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The reactivity of 5-amino-2,3-dihydro-phthalazine-1,4-
dione (luminol) and phthalic hydrazide with hydroxyl
radicals was studied. HO -radicals were generated by
the Fenton reaction as well as by water radiolysis. Both
luminol and phthalic hydrazide react with hydroxyl
radicals under intense chemiluminescence (CL) emis-
sion. However, exclusively the CL arising from
phthalic hydrazide oxidation can be quenched by
competition (e.g. by the addition of carbohydrates),
whereas luminol CL is enhanced.

The reactivities of both compounds with HO®-
radicals were further studied by time-resolved spectros-
copy (pulse radiolysis), competition methods, NMR
spectroscopy and mass spectrometry. Whereas only
slight differences were detectable by pulse radiolysis,
the analysis of competition kinetics in the presence of
p-nitroso-dimethylaniline (NDMA) gave a two-fold-
enhanced reactivity for luminol (4.8 x 10°Imol™s™")
in  comparison to phthalic hydrazide (2.0x
10°Imol 's™).

NMR and mass spectrometric analyses revealed
significant differences in the reactivity of HO®-radicals:
whereas in luminol solutions hydroxylation of the
aromatic ring system predominated, hydroxylated
products were not detectable upon irradiation of

phthalic hydrazide. A hypothetical mechanism is pro-
posed which may explain the observed differences.

Keywords: Hydroxyl radicals, chemiluminescence, NMR
spectroscopy, v-radiolysis, luminol, phthalic hydrazide

INTRODUCTION

5-Amino-2,3-dihydro-phthalazine-1,4-dione (lu-
minol) and analogous phthalic hydrazides are
widely used in chemistry,!'?! biochemistry™!
and immunology'®® to detect reactive oxygen
species by the emission of light. Reactions lead-
ing to light emission in the luminol system are
extremely complex and consist of a number of
oxidation steps and nucleophilic additions to
the aromatic ring.®'?! The involvement of free
radical intermediates was also described.!”®
Hydrogen peroxide is known to enhance the
chemituminescence (CL) yield of the oxidation
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of luminol by hypochlorous acid.**” The amino
group in luminol serves as electron-donating
group due to its positive mesomeric effect
and enhances the CL intensity resulting from
reactions on the hydrazide group."® The pres-
ence of an electron-donating group on the
phenyl ring is most important because simple
phthalic hydrazide itself does not yield any
CL."8 Thus, primarily an electron-donating
group like a hydroxyl residue must be introduced
into the aromatic ring by reaction with hydroxyl
radicals. This enhances the electron density in the
aromatic ring and the resulting hydroxylated
phthalic hydrazide can be further converted to
emit light.["®!

We focused especially on the reactivity of
carbohydrates with hydroxyl radicals generated
radiolytically or via Fenton chemistry,*?"! since
hydroxyl radicals are believed to be involved
in the pathogenesis of inflammatory diseases,
e.g. theumatoid arthritis.”**?! As recently shown
by 'H NMR spectroscopy, formate and to a
lesser extent malondialdehyde are the main
products of carbohydrate degradation pro-
cesses.?%! Unfortunately, investigations based
on product analysis give only limited infor-
mation. To perform a detailed analysis, time-
resolved techniques such as pulse radiolysis
or different competition methods should also
be used. Thus, our current aim is to use CL for
studying hydroxyl radical-induced carbohydrate
degradation processes.!"”’

Besides phthalic hydrazide, luminol emits also
light upon interaction with hydroxyl radicals.
Two different processes, a reaction on the hydra-
zide group and an addition of hydroxyl radical
on the aromatic ring, are assumed to be in-
volved."*'® Unfortunately, detailed mechanisms
of reactions of hydroxyl radicals with hydrazides
remain unknown.

Therefore, here we investigated the reaction of
hydroxyl radicals with luminol and phthalic
hydrazide using CL, pulse radiolysis, y-radioly-
sis, NMR spectroscopy and MALDI-TOF mass
spectrometry.

