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LIST OF ABBREVIATIONS 

ABE1 N- (4-Ammobutyl )-N-ethyhsoluminol 
ADP Adenosme 5’ -diphosphate 
ATP Adenosine 5’ -triphosphate 
BL Biolummescence 
CIEEL Chemically initiated electron exchange lummescence 
CK Creatme kmase 
CL Chemllummescence 
DNPO Bis (2,4-duntrophenyl) oxalate 
EPA Eicosapentanolc acid 
FIA Flow nnectlon analysis 
FMN Flavm mononucleotide 
HPLC High-performance liquid chromatography 
NAD Nlcotinamlde-adenme dmucleotide, oxidized 
NADH Nlcotinamlde-adenme dmucleotide, reduced 
2-NPO Bls(2-mtrophenyl)oxalate 
TCPO Bls (2,4,6-tnchlorophenyl)oxalate 
TDPO Bis [ 4-mtro-2- (3,6,9-trloxadecyloxycarbonyl )phenyl ] oxalate 

1 INTRODUCTION 

In recent years, high-performance liquid chromatography (HPLC ) has be- 
come a powerful tool for the analysis of a wide variety of samples However, 
the sensitivity and selectivity of detection in HPLC often do not meet the 
requirements of modern trace-level determmatlons in biomedical and environ- 
mental samples. For this type of analysis fluorescence is often chosen as the 
detection method. Smce the range of compounds displaying strong native flu- 
orescence is relatively small, derivatization plays an important role in HPLC 
with fluorescence detection. However, m many cases, even the detection of 
suitable derivatives is not sensitive enough for analysis m the low-ppb and ppt 
range, while the reliable determmatlon of these compounds is more and more 
required The hmitmg factor m the detectablhty of fluorescence is the stray 
hght that increases the background signal and the noise This problem can be 
solved by chemical excitation, 1 e., chemllummescence (CL) If the reaction 
used for excitation occurs m a living system or is derived from one, the process 
is called biolummescence (BL) . Durmg the last decade, CL has also been ap- 
plied for detection m HPLC. The sensitivity of such a detection system is often 
lo-100 times higher than that of fluorescence detection Various reactions have 
been used on-lure for the excitation of analytes elutmg from an HPLC column 

This paper describes some theoretical aspects of CL, especially of CL m 
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dynamic systems The mechanisms of the most important CL reactions used 
for HPLC and schemes of detection systems are discussed. Related flow mJec- 
tlon analysis (FIA) methods are also mentioned. Blomedlcal apphcatlons of 
several systems are presented and the posslblhtles and hmltatlons dscussed. 

2 THEORETICAL ASPECTS 

2 1 Chemdumm.escence 

A few chemical reactions can produce excited states of compounds Light 
emlsslon m the vlslble reDon of the electromagnetic spectrum (400-800 nm) 
corresponds to reaction energies of ca 200-400 kJ/mol. Therefore, It 1s not 
surprlsmg that many CL reactions involve molecules with high internal en- 
ergy, such as singlet oxygen, peroxides and strained rings. A part of the excited 
molecules releases their energy as light Therefore, the efficiency of a CL re- 
action can be described by the equation 

@cX=@R% (1) 

where QR 1s the number of molecules m the excited state per number of mol- 
ecules reacted and oL 1s the number of molecules emitting light per number of 
excited-state molecules (lummescence efficiency). This means that the emit- 
ted light can be used for the determination of low concentrations of one of the 
reactants (mcludmg catalysts) if the CL efflclency 1s high enough Another 
interesting posslblhty 1s that an excited molecule transfers Its energy to a so- 
called acceptor molecule with an efficient lummescence efficiency In this case 
the total CL efficiency can be described by. 

@CL = @R @ET @L (2) 

where oE, 1s the number of excited acceptor molecules per number of mole- 
cules directly excited by the reaction (donor molecules) This indirect (sen- 
sitized) CL extends considerably the number of types of molecule that can be 
determined by CL (see below) The CL efficiency 1s dependent on the reaction 
condltlons This 1s true not only for QR but also for GET and QL For example, 
It 1s well known that GjL strongly depends on the solvents m which the luml- 
nescence process takes place If CL 1s measured m a dynamic system, 1 e for 
FIA or HPLC detectlon, the kmetlcs of the reaction are also very important. 
This will be discussed m the next section 

2 2 Couphng of chemdumrnescence reactmns to flow systems 

The CL reaction starts when the sample 1s mixed with the reagent(s) It 
proceeds at a rate characterlstlc of the reaction As a consequence, a lummes- 
cence growth curve 1s observed The signal reaches a maximum, and subse- 
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Flow-rate (ml/mln) 
Fig 1 Peak height versus flow-rate for a kinetically fast reaction and a kmetically slow reaction 
The slow reaction data are on the left-hand side Both curves are for peroxide measurement using 
a Cu”“-catalysed lummol reactlon with conditions manipulated to adjust the lcmetlcs [l] 

quently decays because of the exhaustion of the light-generating agent(s) 
Therefore, m a dynamic system, the part of the emitted light that 1s measured 
1s dependent on the flow-rate and the form of the CL curve. Fig. 1 shows the 
influence of the flow-rate on the peak height of the FIA determination of per- 
oxide using the Cu”” -catalysed lummol reaction [ 11. The condltlons were 
changed to adjust the kinetics. For a slow reaction, the signal 1s less dependent 
on the flow-rate In the case of a fast reactlon, no slgnal 1s observed at low flow- 
rates because the reactlon goes to completion before the sample 1s m the de- 
tector cell On the other hand, a fast reaction and a high flow-rate lead to a 
higher sensltlvlty than a slow reaction That is, the half-life of the CL signal 
1s a very important parameter For given values of the flow-rate m the reaction 
system, the dead volume between the mlxmg tee and the flow-cell, and the 
volume of the flow-cell Itself, the CL half-hfe determines the percentage of the 
emitted light that IS measured. 

