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Abstract

The activation of small molecules has a significant impact in biology, medicine, industrial catalysis and environmental protection. Two
molecules, especially, oxygen and nitric oxide have attracted considerable interest for many years. Reactive oxygen species (ROS) and react
nitric oxide species (RNOS) may be generated thermally or photochemically in systems consisting of metal compounds. In homogeneou
systems metal species serve as a coordination and/or electron (eventually energy) transfer centre. In heterogeneous systems small molect
can undergo adsorption followed by electron or energy transfer processes with semiconductor participation. This review presents recent trenc
in studies on the metal assisted processes in which activated forms of NOaoe @rmed and play a key biological and medical role.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction electron donor or an electron acceptor. However, itis neither a
strong one-electron oxidant nor a strong one-electron reduc-

Small molecule activation (NO, £ CO, CQ, Ny, etc.) tant. The properties of &molecule are different. Its ground
has attracted scientific attention for several years. It has a sig-triplet state shows much lower activity and therefore must be
nificant impact in biology, medicine, industrial catalysis and excluded from the ‘reactive oxygen species’ (ROS) family.
environmental protection. Each activation process has its ownMoreover, for NO and @there are different priorities for
requirements depending primarily on the desired effect suchactivation modes. In the case of nitric oxide electron transfer
as change of the reaction pathway, selectivity, effectiveness,processes are the most important source of different RNOS
yields, new processes or reactions which are not allowed ther-whereas in the case of ROS, energy transfer processes are
modynamically and/or kinetically from the substrate ground as important as electron transfer processes. ROS in systems
state, lower energy input, etc. These goals could be achievedtontaining metal compounds can be achieved either through
in a thermal or photochemical manner in homogeneous or thermal or photochemical paths. As a result of photochemical
heterogeneous systems as direct or indirect processes. Metactivation electron or energy transfer occurs. In the case of the
ions and compounds play a crucial role in thermal and pho- electron transfer, radicals are mainly generated while energy
tochemical activation of small molecules. They not only can transfer is responsible rather for singlet oxygen generation.
mediate the actual active form of the small molecule, but also This differentiation, however, is not very strict since several
control its spatial concentration dynamics. consecutive thermal reactions influence the formation of var-

In homogeneous system an activated molecule is usuallyious ROS. An additional advantage of the application of light
coordinated to a metal centre while in heterogeneous systemss the high selectivity of supported energy which cannot be
adsorption processes play a key role. The bound moleculerealised by thermal methods. The selection of an appropriate
shows different physical and chemical properties (geometry, light energy helps to achieve the desired excited state and
electron density, reactivity, etc.) as compared to those of thetherefore the desired activity. For instance, oxygen activation
free one. The coordinated or adsorbed molecule also has a difleads to formation of one of two forms of singlet oxygiLeEg
ferent mobility: the bound moiety can be transported to other or 1Ag, having different energy.
places where, under certain conditions, it can be released. Coordination compounds or solid surface participating in
Finally, access to a coordinated or adsorbed molecule maythe activation process support an appropriate reaction site.
be limited to a certain type of substrate due to possible steric The geometry of this site may play a key role, for instance in
hindrance and limited size of the cavity in which the molecule enzymatic reactions. The metal centre controls redox proper-
is embedded. Data on the electronic and structural characteties and therefore the nature of coordinated (or chemisorbed)
of the active form as well as on the thermodynamics and small molecule. In the case of photoactivated systems the
kinetics of the particular activation process is hecessary notpresence of metalion assures appropriate spectroscopic prop-
only for understanding its mechanism, but also for enabling erties of the sensitiser. A metalion may influence the lifetimes
a systematic tuning of the studied systems to achieve the besbf a triplet excited state of a sensitiser enhancing the effi-
results. ciency of small molecule photoactivation.

Considerations in this paper are focused on two biologi-  The aim of this paper is not to review the state of artin NO
cally important molecules: nitric oxide, NO, and dioxygen, and Q activation research. Several excellent reviews cover-
O,. The solubility and transport properties of NO angla®e ing these topics appeared both for N3-6] and & [6-12]
similar but these two molecules in their ground states display activation. Here we want to emphasise selected aspects of
quite different reactivity. Nitric oxide, a stable-free radical metal assisted RNOS and ROS generation in very different
with an unpaired electron in the" orbital, achieves a wide homo- and heterogeneous systefig(1). In the case of NO
variety of effects through its interaction with active centres we focus on exemplifying the role of biological metal centres
via redox and addition chemistry and therefore can be con-and possible applications of exogenous metal compounds in
sidered as one of the ‘reactive nitric oxide species’ (RNOS). bioregulatory functions of nitric oxide and its activation by
NO can reversibly bind to a metal ion and plays the role of an redox or substitution reactions. On the other hand, for dioxy-
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Fig. 1. Metal compounds in NO and,@ctivation processes.

gen we mostly focus on the role of metal compounds in the
photochemical/photophysical activation of @nd selected
examples of the biological and environmental applications.

2. Nitric oxide activation

2.1. Biological and medical aspects of nitric oxide

The discoveries that nitric oxide is responsible for an
astonishing range of physiological and pathological pro-
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and temporary change in nitric oxide concentration is trans-
lated into a cellular signal. The kinetics and mechanisms
that determine NO concentration dynamics in tissues are
still poorly understood. Generally, NO mediates its effects
by stimulating or inhibiting transition metal-containing pro-
teins and by post-translational modification of proteins (e.qg.
formation of nitrosothiol adductg)l7,19-21] Interactions

of nitric oxide with iron centres are undoubtedly the most
important biological reactions in which NO participates. Both
guanylate cyclase regarded as the major target for NO, and
NO-synthase, the enzyme which catalyses biosynthesis of
nitric oxide, are iron heme proteifi22—24] The border line
between the physiological and pathological activities of NO
is a matter of controversy, but tissue redox environment,
supramolecular organisation and compartmentalisation of
NO targets are important figures in determining NO actions.
Reactive oxygen species and metal ions can drastically
modify NO activity. For example, oxidative and nitrosative
stress or neurodegenerative diseases (e.g. Alzheimer’s dis-
ease, Huntington’s disease, Parkinson’s disease) may have the
origin in the dynamic imbalance between these three types of
species (ROS, RNOS, 'M) [25,26] Concentrations of NO
produced in vivo for bioregulatory purposes are very low,
usually less than micromolar, whereas concentrations of this
species synthesised during defence against microorganisms
and tumours are much higher.

