Studies on the redox activity of iron
N,O-complexes: Potential T,-contrast agents
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Objectives: The goal of this study was to determine the redox activity of iron (ethylenebis[2-(o-
hydroxyphenyl)glycine]) (EHPG) and (ethylenebis[2-(o-hydroxybenzyl)glycine]) (EHBG) (N,N-bis(2-
hydroxybenzyl)ethylenediamine-N,N'-diacetic acid) derivative complexes and of some N,O-salan
complexes of iron. The hexadentate chelate (EHPG and EHBG) ligands varied in their substituents (polar
OMe, NHAc, or lipophilic Ph), while the latter had different charge and lipophilicity. The low redox activity
of these complexes is important in their potential applications as magnetic resonance imaging contrast
agents.

Methods: Redox activity was assessed in the entire Haber-Weiss cycle and separately in the Fenton reaction.
The spin-trapping method with 5,5-dimethyl-1-pyrroline-N-oxide monitored in electron paramagnetic
resonance was used. The standard Mn marker was applied as a reference for quantitative analysis.
Additionally, ascorbate oxidation was analyzed with UV-Vis spectrophotometry.

Results: Both the Haber-Weiss cycle and in particular the Fenton reaction showed low redox activity of the
studied complexes, which did not exceed 30% of [Fe(EDTA)]” or FeCl; activity. The N,O-salan
complexes expressed even lower activity, i.e. 10-20% activity of [Fe(EDTA)] .

Discussion: For the EHPG and EHBG complexes, it is likely that hydrophobicity and the possibility of H-bond
formation play a major role in the resulting redox effects. For this reason, chelates equipped with phenyl
groups in the majority belong to less redox-active complexes. For N,O-salan complexes, activity is not
correlated with the charge of the coordination sphere, but again, the highly hydrophobic character of the
groups and the non-pendant substituents capable of H-bonding that are present in these ligands limit the
affinity of hydrophilic species.

Keywords: Fe** complexes, Salan ligand, EHPG, N, N'-Bis(2-hydroxybenzyl)ethylenediamine-N, N'-diacetic acid, Redox activity, Fenton reaction,
Haber-Weiss cycle

Introduction

Magnetic resonance imaging (MRI) has gained par-
ticular interest as a medical diagnostic technique due
to its non-invasive character, high spatial resolution,
and extended applicability in soft tissues.! Another
key feature of MRI is the possibility of image altering
by using contrast agents.” Recently published N,O
models based on Fe’* complexes could potentially
serve as complementary or even alternative agents to
the commonly used gadolinium compounds.®”
These belong to (ethylenebis[2-(o-hydroxyphenyl)
glycine]) (EHPG) and (ethylenebis[2-(o-hydroxyben-
zyl)glycine]) (EHBG) or N,N'-bis(2-hydroxybenzy-
Dethylenediamine-N, N'-diacetic acid derivatives as
well as pentadentate aminophenol chelates. Despite
the many advantages of iron systems,®’ i.e. their
endogenous character, well-known physiological path-
ways, and elimination of the ecological and side effect
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issues regarding gadolinium, there are concerns about the
potential deleterious effects.® The major concern is redox
activity, mostly proceeding via one-electron exchange. A
classic example of such a process is the Haber—Weiss
cycle (equations (1) and (2)).” The second reaction
closing the short series of one-electron transformations
and making the process catalytic from the point of
view of iron is well known as the Fenton reaction.

Fe*t +-0; — Fe** 4 0,. 1)
Fe** + H,0, — Fe** + OH™ + ‘OH. )

Both radicals, ‘O; and ‘'OH, belong to reactive oxygen
species (ROS).'” Although ‘Oj is relatively unreactive
in aqueous media, the product of the Fenton reaction
‘OH expresses tremendous reactivity with a half-life in
the cells of 10~ seconds.!" A series of Fe complexes
with common chelates has already been tested.
Fe-EDTA deserved the inglorious first place in the
hall of fame of ‘OH producers’, followed by the
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nitrilotriacetic acid complexes, citrate, and phos-
phates.'>!3 On the other hand, ATP and deferoxamine
(DFO) turned out to be very poor Haber—Weiss cata-
lysts.'* It was also demonstrated that Fe-EDTA is a
very good Haber—Weiss catalyst expressing high
activity in each of the component reactions.
Contrarily, Fe-DTPA (diethylenetriaminepentaacetic
acid) was found to catalyze the Fenton reaction even
more effectively than EDTA, while Fe-DTPA was
rarely involved in the reaction with -O,~."> For this
reason, we investigated both the entire Haber—Weiss
cycle by the generation of ‘O, ™, analyzing the relative
quantity of 'OH and the Fenton reaction separately.
We came up with several factors which have the most
important influence on the entire Haber—Weiss cycle
and discussed them with respect to the gathered data.
It is worth noting that there are also many beneficial
effects of redox activity, as active iron N,O-complexes
serve as a catechol dioxygenase model'®!'7 and cata-
lyze the desired oxidation of aromatic compounds.'®