For the peroxyoxalate chemllummescence reaction (see Section 3), much 
attention has been paid to the half-hfe of the reaction and its influence on the 
sensltlvlty of an HPLC detection system based on this reaction It has been 
demonstrated that the half-hfe 1s dependent on the oxalate structure, the sol- 
vent composltlon, the pH, the water content, the catalyst concentration and 
the temperature [Z-5] Fig 2 shows schematic drawings of the chemllummes- 
cence decay curves of two oxalates, bls (2,4,6-tnchlorophenyl)oxalate (TCPO) 
and bls (2,4-dmltrophenyl)oxalate (DNPO ) (see Section 3), and the period m 
which the light-emitting compound 1s m the flow-cell The regions a and b 
mdlcate this period and, thus, the part of the CL decay curve that 1s measured, 
for a conventional and a mmlaturlzed HPLC system, respectively With the 
exception of region a (conventional HPLC) of the TCPO curve, the regions 
correspond to 26-42% of the total emitted light For a rapid reaction, 1 e with 
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Fig 2 Schematic drawmg of the decay curves of TCPO and DNPO and the period (a and b), m 
which the light-emitting compound IS m a 50-,~1 flow-cell If the dead volume 1s 5 ~1 (a) Conven- 
tional HPLC system, total flow-rate, 67 ,~l/s, (b) mmlaturlzed HPLC system, total flow-rate, 3 3 
pi/s It should be noted that the curve of TCPO also shows an exponential decay [ 31 

DNPO as oxalate, the dead volume m front of the flow-cell was found to have 
a considerable influence on the percentage that is measured. All the percent- 
ages decrease, if the volume of the flow-cell decreases Generally, however, a 
50-~1 cell is less suitable for the mmlaturized system because of the band 
broadening m the cell. As for the band broadenmg, it should be noted that this 
is less than for, e g., fluorescence detection because of the decrease of the CL 
signal m the flow-cell [ 61 This also means that an oxalate with rapid kinetics 
is more suitable for mnuaturized HPLC. Hanaoka et al [ 51 used stopped-flow 
measurements m conJunction with the ‘time-window concept’ for optimization 
of FIA and HPLC systems based on peroxyoxalate CL The peak heights m 
the dynamic systems were m good agreement with the calculated data In con- 
clusion, it can be stated that the form of the CL signal is very important for 
optimization of the pertinent analytical method, especially if a dynamic system 
is used Therefore, study of the mfluence of the reaction conditions on the 
kinetics of the reaction is needed m order to design an optimal detection system 

Finally, the appropriate choice of the apparatus used for measurement of the 
emitted light is essential The advantage of CL m comparison with fluores- 
cence is that no light source is used and, so, excitation optics are superfluous 
Emission light can be collected more efficiently because stray hght is not pres- 
ent A theoretical calculation by Seitz and Neary [ 71, based on the assumption 
that the sensitivity of a CL method depends only on the light detection, re- 
vealed that sub-attomol detection limits could be achieved If the flow-cell is 
placed in an integrating sphere, very efficient collection of the hght can result 
[ 3,6,8] The Kratos (Schoeffel) fluorescence detector with a 271 steradian mir- 
ror m front of the flow-cell also is very suitable Positionmg of the cell m close 
proximity to the photomultipher also seems very attractive Gandelman and 
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Birks [ 91 have optimized the detector by placing the detector cell (PTFE coil, 
60 ,ul) withm a ellipsoidal mirror The cell is positioned near the first focus of 
the mirror and the photomultiplier cathode is placed on the second focus Use 
of a photon counter can often improve the sensitivity of the detection system, 
unless the CL background is too high Generally, apparatus developed for flu- 
orescence detection is not optimal for CL detection 

3 PEROXYOXALATE CHEMILUMINESCENCE 

3 1 Mechanum 

The first example of peroxyoxalate CL was reported in 1963 by Chandross 
[lo], who studied the reaction of oxalyl chloride with hydrogen peroxide in 
the presence of a fluorescent compound Rauhut et al. [ll] further mvesti- 
gated the reaction by synthesizing and testmg several substituted aryl oxalates 
They proposed the energy-rich mtermediate 1,2-dioxetanedione as a possible 
chemical excitation source for the fluorophore, producing its excited singlet 
state and leading to a typical fluorescence emission process (see Fig. 3 ) . The 
CL efficiencies are m the range l-23% for several substituted oxalate esters 
[ 121 Lechtken and Turro [ 131 studied several fluorophores and concluded 
that it was possible to generate electromcally excited states with an energy of 
up to 430 kJ/mol 

The CL decomposition of dioxetanes has been studied by several groups [ l4- 
161, and Schuster [ 171 and Koo and Schuster [ 181 mtroduced the chemically 
untiated electron exchange luminescence (CIEEL) mechanism The chemi- 
excitation step is the electron back-transfer from the intermediate to the fluo- 
rophore, resulting m its excited state Peroxyoxalate CL is also thought to fol- 
low a CIEEL-type mechanism as shown in Fig 3, and this means that there 
should be a good correlation between the oxidation potential of the fluorophore 
and the CL efficiency This was confirmed by Catherall et al [ 191, who thor- 

ArO-[ --Cj-OAr + H,O, o-o L + 2AtOH , 
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Fig 3 Peroxyoxalate reactlon scheme 
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oughly mvestlgated the kmetics and the mechanism of this CL reaction. They 
found that the CL intensity was strongly dependent on the electronegativlty 
of the aryl group of the oxalate ester and that a common mtermediate (the 
above-mentioned 1,2-dioxetanedione) was highly unlikely A key intermediate 
was proposed m which one of the aryl groups is still present. Recently, Alvarez 
et al [ 201 found a blphaslc intensity-time profile for the reaction of hydrogen 
peroxide with TCPO in ethyl acetate catalysed by triethylamme A multiple 
intermediate mechanism was proposed In which more light-producmg path- 
ways are possible 

In conclusion it can be stated that peroxyoxalate CL is a convenient tool for 
the detection of hydrogen peroxide and fluorophores In the latter case the 
analytes themselves should posses good CL characteristics (e.g. aromatic hy- 
drocarbons [ 21,221) or they should be labelled with a suitable CL tag [23], as 
will be discussed in Section 3.2.2. 