MATERIALS AND METHODS

Materials

Luminol was from Boehringer Mannheim
(Germany), whereas phthalic hydrazide (2,3-
dihydrophthalazine-1,4-dione) was from Aldrich
(Germany). Ferrous chloride, hydrogen peroxide,
p-nitrosodimethylaniline (NDMA), buffer sub-
stances and all chemicals for NMR spectroscopy
(sodium 3-(trimethylsilyl)-propane-1-sulphonate
(TSP), deuterated water and deuterated di-
methylsulphoxide with 99.95% *H) were pur-
chased from Fluka Feinchemikalien (Neu Ulm,
Germany). The concentration of hydrogen per-
oxide was determined by its UV absorption using
A=230nm and e =741mol " em.** Carbohy-
drates (glucose and chondroitin sulphate from
bovine trachea with a molecular weight of about
5x 10*Da) were obtained in highest available
purity from Fluka Feinchemikalien (Neu Ulm,
Germany). Chondroitin sulphate was dialysed
prior to use against 50 mmol/l isotonic phosphate
buffer pH 7.4 to remove traces of low-molecular
components (mainly acetate and formate).!?%?!}

Radiation Experiments

Stationary radiolysis experiments were carried
out using the irradiation plant PANORAMA at
the Institute for Surface Modification, Leipzig.
The applied v dose rate from a *°Co source was
10.3 kGy per hour. Doses (applied between 4 and
12 kGy) were determined by Fricke dosimetry. All
samples were irradiated in the presence of atmos-
pheric oxygen in standard laboratory glass
tubes.?” Subsequently, water was evaporated
and the residual material redissolved in perdeu-
terated DMSO for NMR measurements.

The time resolved (pulse radiolytic) experi-
ments were carried out with the pulse transformer
accelerator ELIT generating 20ns, 100 Gy pulses
of 1MeV electrons. Transients were detected
by optical spectroscopy in a continuous flow
system. Spectra represent an average of 8 indi-
vidual single “shots”.
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NMR-measurements

High resolution proton NMR measurements
were conducted at ambient temperature on a
Bruker AMX-300 spectrometer operating at
300.13MHz for 'H. Typically 0.40ml of the
aqueous solutions from the radiation experi-
ments was placed in a 5 mm diameter NMR tube
and 50 pt of D,O was added to provide a field
frequency lock. Water signal suppression was
performed by presaturation, i.e. a 2s pulse was
applied on the water resonance frequency before
data acquisition. One hundred and twenty eight
free induction decays were averaged with a total
delay between two pulses of 8 s to allow full spin-
lattice relaxation (T;) of the protons in the
sample.m] In some experiments to detect ex-
changeable protons, samples of both hydrazides
were evaporated to dryness in a vacuum cen-
trifuge (Jouan, Germany) and the sample was
subsequently redissolved in perdeuterated di-
methylsulphoxide (DMSO-dg), which was care-
fully dried over molecular sieves.

All spectra were recorded with a spectral width
of 4000 Hz, according to approximately 13 ppm.
No line-broadening or Gauss-broadening was
applied to the free induction decay (FID). Chemi-
cal shifts were referenced to internal sodium 3-
(trimethylsilyl)-propane-1-sulphonate in a final
concentration of 500 umol/1,'*> which was added
after irradiation. In the case of DMSO, the
remaining proton resonance of incompletely
deuterated DMSO (6=2.49 ppm) was used as
internal reference.*®!

CL Measurements

CL measurements were performed on a Auto-
Lumat LB 953 (Berthold, Wildbad, Germany)
in polypropylene vessels (1 ml measuring vol-
ume) using 0.05mol/l phosphate buffer, pH 7.4.
The following concentrations were used: 1 x
107° mol/I luminol or phthalic hydrazide, which
was added immediately prior to measurement,
hydrogen peroxide and freshly prepared ferrous
chloride in a concentration of 2.5 x 10 *mol/l.

The latter two substances were injected by an
injector device.'!

Ferrous ion solutions were prepared in double-
distilled water under an atmosphere of argon.
This procedure was necessary to avoid the
formation of oxidation products like Fe(OH);
and FePO,4 under alkaline conditions and in the
presence of oxygen."?”}

Photons were counted over a period of 10s.
Experiments were repeated at least three times.