Since nitric oxide serves so many important roles in mam-
malian bioregulatory and immunology it is not surprising
that breakdown in the regulation of its biosynthesis and
metabolism results in a number of diseases states such as
hypertension, diabetes, arthritis, epilepsy or septic shock
[27-30] This has stimulated extensive research activity into
search for new therapeutics and NO delivery methods to reg-
ulate the formation, metabolism and function of nitric oxide
under physiological conditions. A number of such pharma-
ceutical agents capable of regulating the NO level in vivo have
been used successfully, including inhibitors of nitric oxide
synthase and prodrugs of the nitrovasodilators class such
as nitroglycerin, organic and inorganic nitrites and nitrates,
sodium nitroprusside, nitrosamines, hydrazines|[21e:33]
Since much of the biochemistry of NO involves metal nitrosyl
complexes, a novel approach is based on the application of
transition metal complexes in the regulation of the NO level
in biological systems. Some of them, such as those of Fe and
Ru, have been proved to be capable to release or binding of
NO in vivo in the situation of its under- or overproduction,
respectively. Also of great interest is the use of photochem-
istry of metal nitrosyl complexes as a mode for delivering

cesses in humans have attracted considerable scrutiny oveNO to specific targets on demand in biological systems.
the past decade and led to renewed interest in the chemistry

of NO and its derivatives such as metal nitrosyl complexes
or other reactive nitric oxide species. It is now well estab-
lished that nitric oxide plays a key role in vascular system
regulation[13,14], signalling between nerves in both the
peripheral and central nerve syst¢h®,16]and in immune
response to pathogefit7,18] At the tissue level, a local

2.2. Reactive nitric oxide species (RNOS)

The reactive nitric oxide species (RNOS) which are
generated, transferred and consumed within biological and
medical processes may be viewed as*N®O~ and NO
species. They show a large variety of behaviours, from oxi-
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Fig. 2. Reactive nitric oxide species (RNOS) and some of their reactions
(M"*: metal ion, R: radical, B": base).

dising to reducing, from nucleophilic to electrophilic, from
o donors to large contribution af acceptance. Some main
paths of their reactivity are presented kig. 2 In bio-
logical micro-environments (pH, redox milieu, hydropho-
bicity, hydrophilicity, compartmentalisation, etc.) from the
three interrelated redox forms only MQOs stable enough
to directly play its role. The two other active redox forms
(NO™~ and NO') must be stabilised via interactions with other
molecules, especially £2and metal complexes.

NO* as a stable-free radical participates very readily in
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NO and NO reduction to pD (via HNO) are proton coupled
reactions (Eqg(3) and (4) andFig. 2) [38—40}

NO,™ +2H" +e~ — NO + H,0 (3)

(4)

As a consequence NO is a relatively strong reducing agent at
high pH and nitrous acid a strong oxidant at low pH. During
immune response NO is produced in much higher concen-
trations than is typical for bioregulatory functions and under
these conditions reactive nitrogen species such as peroxyni-
trite (ONOQO™) and NOs may have biological importance
[3,19,41] Peroxynitrite has received considerable attention
as a possible toxic/mutagenic agent, but from the other side
reaction between NO ancb®™ (Eq.(5)) could be considered

as cytoprotective due to a less damaging biological effect of
ONOO than Q°*—:

NO + HY +e~ — HNO

NO + Op*~ — ONOO™ (5)

NO~ behaves as a reducing agent and base. 0dso-
electronic with @ and like dioxygen has a triplet ground
state. The recent study shows tANIO~ is more stable than
INO~ and*HNO is more stable thatHNO or3NO~ [39,40]
The effective X, for the transformatioAHNO =3NO~ + H*
is relatively high (11.3), so in biological medi&INO will
be dominant. This is important becau¥¢O~ reacts with
30, at a near diffusion-limited rate to form peroxynitrite ion
ONOO~ whereas reaction otO, with the conjugate acid
IHNO is slow. In the longer time scale, nitrous oxide®
may be formed fromtHNO either via dimerisation ofHNO
and dehydration or viaintermediate thg®$ ~ species which
decomposes to M0 and NG~

NO* is a strong oxidant. In water it undergoes rapid

one-electron events such as coupling to other free radicalshydrolysis to nitrite NQ~. The NO' species behaves mainly

(e.g. OFr, Ox*—, lipid peroxyl radicals, thiol radicals, etc.) Its
reactions with O (to give nitrite) or with @°*~ (to give per-
oxynitrite) proceed at rates near the diffusion limit. NO is also
very reactive with redox active and substitution labile metal

centres. Generally, substitution reactions of NO on metal cen-

tres as well as reactions with radicals display kinetic rate
laws with a first order dependence on NO concentration. In

as an acid generating the nitroso compounddB with
bases (B). The nitrosation is a consequence of a nucleophilic
attack of S-, N-, O- and C-donors at the nitrogen atom of
the nitrosonium ion. From biological standpoint especially
important areS-nucleophiles like thiols (R-SH) which serve
among others for NOreservoir{42].