3 2 Detectcon systems and btomedical apphcatrons 

3 2 1 Reachon system 
In order to obtain a high sensitivity m an HPLC system, the CL reagents 

(oxalate and hydrogen peroxide ) should be mixed with the column eluate Just 
before the photomultiplier (see Fig 4). Several oxalates have been mvestl- 
gated for their solubihty in common LC solvents, stabihty in the presence of 
hydrogen peroxide and CL intensity [2,24,25]. Unfortunately, none of these 
oxalates combines all the required characteristics and often compromises have 
to be made Usually TCPO or his (2rntrophenyl) oxalate (2-NPO ) are used, in 
the concentration range l-10 mM, because of their stability in the presence of 
hydrogen peroxide DNPO 1s more soluble in common LC solvents, such as 
acetomtrile and methanol, but has a limited apphcabihty owing to very fast 
reactron kmetics Bis [4-mtro-2- (3,6,9-trioxadecyloxycarbonyl)phenyl] - 
oxalate (TDPO ) is soluble in acetomtrile up to 1 A4 [ 241, but cannot be used 
at these concentrations because of CL quenching by the phenohc reaction 
product [4] Usually the concentration of hydrogen peroxide is higher than 
the oxalate concentration Typically, lo-500 m.M solutions are mixed with ox- 
alate solutions. 

Fig 4 Scheme of a peroxyoxalate CL detectlon system [ 271 



TABLE 1 

ANALYTES OF BIOMEDICAL INTEREST DETERMINED BY HPLC WITH PEROXY- 
OXALATE CL DETECTION 

Analyte 

Ammo acids 
Bradykmme 
Catecholammes, 

ammo acids 
Set Amme drug 
Ketocortlcosterold 
Secovenne 
Estradlol 
Catechoiammes 
Carboxyhc acids 
Carboxyhc acids 
Urea, ouabam 

Label” 

Dansyl-Cl 
Dansyl-Cl 
Dansyl-Cl 

Dansyl-Cl 
Dansyl-Hy 
Dansyl-OH 
Dansyl-Cl 
Fluorewamme 
Coumarms 
3-Ammoperylene 
- 

Sampleb 

Serum 
Plasma 

Serum 
Urme 

DetectIon hmlt References 

l- 5 fmol 25-28 
29 

5-10 fmol 30 

l-10 pg 6 

75pg 31 
500 Pg 32 
50 Pg 33 
25 fmol 34 
50-75 fmol 35 
l-10 fmol 2 
2-20 pm01 48 

“Dansyl = 5-dnnethylammonaphthalene-1-sulphonyl, Cl = chloride, Hy = hydrazme, 
OH = hydroxide 
bIf no sample IS mentioned, only standard solutions have been measured 

As most analytes of blome&cal interest do not fluoresce, various labelhng 
procedures have been applied. They are summarized m Table 1 and will be 
discussed m the next section 

3 2 2 Derzvatrzataon 
Among the known fluorescence derlvatlzatlon reagents, dansyl chloride (5 

dlmethylammonaphthalene-1-sulphonyl chloride) has been widely used as a 
very sensltlve CL label for primary and secondary ammes and phenohc hy- 
droxy groups Imal and co-workers [26-291 thoroughly mvestlgated the CL 
detection of dansylated ammo acids, and detectlon hmlts m the low femtomole 
region (20-~1 qectlons of IO-’ M solutions) have been obtained. They were 
able to combine this detection system with gradlent elutlon without major drift 
of the baselme [27] and with mlcrobore HPLC [28] The latter system was 
applied to the determination of the N-terminal group of bradykmm after dan- 
sylatlon [ 291. The low recovery of ca 10% was due to an mcomplete separation 
of the dansyl-bradykmm derivative and reagent by-products, and to the pep- 
tide hydrolysis step (110°C for 20 h) Mellbm [30] reported the detectlon of 
dansylated adrenalin, noradrenalm and some ammo acids m the low femto- 
mole region However, the method was carried out only with standard solu- 
tions, thus only illustrating the potential sensltlvlty of the CL method mstead 
of the practical apphcablhty De Jong et al [6] described the detectlon of a 
dansylated drug with a secondary ammo group. For the analysis of serum sam- 
ples a detection hmlt m the low picogram range was obtamed (see Fig 5 ) This 
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Fig 5 Determmatlon of a dansylated secondary amme by HPLC with peroxyoxalate 
tlon Analysis of serum sample spiked with 4 8 ng/ml (qected amount 24pg) 161 

CL detec- 

detection method was also applied to an HPLC system with a packed capillary 
column [8] By using a specially designed mixing device the reagents and the 
HPLC eluate were mlxed m the flow-cell placed in an integrating sphere, a 
detection limit of ca 100 fg (0 5-,~l lqectlon) was obtained 

