence

A chemical reaction may generate radiation
by direct CL or by chemi-excitation.

2.1. Direct chemiluminescence

A direct chemiluminogenic reaction takes
place in two steps, which can be simplified as
follows:

excitation reaction; A + B - C*
de-excitation reaction: C* - C + hv

The excited molecule C* can be either the
final or an intermediate product of the reac-
tion. The total etficiency. @, of a chemilumi-
nogenic reaction lies in the range [ 20% but
very often can be much less than 1%. while
bioluminogenic reactions may have efficiencies
of up to 100%.
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2.2. Chemi-excitation

A great variety of applications is based on
chemiluminogenic reactions which take place
by chemi-excitation. In this case, the energy of
the excited state molecule, C*, is transferred to
a compound, F, which is subsequently excited
via an energy transfer process:

energy transfer step: C*+ F->C+ F*
de-excitation reaction: F* > F + /v

The molecule F is a fluorophore which can also
be excited by absorption of radiation (photolu-
minescence).

If a molecule does not have the ability to
participate in a chemiluminogenic reaction, it
may still be converted into another molecule
which does have this property. Alternatively,
the molecule can be converted into a
fluorophore by derivatization. The fluorophore
can then be chemi-excited.

The general requirements for CL [2] are as
follows.

(1) the molecule C should be capable of
receiving the energy released from the reaction
to form C* and the efliciency of this process
should be sufficiently high.

(2) C* should be capable of luminescing un-
der the conditions of the reaction and the
intensity of the radiation should be sufficiently
high. Alternatively, a suitable acceptor
molecule, F, capable of accepting energy
should be available for chemi-excitation and
subsequently emission of radiation.

(3) the energy required for excitation must
be supplied by the reaction in one step, if
possible. In a multi-step reaction, the necessary
energy must be released in a single step since
the excitation step should occur instanta-
neously.

The limiting factor for the occurrence of CL
is that the energy required for luminescence in
the visible region lies between 44 and
71 kcal mol~'. Hence, a minimum requirement
for CL is that the reaction produces 44 kcal
mol ' of energy [3]. A variety of organic com-
pounds meet this requirement and, in some
instances, their chemiluminogenic properties
have been thoroughly studied during redox
reactions [4]. CL can be employed analytically
using batch or flow chemiluminometers. Flow
chemiluminometers can operate either by con-
tinuous flow or flow injection of the analyte,
and various simple modifications allow the use
of the design as a detector for HPLC.
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3. Direct CL reactions
3.1. Luminol and derivatives

The most well-known chemiluminescent re-
action in the liquid phase is the oxidation of
luminol (5-amino-2,3-phthalazinedione) by hy-
drogen peroxide in alkaline media [5]:

NH, 0o
NH
l + 2“202 * 2OH- —_—
NH
(o}
NHz
co0o™
+ Ny + 4H0 «+ hv
coo”

The emission spectrum coincides with the
fluorescent spectrum of the dianion of 3-
aminophthalic acid, which is the CL reaction
product [6]. This reaction may be used for the
determination of all compounds or ions which
catalyze the reaction or alter the action of
catalysts or produce hydrogen peroxide during
a reaction. Luminol derivatives, such as N-(4-
aminobutyl)-N-ethylisoluminol (ABEI), are
very often used as labels to convert non-chemi-
luminogenic compounds into compounds
which can generate CL by the action of hydro-
gen peroxide. Table 1 summarizes typical ap-
plications of the reactions of luminol and its
derivatives in drug analysis.

3.2. Other redox reactions

A wide variety of chemiluminescent reactions
of compounds of pharmaceutical interest giv-
ing very good results in the analysis of real
samples have been discovered and studied thor-
oughly. Table 2 summarizes some illustrative
applications of direct CL reactions in drug
analysis. Direct CL reactions are not widely
used for detection after liquid chromatographic
separation as shown in Table 3.

4. Energy transfer reactions

4.1. Chemi-excitation by the reaction of oxalate
esters with hydrogen peroxide

The reaction of oxalate esters with hydrogen
peroxide is the common reaction for the chemi-



Table 1

Tyical applications of CL by luminol and derivatives in drug assay

Analyvte

Acetylcholine. choline
Amino acids
7-Amylase

Ascorbic acid
Ascrobic acid
Ascrobic acid, uri¢ acid
Bile acids

Biotin

Cannabinoids
Captopril
Cephalothin

Cholesterol

Cyanocobalamin (Vit. B,.)