Although the diverse redox NO forms demonstrate var-

the contrary reactions where substrate undergoes two elecioys reactivities, each of them is able to generate [MNO]
tron changes, 2 equiv. of NO are required and kinetic rate complexeskig. 2). This apparently strange behaviour results
laws are third-order with second-order dependence on NOfrom the uncommon properties of the NO-ligand which can

concentration. For example reaction of NO with i® aque-
ous media (to give nitrite, EqL)) is slow under physiological
conditions (low-submicromolar NO concentrations) (&),
Akaq~ 9 x 10°PM~2571) [34-37}

4NO + Oz +42H,0 — 4HT +4NO,~ (1)

—d[NO]/dr = 4kagNO]?[O;] 2)

be treated not only as 2-electron, but also as 3-electron
donor, which forms botle and bonds and shows a wide
variety of coordination geometries. Formation and break-
ing of M—NO bonds and reactions of coordinated nitrosyl
ligand are the key factors for reactive nitric oxide species
(RNOS) formation and decay as well as their biological
functions.

The NO/NO and NO/NO" self exchange rates are quite

In hydrophobic media the product of NO autooxidationis not slow, therefore the kinetics of nitric oxide electron transfer
NO2~, but the much more reactive (especially as nitrosating reactions are strongly effected by transition metal complexes,
agent) nitrogen dioxide N& The aqueous redox chemistry especially redox active and substitution labile. The reactivity
of NO is highly sensitive to pH as both nitrite reduction to of NO with O, is dramatically effected upon coordination of
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the one of diatomic molecule (NO or)pto a metal centre.
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The nitrosonium cation, NQ is isoelectronic with carbon

These reactions are very important for the bioregulatory role monoxide[49,50]. It binds to transition metals with a simi-

of NO. For example trapping of NO by Hr MbO; is

lar coordination mode as CO. However, the Nii@and due

a very fast process (second-order kinetics) in comparison toto its higher electronegativity can be considered as a weaker

the third order autooxidation of NO. The results of HbO
(or MbQy) reactions with NO are simultaneous oxidation of
Fd' to FE!' and NO to N@~. On the other hand reactions of
FeV=0 species with NO to give B&(ONO) lead to reduction
of metal along with oxidation of NO. The reaction with HpO
is generally believed to be an important sink for NO in the
cardiovascular system, while trapping of ferryl intermediates
(or other strong oxidants) by NO may play a role in reducing
oxidative stres§3,43—-45]

Coordination to a metal center very often activates NO
toward either nucleophilic or electrophilic attack depending

on the nature of the metal complex and its oxidation state.

The metal centre may also promote NO reactivity toward
disproportionation or substrate oxidatifin46].

2.3. NO as a ligand in comparison to Oz and CO
Biochemistry of NO as well as £Dand CO molecules

is largely mediated by transient binding to the metal cen-
tres of the diverse biomolecules. The low-valent transition

o-donor and bettefr-acceptor than CO. Moreover, in the
M—NO link the M—N bond is usually strong and-*D bond
relatively weak, contrasting with MCO link, where M-C
bond is relatively weak and-€ bond is strond49]. In the
NO™ type of coordinationr-back bonding is not very impor-
tant. Avery largerans-labilising effectinduced by this ligand
[48-50]is a result of the restricteg-overlap in NO™ bonding
and also of the strong-donation.

Interaction of the nitric oxide with iron(Il) heme results in
the coupling of the electron on a metal atom and nitrosyl com-
plex formation described formally as'feNO~ (bond angle
Fe-NO close to 120) [51,52] A similar coordination geom-
etry is observed for the oxygen'Fheme complexeg@1,51]

The affinity of O, for ferrous heme is very high and similar
to that of NO (of the order 10to 1® M~1s71) [4,53,54]

CO in the reaction with ferrous heme atom prefers a linear
geometry but due to steric hindrance is frequently forced to
bind with a non-preferred bond angle. These steric factors
as well as the intrinsic weakness of thé' FEO bond com-
pared to that of FeNO}’ contribute to the increased affinity

metal ions are able to bind these diatomic molecules becausef hemoproteins for NO, rather than CO. The greater affinity

the unoccupied XQr" orbitals are well matched, spatially
and energetically, to occupied metal drbitals. The binding
of XO to metal ion results from a synergic flow of elec-
trons from metal to ligand in the system (backbonding)
and from ligand to metal in the system. These interac-
tions have been adapted by nature to utilise N@a@d CO,

to NO over CO for ferrous heme is reflected in both a higher
NO formation rate constant and a lower NO dissociation rate
constan{53].

In strong contrast to CO and>ONO in general, binds
more tightly to ferrous iron in the absence ofrans ligand
[55]. A very largetrans-labilising effect induced by nitroxyl

either as reactant or as biochemical signals. The size, chargdigand results from the restricted-overlap in NO bonding
(neutral) and hydrophobicity of these three small molecules and from the strong-donation. Thus, NO binding to ferrous
are similar suggesting similar access to the cellular metal heme will frequently dissociate theans ligand forming a

pools.

Nitric oxide has uncommon properties as a ligand. In a
complex with a metal centre nitrosyl ligand can adopt a vari-
ety of metal binding configurations. Due to a very small
energy difference between transition metal d and NO
orbitals, determination of the metal oxidation state in a nitro-
syl complex is complicated. A generalised description of the

metal-NO interaction was offered some years ago by Ene-

mark and Feltharf47], who proposed the notatigMNO}*,

five-coordinate complex, or alternatively, forcingrans lig-
and to bind to a five-coordinate nitrosyl complex can weaken
the Fe-NO bond and lead to the NO dissociation. For exam-
ple, under physiological conditions nitric oxide binding to
guanylate cyclase displaces the proximal histidine induc-
ing protein conformational changes which increase enzyme
activity [56].

Unlike CO and @, nitric oxide can also bind reversibly
to ferric iron forming a nitrosyl complex with a linear geom-

wherex represents the sum of the electrons in the metal d andetry of the {FeNO}® bond. Due to the transfer of unpaired

NO =" orbitals. In most mononuclear complexes, amore sim-
ple approach can be used to explain the nature of thEl®I
linkage and to determine the formal metal oxidation state
[48]. According to this, in a nitrosyl complex the character
of NO can range from that of a nitrosyl cation (KQvhich

electron from NO to the iron atom, a spin-coupled ferrous-
nitrosonium formulation Fe-NO* is more accurate in this
cas€4,52-54,57]

binds to the metal in the linear mode (donation of an electron 2.4. Mechanistic studies on selected

by NO), to that of a nitroxyl anion (NO), for which a bond
angle M-NO of ~120° can be considered (acceptance of an
electron by NO). In the NO (linear) type of nitrosyl coor-
dination, m-acceptance (donation of electron density from
occupied metal d orbitals into the” antibonding orbitals
of the NO ligand) is considered to play an important role.