MALDI-TOF Mass Spectrometry

Since luminol and phthalic hydrazide are
strongly UV-absorbing chemicals, they can be
easily analysed by MALDI-TOF mass spectro-
metry. An aqueous solution of luminol or phthal-
ic hydrazide was treated with different ferrous
ion concentrations, whereas the hydrogen per-
oxide conceniration was kept constant. Subse-
quently all solutions were evaporated to dryness
and the residual material redissolved in a small
amount of DMSO. Since both hydrazides absorb
at the laser wavelength, no additional matrix was
used in these experiments and the samples were
directly applied to the sample plate. Samples
were allowed to crystallize under a warm stream
of air under standard conditions.

MALDI-TOF mass spectra were acquired on a
Voyager Biospectrometry workstation (PerSep-
tive Biosystems, Framingham, UK). The extrac-
tion voltage used was 20kV. Pressure in the ion
chamber was maintained between 1 x 1077 and
4 x 107 torr. To enhance the signal-to-noise ratio
128 single shots from the nitrogen laser (337 nm)
were averaged for each mass spectrum. The laser
strength was kept about 10% over threshold
setting to obtain the best signal-to-noise ratio;
spectra were run in the reflector mode.

Colorimetric Measurements

A stock solution (2x 10 *mol/l) of NDMA
was prepared in 50 mmol/1 phosphate buffer.**
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Because of its light sensitivity this solution was
kept in the dark. For all determinations it was
further diluted to 4 x 107° mol/1. Hydrogen per-
oxide, followed by ferrous chloride were added
to yield both final concentrations of 2 x
102 mol/l. Absorption of remaining NDMA
was measured at 440 nm™®! in the absence and
the presence of luminol or phthalic hydrazide
to determine the rate constants of the reaction
between these compounds and hydroxyl radi-
cals. All colorimetric measurements were per-
formed on a Hitachi U-2000 spectrophotometer
in plexiglas cuvettes.

RESULTS

CL Measurements

Since luminol is one of the most commonly used
chemiluminescent hydrazides,® CL experiments
were first performed with luminol and the
complete Fenton reagent (hydrogen peroxide
and ferrous chloride). The generation of hydroxyl
radicals is assumed in this oxidation reaction,
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although Fenton chemistry is still under discus-
sion and ferryl species are also thought to be
involved %%

Upon treatment of a phosphate buffered solu-
tion of luminol with hydrogen peroxide and
ferrous ions, a flash of light is emitted. As shown
in Figure 1(a), using a fixed concentration of
luminol (1 x10™°mol/l) and ferrous chloride
(2.5 x 10~°mol/), the light emission upon lumi-
nol oxidation depends on hydrogen peroxide
concentration. With increasing hydrogen perox-
ide concentrations, CL yield increases up to
ferrous ions and hydrogen peroxide are present
in the same molar ratio, but CL decreases again
with larger hydrogen peroxide concentrations.”
Therefore, a 1:1 molar ratio between Fe’* and
H,0O, was used to obtain a maximum yield of CL.

In Figure 1(b), the time course of the reaction
between luminol and the Fenton reagent is
shown; counts were integrated over a 50ms
interval. The generation of light is completed
after about 0.5s after mixing luminol with the
Fenton reagent. In accordance with Figure 1(a),
light emission is most expressed, when an
equimolar ratio between hydrogen peroxide
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FIGURE 1 Intensity of luminol CL (a) and the corresponding time course (b). In (a) luminol (107> mol/l) was mixed with
ferrous chloride (2.5 x 107°mol/1). Photons were counted for 10s immediately after addition of varying amounts of hydro-
gen peroxide. (b) Shows the time course of CL-generation (1 x 10™°mol/l luminol and 2.5 x 10~°mol/l Fe®*). Hydrogen
peroxide was used at 1 x lO"f’mol/l (W) and 2.5 x lO’6mol/l (C1). CL yield was determined over 50 ms.
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and ferrous ions is used, and luminescence yield
decreases when the stoichiometry is altered. At
lower concentrations of hydrogen peroxide, the
reaction is much faster and is already completed
after 0.2s.