Materials and methods

The synthesis of the iron(IIl) complexes of EHPG,
EHBG, and ligands L1-L3 was described in our
papers.* > Iron(II) complexes were obtained in situ
by mixing an equimolar (for L2:Fe(IT)/L2 the molar
ratio was 1/2) amount of freshly recrystallized
FeSO,4 and the appropriate ligand, reaching a final
molarity of 1 mM as used in the Fenton test. The com-
plexes were tested directly after preparation. The litera-
ture data indicate that such Fe>" complexes are stable
to auto-oxidation in the presence of air.'?

Sample preparations
Phosphate buffer, pH = 7.4, 150 mM was prepared
from 24 ml of 1 M K,HPO, and 60 ml 1 M KH,PO,
with distilled water to a final volume of 200 ml.
Acetate buffer, pH =6.0, 202 mM was prepared
from 0.48 ml of glacial acetic acid and 16.11g
sodium acetate with water to a final volume of 11.
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 0.6 mM
stock solution was prepared from 20 pl commercial
DMPO (Sigma-Aldrich) with 280 pl acetate buffer
and stored in a refrigerator. Ascorbic acid (Asc) was
recrystallized from ethanol and diethyl ether (1:1 v/v).
Hydrogen peroxide aqueous 0.056 M solution was
used; its molarity was determined by permanganate
titration. Xanthine-saturated solution was prepared by
dissolving 0.1 g xanthine in 50 ml phosphate buffer.
The solution was stored in the dark. Xanthine oxidase
0.4 U/ml aqueous solution was prepared from a
commercial enzyme (Sigma-Aldrich) and stored in
a refrigerator. The tested iron complexes were pre-
pared according to the literature reports.>™

Electron paramagnetic resonance (EPR) measure-
ments were performed on an EPR JEOL JES-FA
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300 spectrometer at room temperature with the follow-
ing parameters: central field 345+ 7.5 mT, power
1 mW, modulation width 0.025 mT, field modulation
0.2 mT, time constant 0.3 seconds, amplitude 160,
measurement time 4 minutes, and Mn standard
marker Mn?* in MgO. The data were retrieved using
ESR DATA PROCESSING 3.3.35 E XB and processed
with Microcal® Origin 6.0. Exemplary EPR spectra are
presented in the Supporting Materials.

Haber—Weiss cycle tests

Samples of 50.5 ul volume were measured in a glass
capillary mounted in a quartz EPR tube. The molari-
ties given in parentheses refer to the stock solutions.
The samples were prepared as follows: 22 pl of
DMPO solution (0.6 mM as described above), 3 ul of
the tested iron compound (1 mM), 17 ul of saturated
xanthine solution in phosphate buffer, and 0.5 pl of
xanthine oxidase solution (0.4 U/ml) were introduced
into a glass vessel with 5 pl deionized water and incu-
bated for 1.5 hours at 25°C. After incubation, 3 ul of
hydrogen peroxide aqueous solution (56 mM) was
added, shaken, transferred into a capillary, and
measured immediately. Exemplary EPR spectra are
presented in the Supporting Materials. The
[Fe(EHPG)]™ and [Fe(EHBG-Ph)]” complexes were
measured in the same conditions, but the stock sol-
utions of the complexes were prepared in a dimethyl
sulfoxide (DMSO)/water mixture (1:1 v/v) due to
their lower solubility in water. According to Li
et al’s studies, DMSO does not affect the measure-
ments in the spin-trapping method.?

