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ARSTRACT

A voversed-phase gh-performance liquid ciromatographic muthod for the investigation of the chemi-
luminescence-producmg oxidalion of luminel by the cnavine horseradish perosidase is preseuted, Both the
kineiics and the mechanism of predoct [onuation ¢an be monitored. Special attention is paid to the
mechiznism ol enhancement of the chemiluminescence by phenolic compounds, such as p-iodophenol.
p-hydroxseinnamic acid and 6-hydroxybenzothiazole. The function of the enhancers was elucidated par-
tially b the observation of a higher degradation rate of luminal In addition. il was concluded rhat the
mechanism of enhancement is probably different for the various enhancers, hased on the prodoet farma-
tirn

INTRODUCTION

Chemiluminescence mmunoassays arg very promising as a non-radicactive
alternative to radioimmunoassays [1,2]. Recently, a large number of publiciations
have reported various assays with a number of different chemiluminescent labels,
such as isoluminel derivatives [3], acridinium esters [4] or peroxidase lahels [5].
Chemiluminescence is inherently the most seasitive detection technique presently
known. In addition a number of advantages, such as speed of detectian, simple
detection methods and the stability of reagents, make chemiluminescence very
attractive as a detection technique in several biochemical disciplines. Chemilumi-
nescence 13 bused on a chemical oxidalion reaction of luminol (LUM) by hydro-
gen peroxide. The oxidation reaclion is ¢atalysed by microperoxiduase (u degrada-
tion product of cvtochrome ), which vields a trunsient chemiluminescence signal
with a last decay in ce. 10 3 or by the enzymes horseradish peroxiduse [6] and,
more recently, xanthin oxidase [7], which produce a long-term steady-stale signal
for several minutes or hours.

Horseradish peroxidase (HRP) (EC 1.11.1.7} is Lhe most itequently used en-
zvme lubel in enzyme immunoassays. The endpoint of detection can be accom-
plished at neutral pH by colorimetric substrates, such as tetramethylbenzidine [8].
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or by chemiluminescent substrutes al 4 more alkaline pll, such as LUM. In
chemiluminescence detection, HRP has a number of advantages. in terms of
sensitivity and reproducibility of the chemiluminascence measuring procedure, in
comparison with the transient labels with very last kinetics. In addition, the
sensilivity can be increased dramatically by the use of enhancers, phenolic com-
pounds such as 6-hvdroxybenzothiazole |9], p-hydroxycinnamic acid or p-iodo-
phenol (PIP) [10]. PIP in partcular is s very effective enhancer (100-fold light
incrcase) of the HRP-LUM-—peroxide svstem. However, this so-called enzvine-
enhanced chemiluminescence of HRP in the presence of LUM. hydrogen perox-
ide and PIP as enhancer is noi fully understood [11].

When comparing the sensitivity ol HRP labels with dilferent detection meth-
ods, it appeared that chemiluminescence detection was no more sensilive Lhan
colorimetric detection [12), as might be expected from theovetical considerations,
This observation initialed an investigalion on the mechanism of enzyme-en-
hanced chemiluminescence in order to improve the detcction limit of HRP labels
used in chemiluminescenl mmunoassays, High-performance liquid chromata-
graphy (HPLC) appears to be a good method to mvestigate the enzymic reaction
at the molecular level. This paper describes the first results of the HPI.C study of
the enzyme-cnhanced chenuluminescence. Special allention is paid to the mecha-
nistic role of the phenolic enhancers.

EXPERIMENTAL

Meiterials

HRPF (Type V1), microperoxidase (MP-11) and 6-bydroxybenzothiazole werc
obtained {rom Sigina (Brunschwig, Amsterdum, The Netherlands). LUM and
PIP were obtained from Aldrich (Brussels, Belgium)., LUM was recryslaliized
from ¢lhanol before use. p-Hyvdroxycinnamic acid and m-hydroxycinmamic acid
were obtained [rom Janssen Chitmca (Beerse, Belgium), Al solvents were of
analytical grade (Merck, Darmstadt, Germany).