Since carbohydrates do not react with hydro-
gen peroxide or ferrous ions alone® and, thus,
the stoichiometry of the reaction leading to CL is
not altered in the presence of carbohydrates, CL
intensity should be reduced depending on the
carbohydrate concentration due to a competition
of carbohydrates with hydrazides for hydroxyl
radicals." Four typical CL curves obtained
with the physiologically relevant polysaccharide
chondroitin sulphate and glucose are shown in
Figure 2 using luminol (open symbols) as well
as phthalic hydrazide (solid symbols) as light-
generating compounds.

251

20

15}

10

05

Chemiluminescence, counts x 10°

00 N

107 10° 107 10° 10° 10* 10° 107
Carbohydrate concentration, mol/l

FIGURE 2 Comparison of CL curves recorded with lumi-
nol (open symbols) and phthalic hydrazide (solid symbols)
upon the addition of the Fenton reagent. CL was recorded
in the presence of chondrotin sulphate (V) and ghucose
(O). Experiments were carried out in phosphate buffer, pH
7.4 using 1% 10 mol/l of the corresponding hydrazides
and hydrogen peroxide as well as ferrous chloride (2.5 x
107%mol/l). Photons were counted over 10s. The means of
four independent experiments are shown: standard devia-
tions are in the range of symbol size.

Differences in the shape of competition curves
and the corresponding CL intensities are detect-
able. First, CL intensities obtained by the use of
luminol are enhanced about five times in com-
parison to the light intensity using phthalic
hydrazide. Additionally, the shape of the curves
is different for both compounds. A diminution of
CL intensities with increasing concentrations of
carbohydrates (due to competition of phthalic
hydrazide with carbohydrates for hydroxyl
radicals) is only found in the presence of phthalic
hydrazide.

However, strongly enhanced CL intensities
result over a wide carbohydrate concentration
range (up 1mmol/l to) when luminol is used.
Whereas the differences in light intensity can be
explained by the electron-donating amino group
in luminol,"'” the enhanced CL intensities in
the presence of luminol are not yet understood
(see discussion).

Time Resolved Radiolysis Studies

Phthalic hydrazides exhibit two possible targets

for HO®-radicals, on the aromatic and on the -

N-substituted heterocyclic ring system. Although
Baxendale®® did pioneering pulse radiolysis
studies on luminol, this work did not show
any evidence for the generation of hydroxylated
aromatic species. However, hydroxylation is ex-
pected upon radiolysis of aqueous solutions of
aromatic species.®

In Figure 3 the time-resolved UV-spectra of
N,O-saturated solutions of both compounds are
shown. In pulse radiolysis methodology, a short
high-energy electron pulse>! from an accelera-
tor is passed through a cuvette containing the
corresponding sample and the optical spectrum
recorded a few ps after this pulse. In the case of
dilute aqueous solutions, energy is practically
exclusively spent in the production of reactive
oxygen species from the water and the following
particular reactions can be assumed:

HQO — I‘Izc).+ +e, I‘IQC)’k (1)
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FIGURE 3 Time-resolved spectrophotometric study of the
reaction between luminol (®) and phthalic hydrazide (W)
in a final concentration of 1 x 10~*mol/I in 0.05mol/1 phos-
phate buffered solution, flushed with N;O. Spectra were
recorded 5ps after a 5.6krad electron pulse. The inset
shows the decay at 330nm and the formation of a new
absorption at 390 nm.

H,0" (+nH,0) — HO® + H' 2)
e” (+nH0) — e (3)
H,0" — H* 4+ HO® (4)

NyO-saturated solutions are often used, where
the N,O serves for the conversion of electrons
into hydroxyl radicals. Thus, the yield of hy-
droxyl radicals is enhanced:

€q T N0+ H;0 - HO*+HO™ +N; (5)

In our experiments, spectra were obtained 5 ps
after a 5.6 krad electron pulse. In both cases, the
absorption at about 330 nm is diminished mark-
edly upon the electron pulse, and this diminution
is accompanied by the formation of an additional
absorption at about 390nm according to the
formation of the hydroxy-cyclohexadienyl radi-
cal (see insert). From the formation of the strong
absorption at 390nm, second-order rate con-
stants can be derived for the reaction between

O°-radicals and both hydrazides. The analysis
according to the formation of the cyclohexa-
dienyl radical yields 7.4 x10°Imol™'s™" for
luminol and 5.3 x 10°Imol™'s™" for phthalic
hydrazide, indicating only small differences in
the reactivity.