Fenton reaction tests

Samples of 38 ul volume were measured in a glass
capillary mounted in a quartz EPR tube. The molari-
ties given in parentheses refer to the stock solutions.
The samples were prepared as follows: 34 pl of
DMPO solution (0.6 mM as described above) and
2ul of the tested iron compound (1 mM) were
added. Finally, 2 ul of hydrogen peroxide aqueous sol-
ution (56 mM) was introduced, shaken, transferred
into a capillary, and measured immediately.

Ascorbic acid oxidation procedure

Samples (5 ml) with final concentrations of Asc 25 uM
and tested iron compound 7.5 uM were measured at
265 nm immediately after mixing the following com-
ponents: 2.5ml Asc aqueous solution (50 M),
2.462 ml phosphate buffer (pH = 7.4; 115 mM), and
38 ul iron compound (1 mM).

Results

We applied the spin-trapping method to conduct
quantitative measurements of the ‘DMPO-OH
adduct on EPR for the Haber—Weiss cycle. The
Fenton reaction was studied in a similar manner.
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Scheme 1 Structures of the analyzed iron complexes. The geometries are based on X-ray structures of closely related

complexes.

Additional investigations were undertaken by spectro-
photometric determination of ascorbate oxidation.
The analyzed complexes are presented in Scheme 1.

Haber-Weiss cycle

The activity tests of the iron compounds in the
Haber—Weiss cycle were done to determine the range
of participation in one of the most well-known pro-
cesses that potentially occur in the body, as the possi-
bility of producing hydroxyl radicals in oxidative stress
would be extremely undesirable. The application of
DMPO to assess ‘OH formation was based on Li
et al’s*® and Buettner ez al.’s'® papers. However, the
conditions described by Buettner ef al. (20 uM iron
complex, 80 uM H,0,, and 50 mM DMPO at 15 G,
recalculated as 150 mT) led us to obtaining sharp
signals of paramagnetic iron electron transitions
instead of the typical quartet of DMPO adducts. The
latter were found at 345 mT, and the conditions
adapted after Li with increased molarity (final concen-
trations: 60 uM iron complex, 3.3 mM H,O,, and
260 uyM DMPO) revealed a classical DMPO signal
among the signals of the manganese standards. The
conditions of O, generation were adapted based on
Richmond et al.’s studies: xanthine oxidase generated
the superoxide radical ‘O, from xanthine, which
reduced Fe’™ to the second oxidation state according
to equation (1).>' After the incubation period, H,O,
was introduced, and here the Fenton reaction could
take place, forming the hydroxyl radical ‘OH
(equation (2)) recorded immediately as the
‘DMPO-OH adduct. Since the DMPO-O, adduct

as a diradical is much less stable,?? the Haber—Weiss
cycle could be reliably monitored by recording the
more stable DMPO-OH.

The quantitative measurements of the latter were
performed with reference to an external standard Mn
marker in EPR.?® The calculations were based on
the integral ratio of the formed 'DMPO-OH adduct
and the signals of the standard. Therefore, they have
a relative character showing their activity in the
redox process. Nevertheless, appropriate measure-
ments for free Fe'" ions and the [Fe(EDTA)]”
complex were also registered, and these have already
been studied thoroughly in the past'>*2* (Fig. 1).

Fenton reaction

The studies were done on respective Fe?* complexes
formed in situ with appropriate ligands and Fe(II)
ions. Thus the goal of the Fenton tests was to assess
how the complexes would behave if they were
reduced to Fe?" species in the reducing conditions of
the cells. The second goal was to investigate, just as
in the case of DTPA, whether the low activity in the
Haber-Weiss cycle of the complexes is caused by
both reactions (equations (1) and (2)) or whether
only reduction (equation (1)) is the limiting step.
Again, the intensity (integrals) of the DMPO signals
was referenced to the signals of the Mn standard
marker that is usually used in EPR (Fig. 2).

Additional studies

We investigated the influence of atmospheric oxygen
on the measurements. It was necessary to determine
whether the presence of oxygen would disturb studies
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Figure 1 Percentage activity of iron complexes in the Haber-Weiss cycle.

on easily oxidizing Fe>™ compounds in the Fenton
reaction. For this purpose, we prepared samples with
deoxygenated solvents by cold degassing in low temp-
erature (liquid nitrogen, threefold repetition) and by
argon saturation (10 minutes). We registered the
"DMPO-OH signal for a Fe?* sample (Fig. 3).