Estriol
Methamphetamine
Oxazepam
Penicillamine
Penicillins

Protein
Promethazine
Riboflavin

Tartaric acid

Thyroxine

Procedure

Hydrolysis to choline (acetylcholinesterase) + choline
oxidase to H,O,. luminometer

Suppression of Co(I1)- luminol H,O, reaction. HPLC

Peroxidase-catalyzed luminol - H.O- p-lodophenol.
luminometer

Suppression of emission from the luminol H,O-
peroxidase reaction. stopped flow

Suppression of the Fe(lll)- luminol-H,O, reaction, FIA

Competitive reaction, CL-delay technigue

ABEI derivatives, HPLC

Isoluminol derivative, luminometer

CL enzyme immunoassay. luminol H.O,. luminometer

Complexation of Cu(Il) and reduction of CL from
luminol -H,O, reaction, luminometer

Enhancement of CL from Co(Il) luminol H,O,
reaction, luminometer

Addition of cholesterol oxidase to H.O-, FIA

Catalysis of luminol H,O,. FIA

Aminopentylethylisoluminol. CL immunoassay

ABEI dertvatives. HPLC

ABEI derivative. HPLC

Suppression of the Cu(ll)-luminol- H,O, reaction, FIA

Inhibition of luminol - iodine reaction. stopped flow

(amoxycitlin)

Suppression of the Cu(ll)--luminol - H.O, reaction, FIA

Inhibition of luminol - H,O.-Cr(I1I) reaction. FIA

Photoreduction with EDTA monitored by the
luminol-H, 0, reaction, FIA

Oxidation with periodate then measured by
luminol-Mn(Il) reaction, stopped flow

Isoluminol derivative-microperoxidase H.O.. CL
immunoassay
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Detection
limit
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Reference

1 x 10 “mol [24]
(choline)

410 “mol 23]
thistidine)

1 =10 "M |26]
L«10 M 127]
L= 10 M (28]
[ 10 °M [29]
210 Mmool [30]
Sx 10 *M 3]
P10 gl ' (37
Lx10 °M 133]
L 10 M [34]
Sx10 °M (35]
7% 10 *mol 136}
Ix 10 M [37]
2x 10 M {38]
Ix 10 Tmol 39
I x 10 "M [40)
IxI M

(41]

dx 10 ~¢ [42]
I "M [43]
I« 10 "M 144
L5« 10 M [45]
610 "M (46]

excitation of fluorophores. The chemical sys-
tem is widely known as the peroxyoxalate
chemiluminescence system. The esters are
mostly insoluble and rather unstable in

aqueous solutions, and must be used in organic
solvents. This property makes them well-suited
to liquid chromatographic applications. Prob-
lems may occur, however, when using the orig-
inal hydrophobic esters in combination with
the mainly hydrophylic reversed-phase eluents,
since ester precipitation may occur at various
pump flows. The effects of various organic
solvents and other experimental parameters
have been extensively studied [7]. Commonly
used esters are bis(2,4,6-trichlorophenyl) ox-
alate (TCPO) and bis(2,4-dinitrophenyl) ox-
alate (DNPO) (Table 4). Derivatization to give

fluorophoric compounds is very often used for
peroxyoxalate chemiluminometric  detection
(Table 5).

4.2, Chemi-excitation from sulphite oxidation

Excited sulphur dioxide has been proposed
as the emitting species during the oxidation of
sulphite by potassium permanganate [8] and
cerium (IV) [9]. The mechanism proposed by
Meixner and Jaeschke [10] for the CL reaction
with permanganate is
HSO; + MnO, — HSO; + MnOj;