Determination of Rate Constants by the
Bleaching of p-nitrosodimethylaniline

Due to the superposition of absorbances, compe-
tition kinetics by pulse radiolysis with e.g.
NDMA P2 are difficult to determine. Thus, we
have performed additional, stationary experi-
ments using the competition between the hydra-
zides and NDMA. This dye is known to react with
hydroxyl radicals under the formation of colour-
less products.””® The reaction between HO® and
the dye can be monitored by the “bleaching” of
the absorption at 440 nm, where the following
reactions are assumed:*”!
A4

o &@@

Figure 4(a) shows the differences in bleaching of
the dye in the presence of luminol or phthalic
hydrazide. In the absence of any additional
compound, NDMA is the sole available target
for HO® which induces intense bleaching, i.e. a
low residual absorption at 440 nm. The observed
absorption difference upon the addition of the
Fenton reagent is about 0.9 under our experi-
mental conditions. When additional components
(luminol and phthalic hydrazide) compete with
NDMA for hydroxyl radicals, a reduced bleach-
ing is observed with increasing concentrations
of the hydrazides. It is evident that both com-
pounds show slightly different competition
curves (Figure 4(a)), corresponding to different
second-order rate constants.

CH, HGC CH,
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FIGURE 4 UV-absorption at 440nm of a solution of 4 x 10> mol/1 NDMA. Hydrogen peroxide, followed by ferrous
chloride were added to yield final concentrations of 2 x 10~>mol/] in the presence or absence of luminol (®) or phthalic

hydrazide (V, a). Stern-Volmer plots are given.

Quantitative analyses were also performed
using a Stern-Volmer plot:'**!

Aly 1 ky[hydrazide] 7
AL~ " k.JNDMA] @)

With the second-order rate constant for the
reaction between HO® and NDMA, the corre-
sponding values for the hydrazides can be
calculated. Al, and Al. denote the absorption
differences at 440nm in the absence or the
presence of the corresponding hydrazides, re-
spectively, where k, and ky, are the rate constants
of the reaction of NDMA and the corresponding
hydrazide with hydroxyl radicals.”®!

Straight lines with an intercept at 1 are obtained
(Figure 4(b)), when the ratio Aly/Al is plotted
versus the concentration ratio [hydrazide]/
[NDMA]. The second-order rate constant for the
reaction between HO® and NDMA was deter-
mined to be 1.25 x 10'°1mol s this value
is about two-fold higher than one would expect
for a diffusion-controlled reaction. On the other
hand, the determination by pulse radiolysis
gave 6.9 x 10°1mol ™' s™". This value seems more
suitable and was used for the calculation of the
second-order rate constants, 4.8 x 10°1mol ' s~

for luminol and 2.0 x 10°1mol 's! for phthalic
hydrazide. This is roughly in agreement with the
value for luminol, determined by pulse radiolysis
(8.7 x 10°1mol ! s 1.3 Thus, the presence of
the amino group in luminol markedly changes
the reactivity against HO®-radicals in comparison
to phthalic hydrazide.""'”!