The samples with degassed media gave an elevated
signal of 'DMPO-OH. This could be explained by
the fact that in ‘regular’ sample preparations in atmos-
pheric conditions, some hydroxyl radicals ‘OH react
with O, and are not trapped with DMPO, or only
DMPO is partially deactivated with diradical oxygen
molecules. However, there are positive observations
from the tests: even in regular media ‘DMPO-OH
adducts could be easily observed at a slightly
decreased level; moreover, in the ‘regular sample’ the
‘'DMPO-OH signals were stable enough to be regis-
tered within an hour (much longer than a regular
experiment), which is consistent with the literature
report.>> This is contrary to the degassed sample,

whose intensity diminished during the measurement
time — probably due to saturation with oxygen.
Taking into account the high O, content in the
blood (21 ml O,/100 ml blood, 1.34 ml O, on each
gram of hemoglobin — Hiifner’s constant®®) and the
complexity of the sample preparations, we decided to
carry out the studies without sample deoxygenation.

Another issue was slow DMPO decomposition.
Therefore, we applied DMPO purification according
to Buettner and Oberley?’ and we compared the
Fenton reaction tests and the stored and purified
reagent. The results were within standard error, thus
we performed all of the measurements on a commer-
cial DMPO without additional purification.

Ascorbic acid oxidation
Asc in pH 7 was deprotonated to (AscH ™) and could
be oxidized with Fe** according to equation (3).

Fe’* + AscH™ — Fe’* + Asc + HY.  (3)

Fenton Activity %

Figure 2 Percentage activity of iron complexes in the Fenton reaction.
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Figure 3 Result of sample degassing: FeSO,4-7H,0 (0.1 M),
DMPO (5 M), and H,0, (0.5 M).

The redox potentials of the pairs are 'Asc™/AscH™ =
0.28 and Fe**/Fe*™ = 0.77 V, however, in vivo they are
lower since a high ratio [AscH™/Asc 7] is maintained.'?

Studies on Asc oxidation with Fe*>* compounds could
shed additional light on their activity as undesired oxi-
dizing agents. The process could easily be followed
with UV-Vis by the disappearance of one of the Asc
absorption maximums at 265 nm. The absorption
bands of the complexes did not interfere with the
strong signal of Asc. We modified Dean and
Nicholson’s conditions for tests recording the absorp-
tions immediately after mixing the iron compounds
with Asc.? Based on a calibration curve we could calcu-
late the absolute progress of oxidations as a result of the
undesired activity of the iron(III) compounds (Fig. 4).

Discussion

The N,O-complexes presented here were investigated
with regard to their redox activity. Low effectiveness
of 'OH formation was desired for their potential appli-
cation as MRI contrast agents. Both the Haber—Weiss
cycle and in particular the Fenton reaction showed low
redox activity of the studied complexes which did not
exceed 30% of [Fe(EDTA)]™ or FeCl; activity. Only
[Fe(EHBG-NHAC)]*~ turned out to have half the
activity as compared to free Fe?* in the Fenton tests.

Figure 4 Ascorbic acid oxidation with various Fe3>* compounds.
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It is interesting to point to the relatively high diversity

among the complexes of the same ligand group of

EHPG or EHBG. To our knowledge, such studies

have not been presented yet. This effect is particularly

evident in the Fenton reaction, in which the

[Fe(EHBG-NHAC)]*~ complex could express triple

activity of its  phenyl  counterpart, i.e.

[Fe(EHBG-Ph)]". On the other hand,

[Fe(EHBG-NHACc)]*~ did not catalyze the entire

Haber—Weiss cycle efficiently. Thus this case seems

to be similar to the well-known behavior of

[Fe(DTPA)]*".'? The redox activity could be sup-

pressed to some extent by the addition of the ligand

excess, as we and others have observed for EDTA/

Fe studies.”> Based on the literature and on our

studies, we can conclude that the redox activity of

iron chelates is a superposition of the following, inter-
dependent factors:

1. Stability of the complex, expressed in a stability con-
stant, however, this parameter does not take into
account competitive coordination by different
metals or transmetalations.

2. Ligand fitting the metal center and the consequences
in coordination geometry could be observed in the X-
ray structures as high distortion from an ideal polyhe-
dron and resulted in a new coordination site.