NO-metallobiomolecule systems

Biomedical roles of nitric oxide have drawn consider-
able attention to the solution-phase reactions of NO under
biological relevant conditions. Elucidation of the mecha-
nisms by which nitric oxide undergoes coordination to, or
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release from, the metal centres is relevant to the physiologi- | hy = 355 nm A
calroles of NO and will also substantially facilitate the search Kot

for new pharmaceutical agents capable of regulating NO level metMb(NO) + H,0 - metMb(H,0) + NO
in vivo. In this context an overview of selected mechanistic Kon

investigations involving binding of nitric oxide to metallo-

biomolecules is presented here. Scheme 1.

molecule by NO as indicated in the following equation:
2.4.1. Interactions of nitric oxide with iron centres y 9€q

The most significant property of nitric oxide in its bio- kon
logical chemistry is its interactions with iron proteins. Many metMb(H0) + NO;CO_ﬁmeth(NOH H20 (6)

heme and non-heme iron proteins have been suggested to ) ) )
have their activity modulated by NO in vivo. From UV-vis spectroscopic changes and electrochemical

measurements with the use of an NO-electrode the equilib-
rium constant for Eq{6) was determined to be 2:410° M1

2.4.1.1. Hemoproteins. The mammalian guanylate cyclase at 20°C and pH 7.4. The FeNO linkage in the reaction
and bacterial nitric oxide reductase regarded as the impor-Product, metMb(NO), formally has a linear character, which
tant target enzymes of NO action in living organisms both mMeans that during the binding process partial charge transfer
utilise heme-cofactors. Heme centres are also involved in from NO ligand to iron atom occurs (FeNO").

the in vivo synthesis of NO by oxidation of arginine catal- The kinetics of the association and dissociation processes
ysed by nitric oxide synthag@3,24,58-60]Moreover, due ~ Were followed by both laser flash photolysis and stopped-
to the similarity of nitric oxide and dioxygen, NO is able flow techniques at varying temperature and pressure. Laser
to inhibit many enzymes that under physiological condi- flash photolysis of the metMb/NO solution displaces the sys-
tions bind and/or activate Qincluding cytochrome oxidase, tem from equilibrium cheme Jso that the back relaxation
hemoglobin, myoglobin and the cytochrome P450 super- kinetics can be easily followed spectrophotometrically.

family [61—64] Nitric oxide binds both to the iron(ll) and The large and positive values of activation entropy and
iron(l1) hemoproteins with association rate constants rang- activation volume found for the forward reaction of metMb

ing from 16 to 1®M~1s1, significantly larger for the ~ and NO are consistent with the operation of a limiting disso-

ferrous complexe$52-54] The high NO association rate ciative ligand substitution mechanism in which dissociation

constants observed for the ferroheme proteins can be ascribe@f water molecule must precede formation of the-Re®

to the vacant coordination site at the high spin heme iron(ll) Pond according to the following equations:

atom. Inversely, the rate constants for the dissociation of nitric

oxide from these complexes appear to be much lower thanmetl\/lb(HzO)<—meth+ H20 (7)

for the ferric complexes. The high values of NO binding rate ket

constants accompanied by very small values of NO dissoci-

ation rate constants result in very large association constantdnetMb+ NOZ > metMb(NO) (8)

for the ferroheme proteins. The question to address and to k-2

answer is how proteins with high spin iron(ll) heme centres The kinetics of the back reaction were determined via NO-

can avoid being inhibited by NO under physiological con- trapping experiments (with the use of [f(edta)}O] as

ditions. It is general thought that the problem of the strong a NO-trapping agent for the labilised NO) which gave the

ferrous nitrosyl bonds in heme proteins has been overcome byassociation parameters again consistent with a limiting dis-

nature via prevention gfFeNO} formation and/or increase  sociation mechanism. The reverse process is dominated by

of the {FeNO}’ dissociation rat¢53,65] the dissociation of NO from th¢FeNO\® species accom-
An important topic when considering the chemistry of the panied by a charge transfer from metal to nitrosyl to give

nitrosyliron(I1)/(111) hemoproteins is the relative effect of the  five-coordinate metMb plus NO, and a concomitant spin

proximal ligand (rans-coordinated to the nitrosyl group) of change Fig. 3a).

the heme iron atom on both NO binding mechanism and the A similar mechanistic study with the use of the stopped-

nature of the FeNO bond formed. In this context, studies flow and laser flash photolysis techniques was undertaken

were directed towards mechanistic aspects of the reactionsn order to elucidate mechanism of the NO binding to

between nitric oxide and two important iron(lll) hemopro- cytochrome P45Qmin the absence and presence of substrate

teins, e.g. imidazole-ligated metmyoglol@t] and thiolate- molecule (R-camphor)[67]. Cytochrome P45Qn, isolated

ligated cytochrome P45%8y [67]. from the bacteriunPseudomonas putida catalyses the regio-
The iron(lll) centre of metmyoglobin (metMb) is six coor-  and stereospecific hydroxylation of camphor to the 5-exo

dinate, with imidazole and water molecules occupying the alcohol and like other P450 cytochromes utilises the thiolate

fifth and sixth coordination positions. Nitric oxide bindingto  as the proximal ligand of the heme iron atom. Itis considered

metmyoglobin involves reversible substitution of the water to be the best model system for understanding the reaction
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Fig. 3. Volume profiles for the reactions of: (a) metmyoglobin with nitric oxide (data from[R&J); (b) [F€" (TPPS)(H0)] with nitric oxide (data from
Ref.[68]).

mechanism in which small molecules (NG;)@ndergo coor-
dination to the iron centres of many important biomolecules.