Another application of derlvatlzatlon with a dansyl label was reported by 
Kozlol et al [ 311, who used dansyl hydrazme for the carbonyl group of fluo- 
cortm butyl, a 3a-keto cortlcosterold The authors were able to detect as low 
as 100 pg/ml of blood plasma (or 7 5 pg qected) A chromatogram of a plasma 
sample 1s shown m Fig 6 Tertiary ammes, which lack normal derlvatlzatlon 
posslblhtles, can be sensltlvely detected by a post-column extractlon system, 
the protonated ammes form an ion-pair with negatively charged fluorophores, 
and the ion-pair 1s extracted on-line by segmentation with an orgamc solvent 
After phase separation the detectlon takes place in the organic phase This 
detection principle was modified to CL detectlon by Kwakman et al [32], 
using the hydrolysed form of dansyl chloride (dansyl-OH) as chemllummes- 
cent counter-ion Hydrogen peroxide was added by pumping an apolar solvent 
(1,2-dlchloroethane) through a column packed with perhydrlt (hydrogen per- 
oxide on a urea support) The detection hmlt for secoverme, a tertiary amme 
drug, was in the sub-nanogram range The hmltatlon still IS the extraction of 
the counter-ion itself, which increases the background signal 

Recently, Nozakl et al [ 331 described the first combmatlon of normal-phase 
LC with peroxyoxalate CL detection Estradlols were derlvatlzed with dansyl 
chloride and separated on a silica column with hexane-chloroform-ethanol 
(70 30 0.1) as the eluent Solutions of TCPO and trlethylamme m chloroform 
and of hydrogen peroxide m methanol were added post-column The overall 
recovery of estradlol from serum was ca 90%, with a detection limit of ca 50 
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Fig 6 Determmatlon of a dansylated ketocortlcosterold m dog plasma by HPLC with peroxy- 
oxalate CL detection The two dlmers formed by derlvatlzatlon are mdlcated by mtegratlon num- 
bers [31] 

A B 

ll 

% 

J 

Fig 7 Normal-phase HPLC of dansylated steroids with peroxyoxalate CL detectlon (A) authen- 
tic dansyl estradlols (150 pg each), (B) serum sample (500 ,~l), (C ) pooled serum sample spiked 
with 17cu-estradlol (2OOpg) and 17/3-estradlol (3OOpg) Peaks I =dansyl-li’a!-estradlol, II= dansyl- 
17/Sestradlol [ 33 ] 

pg Chromatograms of a standard solution and of a serum sample are shown m 
Fig 7 

Kobayashl et al [ 341 derlvatized the primary ammo group of several cate- 
cholammes with fluorescamme The sensltlvlty of this method 1s ca 25 fmol, 
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Fig 8 HPLC of fluorescamme derlvatlves of catecholammes with peroxyoxalate CL detectlon 
Sample correspondmgto 17 5 ~1 of human unne was inJectedonto the column NE = norepmephrme, 
I S = internal standard, DM = dopamme [ 341 

which IS about the same order of magnitude as for the dansyl derivatives stud- 
ied by Mellbm [ 301 Fig 8 shows a chromatogram of a urme sample 

Another important functional group for derlvatizatlon is the carboxyl group 
(fatty acids and prostaglandms). Grayeski and De Vasto [35] described the 
apphcatlon of new coumarm labels for carboxyhc acid detection. The most 
important result was that changing the methoxy group of the well known 4- 
bromomethyl-7-methoxycoumarm mto a dlethylammo group sigmficantly im- 
proved the CL sensitivity. The strongly electron-donatmg influence of the dl- 
ethylammo group lowers the oxidation potential, which faclhtates the energy 
transfer (CIEEL mechamsm, see Section 3.1) Several straight-chained car- 
boxyhc acids were detectable m the 50-75 fmol range Perylene was converted 
mto 3-ammoperylene by Honda et al [2] for the derivatrzatlon of carboxyhc 
acids using a carbodumide as a couplmg reagent Detection limits were m the 
low femtomole range, but the derivatlzatlon conditions (50°C 2 h) were un- 
favourable. In both case standard solutions were used, and up till now no real 
samples have been analysed with CL detection In particular, the determina- 
tion of prostaglandms m urine and serum needs further investigation because 
a very high sensitivity is necessary It might be advantageous to apply labels 
with an emission maximum above 550 nm The CL signal can then be clearly 
separated from that of the CL reaction product(s) and of other CL compounds 
or impurities emlttmg below 550 nm, thereby leadmg to an improved signal- 
to-noise ratio [ 36 ] 

3 2 3 Retermlnatron of hydrogenperoxlde generated by enzyme reactions 
Some enzymes produce hydrogen peroxide if the right substrate is present 

These trace amounts of hydrogen peroxide can be determined with peroxyox- 
alate CL m the presence of excess fluorophore (chemilummophore) In con- 
trast to other CL reactions (involving, e.g., lummol, lucigenm or acrlduuum 
esters) peroxyoxalate CL can easily be carried out at pH 7, which is compatible 
with the optimal pH of most enzymatic reactions Table 2 summarizes the 
apphcations of peroxyoxalate CL for the detection of hydrogen peroxide pro- 



TABLE 2 

PEROXYOXALATE CL DETECTION OF HYDROGEN PEROXIDE PRODUCED BY EN- 
ZYMIC REACTIONS 

Anal@ Enzyme Detection limit Mode References 

Cholesterol 
Lactose, glucose 
Formaldehyde, 

formic acid 
L-Ammo acids 
(Acetyl)cholme 

(Acetyl)cholme 

Glucose 
L-Ammo awls 
Glucose 

Cholesterol oxldase 
j?-Galactondase 
Aldehyde oxldase 

L-Ammo acid ox&se 
Choline oxldase + 
cholmesterase 
Choline ox&se + 
chohnesterase 
Glucose ox&se 
L-Ammo acid oxldase 
Glucose oxldase 