3. Accessibility to the coordination spheres, both steric
and electronic (hydrophilicity of the surrounding
ligands'?), is closely related to factor (2), however,
it takes into account additional interactions via the
second coordination sphere of H-bonding ligands
and m-electron interactions. Factors (2) and (3) have
a key impact on the mechanism of the potential
redox reaction. While direct coordination enables
the inner-sphere mechanism assigned for EDTA, a
tight and saturated coordination sphere practically
excludes this route and forces an alternative, tunnel-
ing outer-sphere mechanism, which is additionally
supported by ligand contribution.?

4. The electron-donating/-withdrawing character of
the ligand and its substituents has a direct impact

100

Ascorbic acid oxidation 87
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on the redox potential but also influences the activity
of the metal center as a Lewis acid. This last behavior
is particularly undesired in medical applications and,
in some cases, is observed in protein or DNA
damage.”®%

Most of these factors are already well known for com-
plexes tested in this work. Considering point (1), the
stability constants of EHPG- and EHBG-type Fe**
complexes are very high, with pK 30-40. They favor
Fe’* over Fe’* with 10 order higher stability con-
stants.*® While the stability constants of the L1-L3
Fe’™ complexes were not determined specifically,
similar complexes with a tripodal O,N,O-moiety
have overall stability constants ranging from 21 to
483" Such a high stability of the complexes reduces
the possibility of transmetalation to other coordinat-
ing species (e.g. phosphates), unless some extremely
specific chelates, e.g. siderophores, appear in the
medium. Ligand fitting, in point (2), has been
studied via calculations and X-ray crystallography.
There are several examples of structures containing a
water molecule coordinated directly in the first coordi-
nation sphere, such as EDTA,* but also the tetraden-
tate aminophenols closely related to our L1 and L3
ligands.'® Such coordination of the water molecule
and its replacement with another oxygen ligand is
used as the explanation for the high redox activity of
EDTA by an inner-sphere electron transfer mechan-
ism.** Dean and Nicholson? suggest that water mol-
ecule replacement with ascorbate is the most efficient
way for oxidation of the latter. As was mentioned
before, this factor could be important for models L1
and L3, however, since only low redox activity is
observed for these systems, we conclude that in sol-
ution water molecules do not directly coordinate to
the metal center. This supposition is additionally sup-
ported by our observation of their behavior as proton
relaxation accelerators, i.e. the recorder relaxivities
would have been much higher if they could coordinate
the water molecules directly.” The ligands within the
groups EHPG or EHBG differ in substituent character
according to their polarity, H-bond formation, and
hydrophilicity. As was shown, their acid—base charac-
ter is based on the acidity of the phenol group (point
(4)).> However, here the resulting activity is not
directly linked with this feature, since although
EHPG-Me, is the weakest acid and EHPG-NHAc
is the strongest one, they both represent moderate
redox activity and do not belong to the extreme
cases. The redox potential of these complexes is
highly dependent on the measurement conditions, i.e.
on the concentration, solvent, electrolyte, or elec-
trode.* There are also indications in the literature of
discrepancies in the redox potential and relative
activity of the complexes. These are explained by
inadequacy of the measurements in reference to the
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in vivo conditions'? or by the existence of other, unex-
pected parallel processes.'> Thus it is likely that hydro-
phobicity and the possibility of H-bond formation
play a major role in the resulting redox effects (point
(3)). For this reason, chelates equipped with phenyl
groups from the EHPG and EHBG chelates mostly
belong to the less redox-active complexes. The only
serious derogation is observed for ascorbate oxidation,
where the phenylic derivatives are 40—50% more active
than the NHAc counterparts. In this test the latter
derivatives expressed the lowest activity for all of the
studied complexes. It is important to note that
phenyl moieties were found to express a protective
effect against oxidative damage to mammalian cells
due to their lipophilic character promoting access to
the intracellular environment.'*