The substrate-free ferric P4&@his alow-spin § = 1/2) six
coordinate complex with a water cluster bound at the distal [P4SD + H,0 + NOJ*
sitetrans to the cysteine axial ligand in the proximal position. (a)
Resonance Raman studies indicated that the addition of nitric
oxide to this form of P45¢yleads to a nitrosyl complex with
alinear FeNO group. The resulting diamagnefiEeNO}®
complex has formally the Be-NO* character. The binding
of NO to substrate-free P45Q, displays biphasic kinetics,
which can be interpreted in terms of an equilibrium between
conformational substrates in cytochrome P4a0The dif-
ferent substrates in substrate-free R45Mave already been P4S0.(H:0) + NO
confirmed by FTIR studief69,70]and are caused by a dif- P450,,,(NO) + H,0
ferent hydrogen bonding network between differently packed
water molecules in the heme pocket. The values of activation
parameters for both reaction steps were found to be large and Reaction coordinate
positive, and as in the case of NO binding to metMb consistent
with the operation of a limiting dissociative ligand substi- (b)
tution mechanism, where the lability of coordinated water P450an(camph) + NO
dominates the reactivity of the iron(lll) centre with NO. The
activation parameters found for the release of NO from nitro-
syl complex of P45gm clearly show that the reverse reaction
also follows arate-limiting dissociative mechanism, in agree-
ment with the principle of microscopic reversibility. The
overall reaction volume for the NO binding to substrate-free
cytochrome P45Qmis close to zeroKig. 4a) and very similar
to that found for the reaction between NO and imidazole-
ligated metmyoglobinKig. 3a).

The binding of the R-camphor to low-spin, six- Reactants
coordinate P45Qm leads to a spin state change to the high-
spin P45Q,m form. The resulting complex is five-coordinate Reaction coordinate
with no water occupying the sixth posmon_oft_he Iron(_”l_) Cer_]' Fig. 4. Volume profiles for the reversible binding of NO to: (a) substrate-
tre. Second-order rate constants for the binding of nitric oXide free cytochrome P45gy; (b) camphor-bound cytochrome P45@(adapted
to camphor-bound P45&,were found to be much largerthan  from Ref.[67]).
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those determined for the substrate-free form. This observa-lation and resulted in extensive kinetic studies during the
tion can be ascribed to the vacant position in the coordination past decadeig,74,75]on NO substitution processes involv-
sphere of the substrate-bound'~aeme. Negative values of  ing [M(Por)] systems (where M=##&" cd', Mn", and
activation entropy and activation volume determined for the Por=TPPS, TMPS, TPP, OEP). Since NO photodissociation
formation of the nitrosyl complex of P4&@nin the presence  from [M(Por)(NO)] complexes is commonly reversible with
of camphor support a mechanism dominated by the bond for-the quantum yieldbgis close to unity, pulsed laser tech-
mation process. In such a mechanism an encounter complexniques have been well suited to investigate the kinetics of
{cyt P45Qam||NO}, is formed prior to the ligand bond for-  the nitrosylation reactions of such complefék Water sol-

mation, according to the following equation: uble iron(I1)/(11) porphyrins readily bind nitric oxide with
. the second-order rate constants much larger than those mea-
Cyt P45Qam+ NO:’D{cyt P45QamNO} sured for the analogous reactions with hemoproteins. The
k_p fast rates for the reactions of NO binding to model porphyrin
' complexes can be accounted for in terms of the lability of
—>cyt P45Qan(NO) 9) the iron(I1)/(1l) porphyrins resulting from the absence of

the protein pocket limiting access to iron in the heme cen-
tre. Since NO dissociation rate constants determined for the
model complexes are also significantly larger than those for
the hemoproteins, it seems that the presence of the surround-
ing polypeptide chain efficiently hinders the release of nitric
oxide from nitrosyl hemoproteins. Comparison of the NO
association and NO dissociation rate constants obtained for
the iron(11)/(111) hemoproteins with those determined for their
model porphyrin complexes can lead to the conclusion that
the most likely the role of the protein pocket is to regulate

fers totally from that obtained for the NO binding to the 5165 of NO binding and release processes to the physiolog-
substrate-free form of PAgh (Fig. 4) or metmyoglobin jcq requirements. Indeed, activation parameters found for

(Fig. 3a). In this case a drastic volume decrease on going ihe nitrosylation reactions of iron hemoproteins and water-
from the reactant to the product states is observed, which cangqple iron model complexes clearly reflect the influence

be partly ascribed to the high-spin to low-spin transition of f the protein structure in the heme binding pocket on the
the iron(llf) during the NO binding process. ~ NO binding kinetics. For example, the value of activation

~ Comparison of the kinetics and mechanism of NO bind- y,5jyme determined for the nitric oxide binding to metmyo-
ing to metmyoglobin and to cytochrome P4&Q (in the globin [66] is significantly larger than that reported for the
substrate-free and camphor-bound form) leads to conclu-anai0gous reaction with the ferric porphyrin model complex,
sions that factors like the lability of the leaving group (or [F' (TPPS)(H0),] (Fig. 3b) [68]. The larger value oA V¥

its gbse_nce), prote_in structure an_d accessibili'gy of the hemesyr metMb/NO system suggests that the protein pocket may
active site play an important role in the dynamics of the NO nqergo some structural rearrangements during the formation

reactions yvith metal centres_of biological relevance. It.seemsof the five-coordinate metMb. The EXAFS structural study
also very likely that the reactions of NO release from nitrosyl 4, s reaction confirmed this observation indicating steric

complexes of iron hemoproteins are largely affected by the gi5in in the linear coordination of nitric oxide to iron(lll)
nature of NO binding and dissociation mechanism, as well .ot (FeNO}®), which would result from an increase in
as by factors stabilising NO binding in the protein active site. {4 protein pocket size prior to the NO binding.
Interestingly, the reaction dynamics of NO binding to metal-