2 HSO,—S.0; +2H'

$,07 SO +SO*
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Table 2

Applications of redox CL reactions in drug analysis
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Analyte Oxidant system Detection Reference
limit
Adrenaline H,0,~-OH~ 6x107"M [47]
Adrenaline Fe?* -H,0, Ix10°%M (48]
Amiloride, N-Bromosuccinimide—OH ~ 7% 10 7 M (amiloride) [49]
streptomycin
Anaesthetics KMnQ,-H* 30ng ml ' (benzocaine) [50]
Ascorbic acid Lucigenin—-OH~ 1x10 °M [51]
Ascorbic acid Action of ascorbate oxidase, then lucigenin 6 x 10 7'M [52]
(pH 5.7)
Bilirubin NaClO OH - 0.05pgml-' (53]
Buprenorphine KMnO,-H™* 1 x107%M [54]
Captopril Ce(IV)-H* sensitized by rhodamine-B 3.7x107%M (551
Catecholamines Lucigenin -cetyltrimethylammonium
hydroxide 1 x 107¥ M (adrenaline) [56]
Catecholamines KMnO, H* 1 x 1077 M (adrenaline) [57)
Isoniazid N-Bromosuccinimide— OH ~ 1 x10°7M [58]
Heparin Lucigenin-OH ~ 90 ng [59]
Loprazolam KMnO, -H' 7x107°M [60]
Morphine KMnO,-H* 1x107'"M [61]
Morphine KMnO,-H* 5x 10 M [62]
Paracetamol Ce(lVy-H™ 4x107"M [63]
Rifampicin, N-Bromosuccinimide—-OH ~ 7 x 107? M (rifamycin SV) [64]
rifamycin SV
Tetracycline Br,-H ™ —dibromodimethylhydantoin 4x107°M [65]
Tetracycline Dibromodimethylhydantoin after oxidation 8 x 10 ’'M [66]
by S,0%"
Tetracyclines [Fe(CN)]* -OH 9 x 107 M (tetracycline) 67
Tetracyclines N-Bromosuccinimide—OH ~ 1 x 107 M (tetracycline) [68]
Tetracyclines H,0, + S,03 ~ (co-oxidant) catalyzed 2 x 1077 M (chlortetracycline) [69]
by Cu(ll)
Tetrahydroaldosterone  Quinoxaline derivative + H,O, * 6x107""M [70]
Thiamine (Vit. B,) [Fe(CN),]' ~-OH~ 9%x107°M Al
Thiazide compounds ®  Tris(2,2"-bipyridine) Ru(IIl) 6 x 10 " mol (hydroflumethiazide) [72]
Urea NaBrO-OH ~ 9x107*M [73]

4 The analyte is converted to the corresponding glyoxal compound by oxidation with copper(Il) acetate which then is
derivatized with 4,5-diaminophthalhydrazide into the chemiluminescent quinoxaline derivative.
® Hydroflumenthiazide, hydrochlorothiazide, cyclothiazide, chlorothiazide, trichlormethiazide.

SO% - 80O, + hv

Thus, sulphite acts as the reductant and the
energy released from the chemical reaction
chemi-excites sulphur dioxide, which emits ra-
diation in the range 310-370 nm [11].

The oxidation of sulphite by Ce(IV) has
been used for the measurement of many com-
pounds of pharmaceutical interest, as shown in
Table 6.

5. Immobilization in chemiluminescence

The rapid development of immobilization
techniques has improved tremendously the area

of applications in chemiluminometry, especially
with FIA and liquid chromatographic systems.

The immobilization of enzymes can be used
in CL in one of the following approaches.

(1) Immobilization of luciferase in a flow
cell in front of the PMT, so that light is emitted
as the substrates flow over the enzyme [12]. The
technique is very sensitive and selective. Some
typical applications are presented in Table 7.

(2) Immobilization of the enzyme within the
following stream in order to generate a product
which participates in a chemiluminogenic reac-
tion. The most well-known example is the ac-
tion of enzymes on various analytes to generate
hydrogen peroxide, which then is determined by
the luminol reaction. Other reagents which can
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Table 3
Dircet CL redox reactions for detection after HPLC separation

Analyte Chemiluminogenic reactant Detection Reference
hmit

Corticosteroids Lucigenin in Triton + OH 5% 10 '""mol [74]
Amino acids. ete. ® Suppression of the Cu(Il)-- luminol- H,O, reaction I < 10 " mol [75]
Ascorbic acid Lucigenin—-OH 2x 1M [76]

Bile acids Post column generation of NADH - 210 " mol [77)

isoluminol -microperoxidase

Corticosteroids Lucigenin- OH 5% 107 " mol [78]
Methamphetamine ABEI derivative, [Fe(CN),]*~ OH " -H,0, 2x10 U'M [79]
Morphine KMnO,—H* 4x10 "M

[80]

* Catecholamines, streptomycin. gentamicin.