The ascorbate test is a method of studying direct
oxidation effects. Moreover, ascorbate could reach
very high concentrations in certain cells, such as eye
cells or pneumocytes.”® The trend for the relative
activity for all complexes in the ascorbate test is con-
sistent with the other studies in this work excluding
NHAc derivatives. This exceptional behavior of
NHACc derivatives requires further investigation. A
positive effect in the sense of potential applications
as MRI contrast agents is observed for complexes
with L1-L3 ligands. Despite their actual pentadentate
character, they exhibit decreased redox activity with
reference to all other complexes in the studies. This
activity is not correlated with the charge of the coordi-
nation sphere but again with the highly hydrophobic
character of the groups (factor (3)) and with non-
pendant substituents capable of H-bonding that are
present in these ligands and which limit the affinity
of hydrophilic species. Since aminophenol ligands
are regarded to be good m—electron donors (factor
(4)), the metal center does not behave as a strong
Lewis acid, thus its affinity to ROS is limited.*
Moreover, the basic character of alkyl amine groups
favors the third oxidation state of iron, which decreases
its potential for reduction.

We performed measurements of iron complexes
with reference to the Fe-EDTA complex and free
iron ions. This set of results allowed us to compare
them to the other important iron chelates (DFO,
DTPA, and citrate) as described in the literature
(Table 1).

The complexes under study in this work express
lower activity in the Fenton reaction than DTPA and
citrate complexes. This could be explained by higher
affinity to a higher oxidation state as discussed above
for factors (1) and (4). However, the overall
Haber—Weiss cycle is elevated for the majority of
EHPG and EHBG series, while [Fe(EHBG-Ph)]™
and the complexes of L1-L3 ligands fall into the
common, desirable low activity that is similar to
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Table 1 Relative activity of iron complexes with selected ligands

Ligand Fenton Method, Ref. Haber-Weiss Method, Ref. Ascorbate, Ref.
EDTA 100% 100% 100%
DFO 10% c= 1% c 5%23
7% c2 1% B24
15% c®
13% ct2
DTPA 84% A 3% A8
670% B2 <1% B24
50% c'2 33% c'2
1%
Citrate 60% A8 4% A8
58% c'? 14% c'2

Methods: A, xanthine oxidase followed by oxidation of formate to CO,; B, pulse radiolysis followed by oxidation of formate to CO»;

C, hydroxylation of salicylate.

citrate or DFO complexes. In this case, factors (2) and
(3) could have a higher impact on hampering inter-
actions with ROS in both equations (1) and (2). It is
difficult to compare ascorbate oxidation, however,
DFO as a saturated, deprived of any hydrophilic
pendant, moiety expresses lower activity than the com-
plexes presented in the work. Attention should be
given to the EHPG and EHBG complexes with
NHACc substituents, where this polar, pendant frag-
ment could serve as an auxiliary group for electron
transfer or could potentially enhance interaction with
the hydrophilic ascorbate anion via H-bonding
(factor (3)), thus resulting in a more effective oxidation
process.

The overall analysis with respect to potential appli-
cations of these complexes as contrast agents is posi-
tive, especially as their activity approaches that of
citrate. The citrate ligand is an active compound in
ferric ammonium citrate, a T-contrast agent applied
in the gastric tract, which does not express any
serious deleterious effects due to its redox activity.>*
The problem of redox activity is one of the most
important issues in considering a compound for
medical application. On the other hand there are
some reports claiming that the cytotoxic effect of the
most redox-active complexes (like [Fe(EDTA)]™) is
lower than expected.®*? This is explained by the
apparent behavior of the ‘OH radical. It was shown
that the free ‘'OH radical is most damaging, while in
the presence of [Fe(EDTA)]” the 'OH radical not
‘totally free’ in solution, thus its tremendous reactivity
is silenced. Therefore, assessing potential deleterious
effects necessitates further investigations in vivo.

Conclusions

Most (ethylenebis[2-(o-hydroxyphenyl)glycine])- and
(ethylenebis[2-(o-hydroxyphenyl)glycine])-substituted
iron complexes express less than 30% of EDTA
activity in the Fenton reaction, the entire
Haber-Weiss cycle, and ascorbate oxidation.
Pentadentate ligands L1-L3 have even lower activity
due to their lipophilic character and limited capability

of H-bonding. Some of the complexes, i.e.
[Fe(EHBG)]*~, are responsible for forming ‘OH
from H,O, in the Fenton reaction but are still low effi-
cient in the catalytic transformation in the
Haber—Weiss cycle. These studies have shed some
light on their limited activity in potential redox pro-
cesses and are promising in limiting their side effects
upon their introduction into a living organism.
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