loproteins appears to be more dominated by the nature of the; 4 ; 3 Non-heme iron proteins. In general, non-heme iron

me.tal centres th.an by the free rad?cal charactgr of nitrig oxide, proteins bind ligands at the iron site less tightly than hemopro-
which behaves in such systems like other typical Lewis basetgins pue to the lack of clear optical spectroscopic signals the
donors. reactions of non-heme enzymes with nitric oxide are less clear
as compared to the nitrosylation reactions of heme systems.
2.4.1.2. Synthetic iron(II)/(1Il) porphyrins. The interactions However, EPR spectroscopy indicated that these enzymes
of synthetic metalloporphyrins with small molecules like canform well characterised nitrosyl complexes in which high
02, NO and CO have long been of interest supporting the spin ferricironis antiferromagnetically coupled to N(¥6].
studies of the oxygenation reactions of some hemoproteins Non-heme enzymes (e.g. soybean lipoxygenase, estradiol
[11,12,51] The synthetic metalloporphyrins can be used dioxygenases, putidamonooxin, etc.) reacting with oxygen
as model systems for proteins responsible for t€ans- under physiological conditions are also able to bind nitric
port and storage (like hemoglobin and myogloHir—73] oxide [77-79] However, inhibition of these enzymes by
Biological roles of nitric oxide have turned considerable nitric oxide requires much higher NO concentrations than
attention to the reactions of the metalloporphyrin nitrosy- those found under physiological or even pathophysiological

wherekp is the rate constant for the diffusion-limited forma-
tion of the encounter complek, p is the rate constant for the
diffusion apart of the encounter complex, ands that for
the activation step in which the FBIO bond is formed. The
activation parameters for the release of NO from the nitro-
syl complex of camphor-bound P45@ are consistent with

a reaction mechanism in which the-f¢O bond cleavage

is the rate-limiting step. The volume profile for the reaction
between nitric oxide and camphor-bound form P45if-
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conditions. Not only iron enzymes but iron storage proteins ols. Thus, the dinitrosyl—iron(Il) complex with low molecular
(ferritin) can also easily react with nitric oxide. Furthermore, weight thiols acts as a diffusible NO carrier to facilitate
these interactions may be responsible for the NO induced paracrine actions of N{®2]. DNICs are readily detectable by
release of iron from ferritin stord80]. Similarly, EPR study =~ EPR spectroscopy (with theregion of 2.03-2.04) and have
revealed that nitric oxide can modulate the biological activ- therefore been much studi¢a3]. They have been detected
ity of two non-heme diiron proteins, e.g. hemerythrin and in animal tissues and microorganisms in a wide variety of
ribonucleotide reducta$8l,82] Hemerythrin, the binuclear  conditions from cancerous tissue to the substantia nigra of
oxygen protein can form reversible adducts with NO at the Parkinson’s disease brain tissue. Moreover, there is evidence
(Fd'-F€") deoxy and (F&—Fd'') semi-met oxidation lev-  that dinitrosyl—iron(ll)+-cysteine complex possesses phar-
els. The reaction of the NO molecule with ribonucleotide macological properties similar to those described to EDRF
reductase, the enzyme that converts ribonucleotides to the(endothelial-derived relaxing factdi94,95]
deoxyribonucleotides necessary for DNA synthesis involves
radical coupling reaction between a tyrosinal radical and NO 2.4.2. Interactions of nitric oxide with cobalt centres
(Tyrosine + NO — Tyrosine—NO) rather than direct binding Cobalt, present in human organisms in the form of cobal-
to the iron centrg83,84] amin cofactors (Vitamin B derivatives) plays a vital role

It has been revealed that nitrile hydratase (NHase), a bac-in many enzymatic biotransformations involving enzyme-
terial metalloenzyme catalysing the hydration of nitriles to catalysed molecular rearrangements and methyl group trans-
corresponding amides, is a photoreactive enzyme thatis inacfer reactions[96,97] The common structural feature of
tivated by nitrosylation of the non-heme iron centre and these biomolecules is the presence of the equatorial cor-
activated by photodissociation of nitric oxif&5]. The iron- rin chelate coordinated to the cobalt atom. Vitamin, B
containing NHase is the first enzyme with a mononuclear derivatives containing cobalt in the higher oxidation state
low-spin non-heme iron(lll) which is thought to be involved (+3) are six-coordinate with various ligands (such as water
in the catalysis. molecule in aguacobalamin) occupying the sixth coordina-

Another group of non-heme iron proteins represent- tion site whereas the reduced form of this biomolecule is
ing an important biological target for nitric oxide contain a five-coordinate complex with a low-spin cobalt(ll) cen-
iron—sulfur (Fe-S) centreq86]. Reactions of nitric oxide  tre. One of the recent interests in the biological functions
with the iron—sulfur clusters result in alteration of the func- of Vitamin B1, concerns the involvement of aquacobalamin
tional properties of the proteins, e.g. a loss, a decline or an(Cbl(ll)H20) and its reduced form (Cbl(ll)) in modifica-
increase in their activity. For example, the NO binding to tion of physiological actions of nitric oxide. According to
the Fe-S cluster of nitrogenase and formation oHS=NO the observations reported in the literat{®8], CbI(lI)H,0
complexes lead to complete inhibition of nitrogen fixation may react with NO in vivo to produce the CbI(II[)NO com-
[71]. In contrast to the reactions with the heme iron, the plex. However, recent detailed spectroscopic and kinetic
interactions of nitric oxide with FeS clusters as a rule lead studies have shown that no direct interaction between NO
to the destruction of the clustej87,88] This may happen  and aquacobalamin occurs, which is why it cannot account
by virtue of the cytotoxic action of NO, as several other for the observed physiological effects. The UV-vis spec-
key enzymes, such as cytoplasmic and mitochondrial aconi-troscopic changes observed on introducing NO into aque-
tase, NADH:ubiquinone oxidoreductase and NADH-succinal ous solution of CbI(II)HO, result from the reaction of
reductase, also contain iron—sulfur clus{é®j. The effect of cobalt(l11) with nitrite present as an impurity in aqueous NO
nitric oxide on cytoplasmic and mitochondrial aconitase, the solution[99].
enzymes from a class of metalloregulatory proteins called  Thereduced form of Vitamin B, also present under phys-
iron regulatory proteins (IRP) is especially interesting and iological conditions, efficiently binds nitric oxide to yield the
intriguing [88]. Some groups suggest that peroxynitrite is the stable nitrosyl adduct, CbI(I)N@.00,101] Thus, this inter-
reactive specief89,90] whereas others have suggested that action may account for the observed biological effects. The
NO itself is sufficient{91]. This confusion in the literature  nitrosylation reaction of Cbl(Il) may influence the physiolog-
clearly shows that inactivation of the (F8) cluster proteins ical activity of cobalamin-dependent enzymes. For example,
in biological systems should be very carefully examined in the NO binding to Cbl(Il) leads to inactivation of cobalamin-
the context of relative reactivities of NO, ONOG@nd Q°*~ dependent methionine synthase.
species with other available substrates. The CbI(I)NO complex belongs to the class of the