0 1 pm01 
12 ng 
1 pm01 

2 pm01 
l-10 pm01 

1 pm01 

2 pm01 
10 pm01 
2 pm01 

FL4 
FIA 
FIA 

FIA 40 
HPLC 41 

HPLC 42 

HPLC 44 
HPLC 45 
FIA 47 

37 
38 
39 

Fig 9 Scheme of the system for the detectlon of hydrogen peroxlde produced by an enzymatic 
reactlon of acetylcholme and cholme [ 42 ] 

duced by enzymatic reactlons Rlgm [ 37-401 detected several analytes m the 
flow-mlectlon mode by lmmoblhzmg enzymes on porous quartz glass beads 
Hydrogen peroxide released from enzymatic reaction was detected by mlxmg 
with oxalate, fluorophore (9,10-dlphenylanthracene ) and catalyst (tnmethyl- 
amme) right before the detector Thus very low amounts of cholesterol (en- 
zyme cholesterol oxldase [ 371)) lactose and glucose (/3-galactosldase [ 38]), 
formaldehyde and formic acid (aldehyde oxldase [ 391) and L-ammo acids (L- 
ammo acid oxldase [ 401) could be determined Honda et al [ 411 detected low 
plcomole amounts of choline and acetylchohne using a post-column reactor 
contammg lmmoblhzed choline oxldase and cholmesterase A buffer and a so- 
lutlon contammg TCPO and the fluorophore perylene were added post-col- 
umn Using the same enzymes, Van Zoonen et al [42] could detect cholme and 
acetylcholme m urine and serum by applying a special flow-cell packed with a 
fluorophore and an oxalate (see Figs 9 and 10) The fluorophore, 3-ammo- 
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Ch 

Fig 10 HPLC of cholme (Ch) and acetylchohne ( ACh) with an on-line enzymatic reactton and 
hydrogen peroxide detection by the peroxyoxalate CL reaction (a) Chromatogram of an undo- 
luted urine sample, (b) chromatogram of an urme sample sprked with 20 pmol of cholme and 
acetylcholme [ 42 ] 

fluoranthene, was covalently bound to controlled-pore glass beads [ 431, and 
TCPO was simply packed m the sohd state form. The same detection system 
was apphed to the detection of glucose usmg a post-column glucose oxrdase 
reactor [ 441 and to a post-column L-ammo acid oxldase reactor, enabling the 
enantloselectrve detection of ammo acids at plcomole levels [45]. Recently 
other fluorophores, 8-hydroxyqumolme and Rhodamme B, have been rmmo- 
blhzed m a flow-cell by Ding et al [46] for the single flow line detection of 
hydrogen peroxide Grayeskl et al. [ 471 have designed a flow nnectlon system 
for the determmatron of glucose by the detection of hydrogen peroxrde gener- 
ated by glucose oxldase A water-soluble oxalate was employed with Rhoda- 
mine B as fluorophore Thus oxalate, however, had to be dissolved m acetom- 
trlle because of its limited stability n-r water (half-life ca 6 mm) 

3 2 4 Otherperoxyoxalute-based detectron systems 
A rather exceptronal CL detection system was described by Capomacchra et 

al [ 481 The non-fluorophores urea and ouabam appeared to enhance the CL 
background of DNPO and hydrogen peroxide leading to detection hmlts of 20 
and 2 pmol, respectrvely The mechamsm of this phenomenon 1s not yet really 
understood and might lead to a new field of apphcatlons 

4 LUMINOL CHEMILUMINESCENCE 

4 1 Mecharusm 

Lummol(5-ammo-2,3-dlhydrophthalazme-1,4-d~one) reacts with hydrogen 
peroxide m basic media under the formation of an energy-rich intermediate 
with subsequent light emlssron of the excited ammophthahc acid (see Fig 11). 
The CL efficrency for this reaction 1s ca 1% [ 491 The exact mechanism of the 
reactron 1s still a matter of debate [ 491 The reaction 1s catalysed by metal ions 
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Lummol 3 -Amlnophthalate 

Fig 11 Lummol reaction scheme 

such as Co’“‘, Cu(“) and Fe (‘I’) [50], and by enzymes such as horseradish 
peroxldase [ 511, mlcroperoxldase [ 521 and myeloperoxldase [ 531 

In analytlcal detectlon systems lummol can be used for the determmatlon 
of hydrogen peroxide generated by enzyme reactions, of certain metal ions or 
complexes contammg metal Ions, of compounds forming complexes with metal 
ions which, therefore, suppress the CL signal, and of analytes labelled with 
specially mo&fled lummol reagents These systems will now be discussed m 
detail 

4 2 Detection systems and bromeduzl uppbcatlons 

4 2 1 Detectzon of hydroperoxrdes and enzymat~callygenerated hydrogenperozde 
Lipid hydroperoxldes are formed during the oxldatlon of lipids Yamamoto 

et al [54] adapted the lummol-mlcroperoxldase reaction to organic hydro- 
peroxldes and found a sensltlvlty similar to that of hydrogen peroxide. In an 
HPLC system a solution of lsolummol and mlcroperoxldase was added to the 
column eluate resulting m detection limits of a few plcomoles. The analysis of 
serum samples 1s under mvestlgatlon Mlyazawa et al [ 551 developed an assay 
for phosphatldylcholme hydroperoxldes m human blood plasma The hydro- 
peroxides were extracted from plasma with chloroform-methanol and injected 
onto a slhca column with chloroform-methanol-water (1 9 0.1) as mobile 
phase Lummol and the catalyst cytochrome c (m borate buffer, pH 9 3 ) were 
added Just before the detector Detectlon limits of 10 pmol m human plasma 
could be achieved Fig 12 shows the higher selectlvlty of CL m comparison 
with UV detectlon for the total lipid extract of plasma Nleman and co-workers 
[ 56,571 designed several systems using lummol CL A system contammg the 
lmmoblhzed enzymes j?-glucosldase and glucose oxldase on-line with the ana- 
lytical column enabled the detectlon of P-D-glucosides and ,&glucose with a 
detection limit of 10e7 M (2 pmol nqected) [56] The generated hydrogen 
peroxide was mixed with a lummol-peroxldase solution and led through the 
detector This two-pump system 1s necessary because the pH of the enzymatic 
reaction (ca 6.5) 1s clearly different from the pH of the CL reaction (ca lo- 
ll ) Recently, a single-pump FIA system for hydrogen peroxide was described 
by the same authors [57] Both lummol and catalysts were lmmoblhzed on 
silica. 
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Fig 12 HPLC pattern of plasma phosphatldylcholme hydroperoxlde (PCOOH) with lummol CL 
detectlon Total extracted from a healthy male plasma was diluted mth 40 ~1 of chloroform- 
methanol, and 20 ~1 were nqected (A) Chromatogram of CL detectlon, (B) chromatogram of UV 
detection (234 nm ) , PCs = phosphatldylcholme denvatlves [ 55 ] 