NMR Spectroscopic Studies

Figure 5 shows the NMR spectra of luminol and
phthalic hydrazide in DMSO-de. This solvent
was chosen since it allows (in contrast to water)
the detection of acidic protons (the -NH-groups
of the hydrazide group and the amino group in
luminol).®”} Both hydrazides are scarcely soluble
in water or buffers, but easily soluble in
DMSO.# The spectrum of luminol (Figure 5(a))
exhibits three well-resolved resonances for the
C-H-protons of the aromatic ring and two broad
signals for the exchangeable protons of the
hydrazide (11.25ppm) and the amino group
(7.32 ppm). In contrast, the spectrum of phthalic
hydrazide (Figure 5(b)) consists only of three
well-resolved resonances, in good agreement
with Ref. [38]. It should be mentioned that the
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FIGURE 5 Proton NMR spectra of a 0.01 mol/1 solution of luminol (a) and phthalic hydrazide (b) dissolved in DMSO-d,.
The assignment of the different resonances to the corresponding protons is given.

resonances are influenced by the residual water
content in the DMSO (data not shown), partic-
ularly the resonances at 6.90 and 6.99 ppm.
Regarding the shape of the resonance of the
hydrazide group (11.25/11.55 ppm), it is sharp in
phthalic hydrazide, and it is rather broad in the
luminol spectrum. Additional data from '*C
NMR investigations indicate an expressed tauto-
merization between the keto- and the enol-form
(data not shown) which results in a considerable
line-width of the hydrazide protons. An ex-
change of the NH protons with the residual small
quantity of water cannot be excluded, whereby
luminol is more influenced by the presence of
water than phthalic hydrazide. When the resi-
dual water resonance in a luminol solution (in
DMSO containing a small quantity of water) is

suppressed by presaturation, the resonance of the
amino group at 7.29 ppm also vanishes (data not
shown). This indicates that a small quantity of
water is in direct contact with the amino group of
luminol and a fast exchange with the amino
group takes place.”!

Figure 6 shows the low-field end of the NMR
spectra of a solution of luminol in DMSO-d¢ in
dependence on the applied radiation dose. The
following doses were applied: (a) blank sample,
(b) 4kGy, () 8kGy, and (d) 12kGy. In (a) the
influence of the water concentration on the
luminol resonances is clearly visible. Since irra-
diation has to be carried out in water, the aqueous
solutions were evaporated to dryness after
irradiation and the residual material was redis-
solved in DMSO. Obviously, this procedure
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FIGURE 6 Proton NMR spectra of irradiated samples of
luminol dissolved in DMSO-dg. The following radiation
doses were applied: (a) No irradiation, (b) 4kGy, (c) 8kGy,
and (d) 12kGy. Samples were irradiated in water. Sub-
sequently, water was evaporated and replaced by DMSO-d,.

confers an enhanced water content in the sam-
ple and, thus, the intensities of resonances are
changed in comparison to a luminol sample
dissolved in absolute DMSO (Figure 5(a)).
The limited solubility of luminol in water also
leads to a poor signal-to-noise ratio in the spectra
of irradiated samples.

Spectra change markedly with increasing
radiation doses, whereby all resonances of lumi-
nol are markedly diminished and some new
resonances arise. A doublet at 7.09ppm gets

already detectable at the lowest radiation dose
((b), 4kGy) and increases over the applied radi-
ation dose. A doublet is obviously caused by the
coupling with a further C-H-proton. The char-
acteristic coupling constant *J('H'H)= 8.3Hz
indicates that both protons are directly ortho-
coupled.®”! This can only result from a hydro-
xylation in a- or y-position to the amino group
(see Figure 6). These positions exhibit the highest
negative charge density™®” and are, thus, the
preferred sites of hydroxylation. Unfortunately,
the expected second doublet of the hydroxylated
product was not detected, most likely because of
a superposition of this new resonance with the
residual luminol resonance at 6.99 ppm.

The hydroxylation of the aromatic ring is also
monitored by the appearance of a broad reso-
nance at 6.65 ppm most likely corresponding to
the OH-proton of the introduced hydroxyl group.
This resonance is only detectable upon irradia-
tion with 12kGy where luminol is nearly com-
pletely converted into the hydroxylated product.
Surprisingly, changes on the hydrazide group
at 11.25 ppm were not detectable. Here, only a
drastic diminution of signals occurs without the
formation of further resonances.

In contrast, the NMR spectra of phthalic
hydrazide remain nearly unchanged upon irra-
diation (data not shown). A continuous decrease
of all resonances indicates a complete breakdown
of phthalic hydrazide. Only at the highest applied
radiation dose (12kGy) very small additional
resonances between 7.3 and 7.6 ppm become
detectable.