Due to the extremely high reactivity of nitric oxide, {M-NO}® species and can be formally described as
paracrine actions of NO require intracellular transfer of CbI(II)NO~. The kinetics of NO binding to Cbl(ll) were
this small molecule from the donor cells to the target recently studied with the use of laser flash photolyss].
cells. It has been assumed that biologically produced NO The rate constants for the forward reaction of nitric oxide with
might be stabilised and stored in vivo as a dinitrosyl- the reduced form aquacobalamin were found to be very high
iron(ll) complex (DNIC) with protein thiols, and can be (ofthe order of~10% M—1 s~1) whereas NO dissociation rate
released from cells in the form of a low molecular weight constants appeared to be too small for laser flash measure-
dinitrosyl—iron(ll)—dithiolate by intra- and extracellular thi- ments. It was, however, possible to measure values of back
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rate constants directly using the NO-trapping method. NO
binding to the vacant coordination site of the Cbl(Il) should
be very fast and exhibit a significantly negative activation vol-
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mitochondrial respiration, and this reaction may play a role
in modulating the rate of ©@consumption under physiologi-
cal conditions. The reaction ofc© with nitric oxide is very

ume as aresultof bond formation and a partial oxidation of the fast and much more complex than those with other copper-

Cd' centre in the rate-determining step. However, although
the NO binding reaction is very fast, it is almost two orders
of magnitude slower than the limiting rate constants for a
diffusion-controlled reaction in water. Moreover, it exhibits
a small but significantly positive value of volume activation,
suggesting the operation of a dissociative interchaiige (
ligand substitution mechanism for the forward reaction. A
detailed investigation of this reaction allowed explanation of

containing proteins. In general, it involves formation of the
Cug*—NO* species which is subsequently hydroxylated to
nitrous acid and the reduced form of £ he electron resid-
ing on the Cg can then be transferred to other redox centres
of CcO.

Many nitrosyl copper complexes were studied in the con-
text of their susceptibility to photodissociatift07]. Nitric
oxide complexes with T3 copper sites in ceruloplasmin and

the apparent discrepancy and showed the important role ofhemocyanin are inert to light, while T1 types of copper sites

solvent molecules in determining the mechanism of NO bind-

form photolabile complexes with nitric oxide. The photola-

ing to metal centres. The intermediate produced in laser flashbility of nitrosyl complexes at the T1 copper site has been

experiments of the Cbl(Il)/NO system differs from that in
the thermal reaction leading to the different intimate reaction

exploited to investigate the temperature dependence of the
ligand binding equilibrium and the kinetics of the associa-

mechanisms for the photoinduced and thermal nitrosylation tion reaction after photodissociation in azurin and halocyanin

of reduced cobalamin. Kinetic data for the reaction of NO
release from Cbl(I)NO showed that the dissociation of nitric

[109,110]

oxide is slow and a high energy barrier must be overcome 2.5. Metal complexes as NO-donors and acceptors

to break the C§ —~NO~ bond. A positive activation volume

observed for this process can be accounted for in terms of a The pathological events resulting from the dysfunction

dissociative interchange mechanism.

2.4.3. Interactions of nitric oxide with copper centres

Nitric oxide can act as a ligand for copper centres as
well and may be involved in redox chemistry with the metal
once bound102]. This dual character of NO interactions

in nitric oxide metabolism are fatal in more than 50% of
cases. This is why the search for new compounds able to
selectively enhance or inhibit the synthesis of NO, to mod-
ify its effects or eliminate it from physiological media, is
a major challenge for medicinal chemists, and is also a
potentially profitable area for the pharmaceutical industry.

with copper complexes in biological systems is sometimes The traditional approach to the search for new therapeu-

difficult to distinguish, especially as a subtle, temperature-

tic agents is via organic chemistry testing of a wide class

dependent, equilibrium between these two extremes has beewf compounds potentially capable of switching the nitric
detected, recently. Under physiological conditions (e.g. atlow oxide synthasd111]. However, many inorganic chemists
NO concentration and presence of oxygen) redox reactionshave recently pursued a different approach to the problem
between NO and copper proteins can be very fast. Hence,by exploiting knowledge of the role of metal compounds

these interactions may be of physiological importance. Fur-

thermore, since unpaired electron located ontherbital
of NO can couple with the unpaired electron orfGunitric

in activation and deactivation nitric oxide processes. Hence,
NO overproduction or deficiency under pathophysiologi-
cal conditions can be regulated by delivery within a bio-

oxide has also been used extensively as a spectroscopic probkgical environment of respective metal complexes which
to elucidate the nature of the active sites of copper-containingare able to bind (NO-scavengers) or release nitric oxide
enzymes and proteins such as hemocyanin, tyrosinase, cerudNO-donors).