HPLC equipment

The HPLC equipment consisted of the tollowing components: an automatic
injector (Model 231, Cnlson, Moeyvis, Berpen op Zoom, The Netherlands) with a
250-pul sample loop; two solvent-delivery systems (Model 2150, LK B, Pharmacia.
Woerden, The Netherlands) controlled by a gradient controller (Model 2152,
LK BY; a diode-array detector (Model 1040A, Hewletl-Packard, Amsierdam. The
Netherlands); a computing integration svstem (Model C1-10B. LDC Milton Roy,
Interscience, Breda, The Netherlands); and a persona! computer (Model MPF
700, Multitech. Interscience) for data slorage with integration software [rom
Wico Electronics (Take Five program, version 3, Utrecht, The Netherlands). The
column (150 mm * 4.6 mm 1.D.} with 2-pm [rits and Valco Altings (Chrompack,
Middelburg, The Netherlands) was packed with Hvpersil ODS (particle size 5



HPLC OF CL-TRODUCING OXIRATION OF ILUMINOL 463

gm, Shandon, Zeist, The Netherlands) using a column-packing instrument
(Shandon) according to the manufacturet’s instructions,

HPLC conditions

The HPLC elution conditions used were as follows (where A + B = 100%):
from 0 1o 0.1 min a linear gradient trom (0 to 35% B; from (L1 to 4 min isocratic
elution at 35% B; [rom 4 to 5 min a linear gradicnt from 35 to0 65% B; from 3 to
10 min isacratic at 65% B; fram 10 to 11 min a near gradient from 63 to 100% B;
and [rom 11 to 13 min isocratic at 100% B at a flow-rate of 1.0 ml/min. Mobile
phase A consisted of 0.05 M sodiuwm dihydrogen phosphate adjusted to pH 3.0
with phosphoric acid (0.1 M). Mobile phuse B was methanol,

Enzyme assay

The enzyme reaction mixture (pH 8.5) was prepared as follows. To 4 ml of
Amerlite signal rcagent (Amersham) were added 2 ml of Amerlite signal reagent
bufler {Amersham) containing 100 ng of ITRP. The Amerlite signal reapent con-
sisted of Amerlite signal reagent buller in which Amerlite signal reagent tablets A
(1.UM and PTP) and B (perborate) were dissolved, according to the manufactur-
er’s instructions {in the case ol PIP ax enhancer). In the case of other enhancers,
such as 6-hydroxvbenzothiazole, p-hydroxyeinnamic acid and m-hydroxycin-
namic acid, the signal reagent consisted of 16.6 pg of LUM, 3 ;d of hydrogen
peroxide and 20 wp of enhancer per ml ol Tris buller (0.05 A, pH 8.0}. Tn the casc
of micraperoxidase, 0.8 ug was added to the Amersham signal reagent. AL 2 = 1),
4 ml of the signal reagent were added 10 2 ml of bufler containing 2 ug of HRP.
After 0, 15 and 30 min or 24 h, 550 ul were withdrawn [tom the reaction nuxture
und zdjusted to pH 2 with 30 yl of phosphoric acid (0.1 AN 1o stop the enzymic
reaction, From this solubion, 200 4l were applied to the HPLC column.

RESULTS AND DISCUSSION

Te monitor the enzymic degradation of the substrate LUM and the behaviour
of the cnhancer P, a reversed-rhase 1IPLC gradient system has heen developed
it which both LUM and PIP can be observed. In order to deterimise a soitable
wavelength tor detection and integration, a three-dimensional plot (Fig. 1) was
made of the reaction mixture at pH 8.5 before the addition of HRP (A) and after
almost complete enzymic degradation (B), From this plat it can be concluded that
single-wavelength detcction at 230 nm is suitable [or monitoring all the compo-
nents invalved and produced in the enzymic reaction.