Table 4
Applications of peroxyoxalate CL detection without prior derivatization

Analyte Peroxyoxalate *, mode Detection Reference

limit
Ascorbic acid. ete. P Formation of H,0,+ TCPO, HPLC 1 x10°"M [81]
Bilirubin TCPO, luminometer gx 10 "M [82]
Dansyl-alanine TCPO, HPLC 3% 10 " motl [83]
DNPO. FIA 5x 10" S mol [84]
Dansyl amino acids TCPO. TLC 7x10 ”g DNS-Gly [85]
TCPO. HPLC 1 x10 " mol [86]
TCPO. DNPO. HPLC 2x 100 " mol 871
TCPO. HPLC 2% 10" " mol {88]
TCPO. HPLC 210 '"*mol [89]
Dipyridamole, benzydamine TDPO and/or DNPO. HPLC 3x 10 "M (dipy.le) [90.91]
Thiourca Quenched CL, DNPO, HPLC 1 x0 ' mol [92]

* TCPO: bis(2.4.6-trichlorophenyljoxalate. DNPO: bis(2,4-dinitrophenyhoxalate. TDPO: bis{4-nitro-2-(3.6.9-trioxadecyl-
carbonyl)phenyljoxalate.
P Catecholamines. caffeine, theophylline.

Table 5
Derivatization for peroxyoxalate CL detection

Anlayte Label PO Mode Detection Reference

limit
Amines Luminarine 1 TCPO HPLC 1 x 10 "*mol (tyramine) [93]
Bile acids steroids Dansyl hydrazine TDPO HPLC Ix 10 -8 x 107" mol [94]
Bradykinin Dansyl-Cl TCPO HPLC 1 x 10 * mol [95]
Catecholamines Ethylenediamine TDPO HPLC I x 10 ¥ mol [96]
Corticosteroids Dansyl hydrazine TDPO HPLC 1 x 10 '"M (testosterone) 97
Estradiol Dansyl-Cl TCPO HPLC 1 x 10" mol [98]
Fluocortin butyl Dansyl hydrazine TCPO LC 2x 10 M [99]
Fluoropyrimidine compounds  DCIA® TCPO HPLC 2 x 10 "™ mol [100]
Methamphetamine DBD-F ¢ TDPO HPLC 3% 10 " mol [ron
Metoprolol DBD-F TDPO HPLC 1 x 10 " mol [102]
Mexiletine Dansyl-Cl TDPO HPLC 1 x 10 "3 mol [103]
Thyroxine. tri-iodothyronine Fluorescamine TCPO FIA I x10°"M {104]

* PO: peroxyoxalate ester.
® DCIA; 7-(diethylamino)-3[4-iodoacetyl)amino)phenyl}-4-methylcoumarin.
¢ DBD-F: 4 N.N-dimethylaminosulphonyl)-7-fluoro-2.1,3-benzoxadiazole.
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Table 6
Chemiluminogenic reactions by energy-transfer from the oxidation of sulphite
Analyte Oxidant + SO3 Detection Reference
limit (M)
Bile acids Ce(IV) or KMnO, or K,Cr,0, or KBrO;-H' 1 x 10 ¢ (cholic acid) [105]
Corticosteroids Ce(lV)-H* 1 x 107 (cortisone) [106]
Cyclamate Ce(IV)-H™* 2x10°° (107
Quinine, quinidine Ce(IV)-H~ 2 x 107 (quinidine) [108]
Steroids BrO; -H* 8 x 1077 (cortisone) [109]
Steroids Ce(IV)-H"* + organic solvents 3 % 107* (cortisone) [110]
Table 7
Applications of immobilized enzymes and reagents in flow injection chemiluminometry and bioluminometry
Analyte Immobilized enzyme or reagent Detection limit Reference
ATP Firefly luciferase 1 x 10" " mol [n
Creatine kinase Firefly luciferase o1ul-! [112]
Ethanol Bacterial luciferase — oxireductase 3x 107" mol [113]
Hydroxy bile acids Bacterial luciferase — oxireductase 1 x 10~ mol [114]
Lactate dehydrogenase,
L-lactate Bacterial luciferase 1x10°°M [115]
NADH Bacterial luciferase — oxireductase 2 x 1072 mol [116]
NADH, ATP Firefly + bacterial luciferase 2.5 x 1072 mol ATP [117]
Acetylcholine, choline Acetylcholine esterase 1 x 10~ "> mol [118]
Hydrogen peroxide 3-Aminofluoranthrene * 1 x10°¥M [119]
Hydrogen peroxide Luminol 1 x 10~"" mol [120)
Hydrogen peroxide TCPO 6x107°M (24
Glucose ® TCPO + 3-aminofluoranthrene 8x 10-"M [122]
* Fluorophore.