MALDI-TOF Mass Spectrometric Analysis

MALDI-TOF (matrix-assisted laser desorption
and ionization time of flight) mass spectrometry
was originally developed for the investigation
of proteins and other biopolymers,“! where
an appropriate UV-absorbing matrix component
transfers the laser energy to the sample. This
method can also be applied for the analysis
of low-molecular compounds which show an

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

For personal use only.

54 ) J. SCHILLER et al.

UV-absorbance, without any additional matrix
compound. Changes in the negative ion mass
spectra of luminol (left) and phthalic hydrazide
(right) upon the action of Fenton reagent (hydro-
gen peroxide and ferrous chloride) are given in
Figure 7. Pure luminol and phthalic hydrazide
yield a single peak at 176 or 161, respectively,
corresponding to the molecular mass of their
anions. The treatment with hydrogen peroxide
alone (b) did not cause any changes in the mass
spectra of both hydrazides.

However, some minor peaks arise at higher
molecular weights after the addition of FeCl,
(traces ¢ and d). An additional peak at 192 is
formed under these experimental conditions in
luminol solution. In accordance with NMR ex-
periments this peak corresponds to hydroxylated
luminol. Other products were not detectable in
this sample. On the other hand, a more compli-
cated product spectrum is observed in phthalic
hydrazide treated with the Fenton reagent. In
addition to the phthalic hydrazide (161) thereis a
number of less intense peaks. The peak at 177
corresponds to the hydroxylated product as in
the case of luminol. The hydroxylation of the

192
—
L 191\”(193

N
_

aromatic ring in hydrazides shifts the molecular
weight by 16 units. There is a further peak at 193
with a shift of 32 units towards the phthalic
hydrazide. It seems very unlikely that a second
hydroxylation site exists because NMR experi-
ments did not reveal signs of hydroxylation.
Thus, we assume that subsequent to the abstrac-
tion of a hydrogen atom from the hydrazide
group either by Fe’* or by the hydroxyl radical,
molecular oxygen can be added to the molecule.
Finally, the peak at 209 may result from a
combination of both effects, i.e. addition of
molecular oxygen to the hydrazide ring and
hydroxylation of the aromatic site.

Thus, a hydroxylated product is exclusively
formed in the luminol solution upon the action of
Fenton reagent, but several different products are
formed in phthalic hydrazide. Another conclu-
sion from these experiments is that mainly
hydroxyl radicals must be formed by the Fenton
reaction. The involvement of ferryl species would
result in the formation of higher oxidation
products, which should show a marked molec-
ular weight distribution of iron isotopes. How-
ever, such products were not detectable.

193

L m ™

L

A (b)
— 176 — 161
T ; ; T T 1 | T T T T T T 1
160 180 200 220 160 180 200 220
Mass (m/z) - Mass (m/z)

FIGURE 7 MALDI-TOF mass spectra of luminol (left) and phthalic hydrazide (right). For each sample a 10mmol/1 solution
of the corresponding hydrazide was used. (a) shows the reference sample, whereas (b) was recorded upon the addition of a
1:1 molar ratio of hydrogen peroxide. Ferrous chloride was added to the samples: 5mmol/l (c), and 10 mmol/I (d).
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DISCUSSION

The amino substituted derivative of phthalic
hydrazide, known as luminol,"*?! and its unsub-
stituted: analogue, phthalic hydrazide***! were
compared towards their reactivity with hydroxyl
radicals. The second-order rate constants for the
initial reaction with hydroxyl radicals deter-
mined by pulse radiolysis and, more expressed,
by competition kinetics with NDMA are about
two-fold higher for luminol than for phthalic
hydrazide.