4 2 2 Dwect and mdmct detectton wmg metal LOTH 

Very few authors have dlscussed the mechanism of metal ion catalysis. The 
formation of a six-membered chelate rmg by Cu(“’ and lummol was suggested 
by Yu et al [58] to explam the difference between lummol and lsolummol 
Komatsu et al [ 591 demonstrated a very sensltlve method for the determma- 
tlon of Co’“’ with a detection hmlt of 0.06 pg, without bemg able to elucidate 
the exact role of the Co(“) ion Nevertheless, the detection of metal ions can 
be used for the selective determmatlon of haem-contammg protems via the 
complexed Fe (II) ion. Maltsev et al [60] were able to detect 10 ng/ml myo- 
globm after HPLC separation of a diluted human serum sample (Fig 13). 

The catalysmg role of metal ions can also be used m an mdlrect way an 
analyte forming a complex with the catalysmg metal ion will cause a drop m 
the CL mtenslty, and a negative peak will result. As protems have some metal- 
complexmg propertles, this prmclple was applied to protem analysis by Hara 
and co-workers [ 61-651 They described the FIA of proteins based on the com- 
plexatlon of CU”~’ [61], Fe(“I) [62] and Co”” [63] In the last report the 
ultrasomcally mduced lummol CL catalysed by Co’“’ (described by Komatsu 
et al [ 591) was apphed to the m&rect measurements of protems, resultmg m 
detectlon hmlts of 0 2 ng. This detectlon prmclple was coupled with HPLC by 
the same authors [ 64,651. In both papers Cu”I) was used because of Its fast 
complexatlon kmetlcs with proteins MacDonald and Nleman [ 661 described 
a slmllar method for the determmation of ammo acids based on suppression 
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Fig 13 HPLC patterns of haem-contammg compounds with lummol CL Chromatograms of (A) 
normal serum and (B and C) serum after myocardlal mfarctlon Peaks 1= haemoglobm, 2,3 and 
4 = umdentlfled, 5 = myoglobm Dllutlon of serum (A, B) 1 10, (C ) 1 1000 Sample B contamed 
2 6 pg/ml myoglobm [ 601 

of Co’II’-catalysed CL with various detectlon hmlts for different ammo acids 
(0 04 nmol for hlstldme to 20 nmol for aspartlc acid) In all methods usmg 
suppressed CL measurements, great care has to be taken that no interfering 
metal ions influence the sensltlvlty A disadvantage of this, as of all lndlrect 
measurements, 1s the hmlted linear range 

4 2 3 Lumtnol as a label 
In prmclple the detectlon of lummol-labelled analytes can be carried out 

very sensltlvely and selectively. It 1s surprlslng that only a few papers have 
dealt with this detectlon method Kawasaki et al [67] were the first to describe 
the apphcatlon of modified lumlnol as a label m liquid chromatography N- (4- 
Ammobutyl) -N-ethyhsolummol (ABEI) was used for the labelhng of fatty 
acids and several amlnes. The detectlon hmlt for chohc acid was ca 20 fmol 
Yukl et al [68] apphed ABE1 for the determmatlon of elcosapentanolc acid 
(EPA), a prostaglandm precursor, in serum The recovery of EPA added to 
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14 HPLC of ABEI-labelled fatty acids m human serum with lummol CL detection Peaks 
1= ABEI, 2 = laurlc acid, 3 = myrlstlc acid, 4 = hnolemc acid, 5 = elcosapentanolc acid, 
6 = palmltolelc acid, 7 = unknown substance, 8 = lmolelc acid, 9 = arachldonlc acid, 
10 =docosahexanolc acid, 11 =dlhomo-y-hnolelc acid, 12 =palmltlc acid, 13=olelc acid, 
14 = margarlc acid (ref 68) 

human serum was nearly 100%) with a detectlon hmlt of 200 fmol Furthermore 
eleven fatty acids could be detected m human serum samples (Fig 14) Spurlm 
and Cooper [69] described another label, lsolummohsothlocyanate, for the 
derlvatlzatlon of primary and secondary ammo acids with detectlon hmlts of 
lo-20 fmol An off-line CL detectlon method for the determmatlon of hor- 
monal anabohcs was presented by Jansen and co-workers [ 70,711 After selec- 
tlve fractlonatlon by HPLC the fractions were labelled with ABE1 and the CL 
mtenslty was measured This method should replace the more conventional 
radlolmmunoassay method 

5 LUCIGENIN CHEMILUMINESCENCE 

5 1 Mechanwn 

Luclgemn (N,N’-dlmethyl-9,9’-blacndmmm din&rate) reacts m strongly 
alkaline media with oxidants [ 721 such as hydrogen peroxide and with orgamc 
reducing compounds [73] such as glucose, glucuromc acid, ascorbic acid and 
a-hydroxycarbonyls The mechamsm m the oxldatlon reactlon 1s hkely to m- 

Fig 15 Luclgenm reactlon scheme 
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volve a dloxetane intermediate (see Fig 15) The CL efficiency of ca 2-3% is 
shghtly higher than m the case of lummol, but, generally, not as high as for the 
peroxyoxalate reaction. The mechanism involving orgamc reductants as ana- 
lytes is not well understood. Obviously, luclgenm CL can be used m analytical 
systems for the detection of hydrogen peroxide or for the organic reducing 
compounds mentioned above 