Fig. 2 shows chromatograms of the reaction mixture containing LUM and
PIP, with perborate as oxidant in Amersham buller, Fig. 2A and B represent the
situation hefore and 30 nin after the addition of a relalively small amount of
HRI (16 ng), respectively. I'ig. 2B represents a typical chromatopram after cn-
zymic degradation. Besides a decrease of the LUM peak to 72% of its original
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Fig. 1. Three-dimensicnal HPLC representations (rewemiion time eecves waveleitglh vervey ahzorbanos) of
Lhe reaction misture ol lwimmol (LUM), p-iodophenal (PTP) and peraxide befare (A ard W min after (B)
the addition ol a relatively large atmounl (300 ng/ml of horseradish perosiduse.

value, three newly formed peaks (indicated with A, B and C) are observed (al
retention times of 3.85, 4.58 and 4.97 min). which are degradation producis of
LUM. This was confirmed by doing the same experiment without PP, in which
the same three peaks showed up (Fig. 2I3). The PIP peak {at 11.153 min) has
decreased 1o a constant level of ca. 70% of its original value, and an additionsal
smal! peak is ohserved ar a retention fime of 10.83 min. When larger amounts of
HRP were used in the assay rotal consumntion of LUM was observed, accompa-
nied by total consumption of P1P {Fig. 2C). At low amounts of [IRP a constant
sipgnual wus observed, whereas at a higher concentration Lthe chemiluminescence
signal decreased rapidly owing to the consumption of LUM and PI1P. The ratio of
the three degradation products of LUM appeared to be independent of the con-
centration of HRP. Also the absence of the enhancer PIP has no influence on the
relative peak heights (Fig. 2D). In all cases the rario 1s ca. 10:1.9:11 (AR The
unexpected observation of three degradation products of LUM instead of only
one, Lhe 3-aminophthalate dianion, indicates that, besides the expected oxidation
resulting in the production of chemiluminescence, ather {dark) reachons may
cceur resulling in other products [13). This was confirmed by a pH study, in
which the ratio of the three peaks appeared Lo be strongly dependent on the pH.
AL pH 6.5, when no luminescence is produced, the ratio of the three peaks was
1G:12:2 (data not shown). A similar product formation was observed in The tran-
sicnt chemiluminescence system with LUM, hydrogen peroxide and microperoxi-
dase as catalyst. As shown in Fig. 3, the same ratio (10:2:11) was found again.
This vhservation does not clarify the function of the enhancer PIP. The only
conclusion that can be drawn about the enhancer is the increased degradation of
LUM if the enhancer is present {of. Tlig. 2C and D).
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Fig. 2. Chromatograms of teaction mixiures of the ereyme-enhunced ciemiluminescence [horseiadish
peroxidise, liminal {LUM), piicilophenol (PIP) and peroside]. (Aj Belore the addition of peroxidase; (D}
A0 alter the addition of 16 ng/ml perosidase; €C) 30 min after the addition of 300 g/ m. peroxidase; (I}
24 & alter the addition of 330 ngfml peroxidase i the absence of p-iodophencl

To investigate further the mechanism of action of the enhancer, other cn-
hancers were tested, including p-hydroxycinnamic acid and 6-hydroxybenzothia-
zole. Thesc reactions were performed at pH 8.0, Fig, 4C and D show chroma-
tograms of the reaction mixture containing the potent enhancer
p-hvdroxycinnamic acid before and after the addition of HRP, respectively. With
this enhancer a degradation of LUM ot 10%: was obscrved. accompanicd with
almost total breakdown of the enhancer. Although the product formation was
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Fig. 3. Chromatoprarss of reavlion mixtures of the tranzient chemilunueseence system: microperoxidase,
lumino! (LLIM), p-ivdophenol (PIP) ané peroxide (Tlpper) Belure the additGon of microperoxidase; (Jow-
er] 15 min aller the addition of 130 ng/ml microperoxiduse,

rathar low, only one depradation product of LUM was observed at 3.49 min,
Bascd on the retention time Lhis peak should be identical with peak A in Fig. 2.
The effect of the (nactive sterenisomer mr-hydroxveinnamic acid 1s shown in Fig.
4A and B. In this case only minor degradation of LUM was observed, with no
breakdown of the enhancer. Qualilatively similar hehaviour was abserved for the
enhancer 6-hydroxybenzothiazole. As shown in Fig. 3, after addition of HRP the
LUM peak decrzascd to 50% ol its original value, and (he enhancer peak dis-
appearcd completeley, which means that 6-hydroxvbenzothiazole is probably a
betier enhancer than p-hydroxycinnamic acid. Again only one depradation prod-
uct of LUM was detected, which is similar 1o that in Fig. 4 based on the retention
time.