Using "H NMR spectroscopy we were able to
detect marked differences in the radiation behav-
iour. Whereas luminol is clearly hydroxylated
by HO®, hydroxylation was not observed using
phthalic hydrazide in good agreement with
MALDI-TOF experiments. With this technique,
hydroxylation of luminol was detectable, but
hydroxylated phthalic hydrazide was only de-
tectable to a low extent. In the latter case, the
addition of molecular oxygen to the hydrazide
site of the molecule predominates.'*”

Whereas differences in pKa values of lumi-
nol (1.46/6.35/15.21)* and phthalic hydrazide
(5.87/14.75*"" are not likely to cause such dif-
ferences, electronic effects of the amino group
obviously markedly influence the reactivity of
luminol and phthalic hydrazide. Due to its
positive mesomeric effect, electron density is
enhanced in the aromatic rings of luminol.

The presence of the amino group also deter-
mines the structure of luminol, conferring differ-
ences in the NMR spectrum in comparison to
phthalic hydrazide. This especially concerns the
line-width of the hydrazide protons and the
interaction of the amino group with water. We
assume that a water molecule is very close to the
amino group, since upon saturation of the water
resonance, the amino group also vanishes. Addi-
tionally, a fast equilibrium between the keto- and
enol-forms of luminol is assumed, since the line-
width of the hydrazide protons in luminol
is considerably larger than in unsubstituted
phthalic hydrazide. On the other hand, an

aggregation of phthalic hydrazide in aqueous
solution cannot be excluded.

Phthalic hydrazide competes efficiently with
other compounds for hydroxyl radicals, detect-
able by the inhibition of CL (see Figure 2). This
approach can be used to determine second-order
rate constants for hydroxyl radical reactions with
carbohydrates.!” Due to its pKa-value of 6.35
there is also a fast exchange between the proto-
nated and the unprotonated form of Iuminol
under mild alkaline conditions, and, thus, both
forms cannot be discriminated.***”! Two differ-
ent reaction sites for HO® on luminol have been
proposed (Figure 8). First, HO® is added as a
powerful electrophilic oxidant to the aromatic
ring (compare NMR and MALDI results). The
resulting radical interacts with molecular
oxygen under the formation of a peroxyl radical.
This product is subsequently converted into a
hydroxylated compound under removal of

Semidiaza-
\\0“ NH uumone radlcals

Dismutation of
two radicals

Luminol LH,
0 3-Aminophthalate
L {emitter}
HO_ HH, O
Hydroxylated
luminot
HO-LH

FIGURE 8 Schematic representation of the molecular
events involved in luminol CL.
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superoxide.[18'48] Secondly, HO® is also known to
abstract a hydrogen atom from the hydrazide
group yielding a semidiazaquinone radical.'>*!
This second pathway leads to the formation of
3-aminophthalate, the emitter of luminol cr.b2
It is assumed that only about 30% of hydroxyl
radicals contribute to the second pathway,
whereas most hydroxyl radicals cause a hydrox-
ylation of the aromatic ring."? This is in agree-
ment with our MALDI experiments. Since CL is
formed solely from the diazaquinone, and hydro-
xylated luminol acts as an efficient scavenger,
higher amounts of hydroxylated luminol may
quench CL.1®!

On the other hand, ferric ions have also been
shown to induce the formation of semidiaza-
quinone radicals, resulting in CL." Since the
Fenton reaction yields two different species
(hydroxyl radicals, ferric ions) which both react
with luminol, CL-generation is extremely diffi-
cult to describe and depends on a lot of different
conditions.

From our experiments we propose a mecha-
nistic scheme to explain the differences in
the quenching ability of luminol and phthalic
hydrazide; both, hydrogen peroxide as well as
carbohydrate concentration are known to influ-
ence CL patterns. At low concentrations of
oxidizing species (HO®, Fe’"), pathway 2 of
luminol oxidation is preferred. At higher con-
centrations, the contribution of pathway 1 in-
creases and an inhibition of luminescence-
generation is observed. Thus, scavenging of
hydroxyl radicals by carbohydrates leads to the
diminution of oxidizing species and conditions
favouring pathway 2, whereby an enhancement
of CL occurs.

Thus, we must conclude that the CL properties
of luminol are different from its unsubstituted
derivative. These differences should be care-
fully taken into account when using CL as a
competition method to estimate effects of hydro-
xyl radicals on selected substances. Phthalic
hydrazide seems to be the compound of choice
for this purpose.
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