5 2 Detectron systems and blomedzcal applacatlons 

5 2 1 Detection of reductants 
Veazey and co-workers [ 74,751 developed a detector for the determination 

of ppm amounts of ascorbic acid and dehydroascorblc acid Solutions of potas- 
sium hydroxide and luclgenm were added post-column. An mterestmg apph- 
cation for glucuromdes was described by Klopf and Nleman [ 761. Glucuro- 
mdes were hydrolysed on-lme to glucuronic acid by immobilized p- 
glucuromdase Subsequently, the glucuromc acid was separated from mterfer- 
mg compounds and mixed with chemilummescent reagents Just before the de- 
tector Thus, low concentrations (10 w) m urine samples could be detected. 
However, as the enzymatic hydrolysis was followed by a chromatographic clean- 
up step, no mdlvldual glucuromdes could be quantltated. For the determma- 
tlon of separate glucuromdes, the HPLC separation should be carried out prior 
to the enzymatic reaction. 

Another example of the detection of blologrcal reductants was reported by 
Maeda and TSUJ~ [ 771. Compounds contannng an a-hydroxycarbonyl group 
gave intense CL with alkaline lucigenm solutions Based on that prmclple, the 
CL detection of cortlcosterolds (without derlvatlzatlon) and carboxyhc acids 
derlvatlzed with p-mtrophenacyl bromide was developed. A system with Just 
one reagent pump was described with detection limits of ca 500 fmol, which is 
similar to those obtained with fluorescence 

5 2 2 Other appltcat~ons of luclgen~n 
Maeda and TSUJ~ [ 781 developed a novel fluorescence and CL detection 

method for steroid and bile acid sulphates This flow unectlon system was based 
on the ion-pair formation of the negatively charged organic sulphates with 
luclgenm. In the fluorescence mode a detection limit of 25 pmol steroid sul- 
phate was obtained In the CL mode hydrogen peroxide and base in methanohc 
solution were added m front of the detector, with detection limits of 0 5 pmol 

6 BIOLUMINESCENCE REACTIONS 

Many light-producing reactions are derived from hvmg orgamsms Gener- 
ally, BL reactions are catalysed by enzymes (‘luclferases’). BL has been ob- 
served and studied for centuries [ 791 A mam aspect of these reactions is that 
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Fig 16 BL momtonng of creatme kmase (CK) lsoenzymes separated by chromatography Sche- 
matic of the mstrumentatlon and chromatographlc separation and on-line BL momtonng of 50 
~1 of an authentic sample The dashed lme represents a typxal reagent blank and the sohd line 
represents signals from creatme kmase with a trace of CK-MB lsoenzyme from myocardlal m- 
farctlon [ 801 

they often possess a very high CL efficiency (see Section 2 1 ) Therefore, such 
reactions are highly interesting for analytical applicatrons, and some examples 
of their use for HPLC detection have been published. 

The lsoenzymes of creature kinase (CK), whrch are important for muscle 
contractron, have been separated by ion-exchange chromatography and de- 
tected by the so-called firefly lummescence [ 801. The reaction scheme 1s 

CK 

creatme phosphate + ADP - creatine + ATP (3) 
iuc1feras.e 

ATP + luclferm + O2 - adenyloxyluclferm + light (4) 

Plcomole amounts of ATP can be detected, and this method was used for the 
analysis of blood samples from myocardral mfarct patrents. The scheme of the 
detectron system and a chromatogram of a serum sample are shown m Fig 16 

BL was also used for the detection of bile acids after a chromatographlc sepa- 
ration [81] Bile acids react with mcotmamrde-adenme dinucleotrde (NAD) 
u-r the presence of 3cr-hydroxysterord-NAD oxrdoreductase The product of 
this reactron, mcotmamlde-adenme dmucleotlde, reduced (NADH), can be 
detected by the followmg reaction with flavm mononucleotrde (FMN). 

2 NADH+FMN+2 NAD +FMNHz 
luc1ferase 

FMNHz +RCHO+O, - hght 

(5) 

(8) 
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Peroxyoxalate CL (see Section 3) 1s also sultable for the detection of NADH 
[ 21, but the sensltlvlty 1s not very high Oxldoreductase and bacterial luclfer- 
ase have also been lmmoblllzed for the BL momtormg of reactions yielding 
NADH [82,83] I mmoblllzed enzymes can also offer interesting posslbllltles 
for detection m HPLC [ 841. Generally, such a system 1s cheaper and simpler 
than the addition of the enzymes by pumps 

7 OTHER CHEMILUMINESCENCE REACTIONS 

Some well known CL reactlons that have been used m combmatlon with 
HPLC have been discussed m the Sections 3-5 Some other reactlons, based 
on the oxldatlon of organic compounds by hydrogen peroxlde, have also been 
apphed for detectlon In HPLC Hara and co-workers [85,86] have used the 
metal-catalysed reactlon between l,lO-phenanthrolme and hydrogen peroxide 
for the determination of proteins. Proteins such as albumm and y-globulm 
decrease the catalytic activity of metal ions by complex formatlon and, m this 
way, can be determmed m the picogram range (for a slmllar system, see Sec- 
tlon 4 2 2 ) The system has also been used for the detectlon of proteins sepa- 
rated by lmmunoaffimty and metal chelate chromatography The solutions of 

Fig 17 UV and CL chromatograms for morphme m urme 5 &ml spiked urme sample (500 ng 
on-column) (A) UV detection at 280 nm, (B) CL detection M=morphme [87] 
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Fig 18 Scheme of the CL aerosol spray detector A=1 2 mm ID Pyrex tube (nebuhzer), 
B =reactlon cell, C = elhpsoldal mirror, D =photomultlpher tube, E=end of reactlon cell (not 
painted black), F = polyethylene capillary tube, G = union-T, H = compression fittmg, I = vacuum 
valve, J = reducing muon [ 88 ] 

l,lO-phenanthrohne, hydrogen peroxide and the Cu(“) salt used as a catalyst 
are added post-column 