® Via glucose oxidase to H,O,.

be immobilized within flowing systems for
chemiluminometric measurement are presented
in Table 7.

6. Recent developments in chemiluminescence
6.1. Biosensors

All applications of immobilized reagents in
CL can easily be adapted in biosensing sys-
tems. This area of applications increased
tremendously after the introduction of fibre-
optics in analytical research. Research is fo-
cussed on the immobilization of enzymes on
the fibre, since immobilization of chemilumino-
genic reagents, such as luminol, would cause
functioning problems owing to the fast con-
sumption of the reagent.

Freeman and Seitz [13] developed a fibre-op-
tic biosensor by immobilizing peroxidase in
polyacrylamide gel and inserting the end of the

fibre-optic into the enzyme phase. When the
probe was immersed in a solution of hydrogen
peroxide in the presence of luminol, CL was
generated as peroxide diffused into the peroxi-
dase phase. The radiation emitted from the
enzymatically catalyzed luminol-hydrogen per-
oxide reaction was transmitted through the
fibre-optic to the PMT.

A biophotodiode has also been reported for
the measurement of hydrogen peroxide and
glucose [14]. Horseradish peroxidase was en-
trapped in polyacrylamide gel and thin slices of
the gel were attached to a silicon photodiode.
The photocurrent was proportional to the con-
centration of hydrogen peroxide using luminol
as the chemiluminogenic reagent. Co-immobi-
lization of glucose oxidase with peroxidase al-
lowed the use of the biosensor for the
determination of glucose.

A fibre-optic biosensor for monitoring
NADH has been constructed by co-immobiliz-
ing bacterial luciferase and flavin mononu-



A.C. Calokerinos et al. ! J. Pharm. Biomed. Anal. 13 (1995) 10631071

cleotide oxidoreductase on collagen strips
[15]. Enzyme immobilization on pre-activated
membranes [16] and nylon membranes [17]
has also been used by Blum and co-workers
for the construction of chemiluminescent
biosensors.

Fibre-optic biosensors for continuous flow-
ing systems have been designed recently by the
same group. A characteristic example involves
the use of a flow-through cell which is continu-
ously stirred. The enzymatic membrane is kept
in close contact with the sensing tip of the fibre
bundle by a screw-cap. The emitted light is
transmitted to the photomultiplier through the
optical fibres [18]. The design has been thor-
oughly studied [19] and can also be used in a
batch device [20]. Immobilization of peroxidase
on a membrane inside a flow-through cell has
been evaluated for the flow injection analysis of
glutamate and glutamine [21]. Hydrogen perox-
ide is generated from the analyte by the action
of 1-glutamate oxidase and glutaminase, and is
measured by the action of luminol in the pres-
ence of peroxidase from the membrane sensor.
Similarly. L-lysine has been measured in the
range 10- 1000 pM via the hydrogen peroxide
generated by the action of lysine oxidase on the
analyte [22].

6.2, Capillary electrophoresis

Research on chemiluminometric detection
after capillary electrophoretic separation 1s
progressing very fast, although difficulties in
coupling the separation technique with the CL
detector still exist [23]. Academic and industrial
research laboratories are focusing on the design
of suitable, safe and minimum-band broaden-
ing capillary devices for adding the CL
reagents after the high-voltage driven separa-
tion. Micromachining techniques, as taken
from computer hardware developments, are
bound to miniaturize electrophoresis to square
inch-channelled devices. 1.e. to ultrafast droplet
analysis.

7. Conclusions

CL is a powerful tool for drug analysis since
its detection limits are extremely low and its
instrumentation very simple and of low cost. In
combination with derivatization techniques in
order to increase sensitivity, it has a wide range
of applications.
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