HPLC OF CL-PROTIUCING OXIDATION OF LUMINOL 467

A T=0min B T= IS min
: Ff
. '§ -
| | ;
. =
| | :
| ‘
; E
_ g _ :
£ i i ’; g | )
=] £
g SR R E
8 | ' E n :
v ‘ b
= % :
= i 2
o = o &
& ] R LI S
< ‘ * U L N
S U B AN B W B
h] 10 o] 5 10
RETENTION TIME (min) RETENTION TIME (min)
C T=0mi
: mn - ] T= 1% mm
‘ | ;
o 5
* |
£ ,
‘ i [
: I £ ;
5 i §
jad m k
o 2 g
= z H
< <
[42] o ‘:F-.
£z - =
& , [ 3 & o .n
1] P o 1“4 ] a
] \ AR \ = o *{,
3 2 ﬁ
, LS Sy S e - . —
o 5 10 0 3 10
RETENTION TIME (min) RETENTICN TIME (min)

Fig. 4. Chromatograms of reaction mixlurcs of the enzyme-enananced chemiluminesceree (horseradish
peroxidase, luminoel, hydroxveinnamic acid and peroxide). {A) Before the addition of peroxidase in the
presence of m-hydroxyeinnamic acid; (B) 15 mun after the addition of 300 ng/ml peroxidase in the presence
of m-hydraxycinnamic acid: () betare the addition of peroxidase in The presence of g -hvdroxycinnamic
ackl; (1) 13 min aller the addiion of 300 ag/ml perosidase i the presence of p-hydroxycinnamic acid.
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Fig. 5. Chromatogram of reaction misturey of the eneyme-enbunced chemiluminescence (horseracish per
oxidase, ‘uminal, f-hydroxybenzothiazole and perexide), (Upper) Belore U addition of peroxidase in the
presence of f-hvdraxybenzothiazole: (lower) 13 min after the addition of 300 ng/inl peroxidase in ke
presence of p-hydrosvherzathiazate

CONCLLUSHONS

From the results of the HPLC analvsis of the enzymic reaction of HRP with
LUM, PIP and peroxide, it is clear that the method prescnted herc is suitable for
investigating both the kinclics and the mechanism of action of enzyme-enhaneed
chemiluminescence. From the HPLC results it can be concluded that the mecha-
nism of LUM peroxidation 1s strongly pli-dependent, at least hetween pll 6.5
and ¥.3, which are appropriate pH values for colorimetric and chemilumines-
cenee detection, respectively. Lo addilion, 1t 15 observed thal 4 number ol ox-
idation products of LUM are formed. The role of the enhancers P1P, p-hvdroxy-
cinnanue acld or 6-hydroxybenzothiazole 15 not yet cicar [14]. From (he presenl
siudy il is apparenl thal these compounds accelerate the turn-over of substrate
molecules. Most probably they are not wvelved w the blocking of other ox-
idation pathways thal may resull in dark reaclions, because the relative inlensities
ol the products formed are independent of the presence of the enhancer in case of
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PIP. The ather enhancers, p-hydroxycinnamic acid and 6-hydroxybenzothiazole,
probably act vig another mechanism because only one product is formed.

From a pH study of the enzyme-enhanced chemiluminescence [15] it was con-
cluded that the size of peak A in Fig. 2 is rather pH-1independent and that product
C shows the pH dependence expected For the LUM oxidation product, the ami-
nophthalate dianion. However, a comparison belween Lhe relative retention time
of peak A in Fig. 2 and 3B and that (3.5 min) of the LUM degradation product in
Fig. 4D, indicates that peak A in Fig. 2 must be assigned to the aminophthalatle
anion. Several attempts to identity the degradation products ol luminol by mass
spectrometric techniques have failed.

To elucidate the entire mechanism, additionil experiments will be necessary in
which the PIP;LUM ratio is varied at different pH values, other enhancers are
used, and the products farmed are identified. Ta determine the kinetics more
precisely more data points must be obtained in the time. This prelimizary report
will therefore be followad by more detailed HPLC studies 1o reveal the mecha-
nism of the enzyme-enhanced chemiluminescence in arder to increase the limit of
detection of HRP labels in chemiluminescence immunoassays.

NOTE ADDEDR TN 'ROOF

Recently, we succeeded in the assignment of peak A wo the aminophlhalate
diunion by mass speclromelry.
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