Abbott et al [ 871 have described a method of the determmatlon of morphine 
m body fluid based on the CL reaction of this drug m the presence of perman- 
ganate m an ac&c tetraphosphate (polyphosphoric acid) medium Fig 17 
shows the chromatogram of a spiked urme sample with UV and CL detection 
The higher sensitivity and selectivity of CL detection is clearly demonstrated. 
Other opiates and related drugs can also be detected by this CL system 

A CL aerosol spray detector for HPLC based on CL Induced by ozone or 
singlet oxygen was described m 1980 by Birks and co-workers [ 88,891. A sche- 
matic diagram of the detector is shown m Fig. 18. This detector responds to 
highly fluorescent compounds such as rhodamme and fluorescem derivatives, 
olefins, dlvalent sulphur compounds and certam mtrogen compounds such as 
hydrazmes, azides and nitrogen heterocychc compounds Detection limits were 
m the low microgram to low picogram range A similar prmciple has also been 
applied using a thermal energy analyser [90] or redox CL [91] for HPLC 
detection In the former system, nitric oxide is formed by pyrolysmg mtrosyl- 
contannng compounds, m the latter system orgamc species, such as sugars, are 
oxidized with dilute mtric acid, nitrous acid or nitrite ions In all systems, mtric 
oxide is detected by its CL reaction with ozone An mterestmg biomedical ap- 
plication of the thermal energy analyser as HPLC detector has been presented 
by Yu and Goff [ 901. They used this detection system for the determmatlon 
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of vasodilators such as glycerol truntrate, isosorbide duntrate and pentaery- 
thrltol tetramtrate, and their metabohtes in plasma. Sub-nanogram detection 
limits have been obtained and ppb concentrations have been determined 

A special mode of CL is electrochemiluminescence, i.e hght emission caused 
by the electrolysis of solutions of analytes Malcolme-Lawes and co-workers 
[ 92-951 have pubhshed several papers on the optimization of the electrochem- 
ical cell coupled to HPLC. Many classes of aromatic compounds emit light 
during electrolysis, and detection limits in the nanogram range have been ob- 
tamed Derivatlzation can extend the range of compounds detectable m this 
way [ 951. So far, electrochemllummescence detection has not been used for 
real samples 

8 CONCLUSIONS 

Various CL reactions have been applied for detection m HPLC and a high 
sensitivity ( femtogram to picogram range ) has been obtained for many com- 
pounds Detection systems based on the peroxyoxalate CL reaction seem the 
most versatile because many compounds can be excited by this reaction Sev- 
eral biomedical applications of such a detection system have been pubhshed. 
The mechanism and the kinetics of the reaction are still under investigation 
and seem complex The kinetics are especially important, because they mflu- 
ence the part of the CL decay curve measured in a flow system Derlvatization 
of analytes is important for peroxyoxalate CL, because many non-chemilu- 
minescent compounds can be converted into suitable derivatives The per- 
oxyoxalate reaction can also be used for the determination of low amounts of 
hydrogen peroxide In biomedical analysis this can be apphed for the detection 
of compounds that produce hydrogen peroxide via an enzymlc reaction 

The lummol and lucigemn reactions can also be used for the determination 
of hydrogen peroxide and related peroxides. The luminol reaction is very suit- 
able for the detection of metal ions and metal-containmg compounds because 
metal ions catalyse the reaction. The prmciple can be used in an indirect way 
for compounds, such as proteins, that form complexes with metal ions, thereby 
causing a decrease in the CL signal Lummol-type labels seem very promising 
for the detection of acids and ammes. Detection limits of fatty acids and ammo 
acids are m the femtomole range Probably, similar labels can be developed for 
compounds with other functional groups. The lucigenm reaction can be used 
for the detection of orgamc reducing compounds, e.g glucuronic acid obtained 
by enzymic hydrolysis of glucuromdes Some other CL reactions with different 
mechanisms have also been successfully used for HPLC detection 

Only a few apphcatlons of BL detection m HPLC are known, but this field 
has many possiblhtles, because BL reactions are very selective and sensitive 
Generally, the disadvantage of such systems is that they consist of several steps 
and, therefore, are relatively complex. The compatibihty of enzymes with the 
typical constituents of HPLC mobile phases will require much attention 
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CL detectlon based on various reactions 1s now one of the most sensltlve 
detection modes m HPLC and very suitable for blomedlcal analysis A more 
systematic optlmlzatlon of several systems still 1s necessary and, as for the 
apparatus, there 1s a need for commercially avallable dedicated CL detectors 
The consequence should be that CL detection can be used for the routine anal- 
ysis of complex samples m many laboratories 

9 SUMMARY 

Durmg recent years, much progress has been made m the development of 
high-performance hquld chromatographlc (HPLC ) detection systems based 
on chemllummescence (CL) CL 1s now one of the most sensltlve detection 
methods m HPLC For many compounds detection hmlts m the femtogram to 
picogram range have been obtamed Several on-line post-column reactions have 
been used for chemical excltatlon of the analytes Some theoretical aspects of 
CL detection are presented and special attention 1s devoted to the couplmg of 
CL to flow systems The mfluence of the kinetics of the reaction on the sensl- 
tlvlty of the detectlon system 1s stressed The mechamsms and detectlon sys- 
tems of the peroxyoxalate, lummol and luclgenm CL reactlon are described A 
few examples of the use of blolummescence for HPLC detectlon are given, and 
some less common CL reactions used m flow systems are also mentioned Many 
blomedlcal and related apphcatlons are shown Posslblhtles and hmltatlons of 
the various reactions and detection systems are evaluated 
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