loplasmin, ascorbate oxidase, laccase, azurin, halocyanin and

the iron/copper binuclear centre of cytochromexidase

[103—-106] The copper centres in copper proteins are gen-

erally divided into three main types according to their EPR

2.5.1. Nitrosyl metal complexes — exogenous source of
nitric oxide
Nitrovasodilators are NO-donating compounds that mimic

and optical features (T1, T2 and T3). It is assumed that thesethe action of an endothelium-derived relaxing factor (EDRF)

different types of Cu centres react differently with nitric oxide
[82,107] Of particular interest seems to be the use of NO to

study dioxygen reactive centres constituted either by cop-

imitating the physiological blood vessel dilatation process.
Long before NO was identified as the EDRF a number of
compounds containing NO, NO or NO3~ groups were

per pairs or by mixed Cu/Fe pairs, as in the binuclear centre recognised as vasodilators and use in the treatment of angina

of the cytochrome: oxidase (€O) [102,108] Cytochrome

pectoris without fully understanding the mechanism of their

¢ oxidase, the terminal electron acceptor of the respiratory action [31,32] NO-donors differ in their need for specific
chaininthe mitochondrion and in some bacteria, contains two cofactors to release nitric oxide as well as in susceptibility to

heme groups (Re&and Fg3) and two copper centres (@&and
Cug). Both Fgz and Cy, when reduced, can bind NO. NO
binding to GO is responsible for the reversible inhibition of

changes of factors such as pH, oxygen, light and temperature.
Depending on the chemical nature of both nitrovasodila-
tors and cofactors, the pathways of bioactivation are clearly
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different. For example, some compounds require enzymatic  The interaction of light with medicinally important metal
catalysis, whereas others produce NO in a non-enzymaticcompounds provides the possibility to trigger the desired
way. Moreover, among NO-donors some are spontaneous NGaction at the desired point, which makes light the key fac-
generators and some need to interact with thiols or be reducedor in developing photochemical strategies for targeted NO
or oxidised as a prerequisite for a release of NO. The amountdelivery systems. The NO photolabilisation method is espe-
of NO as well as the rate and period/profile of its release from cially suitable at sites in cells and preparations where dif-
NO-donating compounds determine the biological effective- fusion is restricted and the uptake by conventional perfusion

ness of NO.
Sodium nitroprusside (SNP, M&e(CNENQ]) is clin-
ically used as a nitrovasodilatdi12]. It is used as an

techniques distorts both the time course and steady-state con-
centration of the physiological ligand. In view of the high
instability of NO and its permeability across cell membranes

infusion for the control of blood pressure and as a ready from extracellular to intracellular domains, the photolabilisa-
source of NO in physiological experiments. Its nitro ana- tion method generating NO rapidly at known concentrations
logue, Kg[Fe(CNENOy] is also assumed to have potential within biological preparations at specific locations is of great
application as a hypotensive agent, but its clinical use has notvalue. The NO photolabilisation strategy is based on the
been tested y§113,114] The thermal reactivity of SNP has application of precursors of low thermal activity, which are
been widely investigated for its spontaneous release of NO inphotochemically active to give NO when subjected to elec-
biological fluids[112-116] In fact, the formation constantof  tronic excitation[64]. The photosensitive nature of the pre-
[Fe(CNENOJ?~ is very high and so its spontaneous decom- cursor compounds adds an important new dimension to their
position is unlikely. Two different pathways for the SNP therapeutic potential, thatis, it helps to improve the perfusion
metabolism have been suggedtet3]. One of theminvolves  of selected vascular beds and to deliver potentially cytotoxic
a direct nucleophile attack on SNP and the subsequent for-quantities of NO to a specific target site. For instance, the
mation of an unstable complex [F.CN)sNONucl]*~. The photochemistry of metal nitrosyl complexes has been used
decomposition of this intermediate complex produces either as a vehicle for delivering NO to hypoxic cell cultures in

Fe compounds or oxidised nucleophile or/and Bemplex

and NONucl species. The latter is thought to be a source

of NO or NO'. The other pathway of the SNP metabolism
includes its reduction in cells as the first step, followed
by release of one of the CNligands and formation of
[Fe(CN}NO]2~. Because of the NOcharacter of the nitro-
syl ligand in the latter complex, a nucleophilic attack on
the NO' ligand is expected to be the most probakil3].
Although SNP and its nitro analogue are very valuable NO-
donors, their use is problematic due to reduction in their
activity provoked by photolysigl17,118]Jand to their oxida-
tive breakdown provoked by an activated immune system.

order to sensitise gamma-radiation damHg2].

A class of metal complexes which has received con-
siderable attention is an iron—sulfur—nitrosyl cluster anion
of the type [FgS,(NO)]"~. The Roussin’s Red Salt,
[FexSp(NO)4]4~ and Roussin’s Black Salt, [F83(NO)7]~
contain in their ions a large number of NO ligands
and are known as highly effective nitrovasodilators with
unusual pharmacological profiles. Although ionic, they
enter endothelial cells remarkably quickly and accumulate
therein, releasing NO slowly. Nitric oxide can be released
from these compounds thermally or photochemically. Expo-
sure to light greatly enhances the vasodilator actions of

The release of cyanide from SNP in blood can also be causedron—sulfur—nitrosyl clusters. This is due to an oxygen-

by the action of UV or visible light from room light. This

dependent photochemical reaction, which accelerates the

means that great caution must be exercised when workingrelease of ligated nitrosyl groups as free N@3]. Roussin’s

with solutions of Na[Fe(CN)NO] during medical therapies.

Black Salt anion has many qualities desirable for the biolog-

Intensive studies of the photodecomposition of SNP have theical delivery of NO to specific targets, e.g. water solubility,
objective to provide more stable pharmaceutical preparationsabsorption across the visible light region and stability to bio-
achieved with use of various procedures, examples being thelogical conditions, and therefore is a good candidate for a
addition of small amounts of Vitamin B to 5% dextrose photochemical precursor that can deliver nitric oxide to bio-
solution of SNP or administration of a substance consuming logical targets on demarjdi24]. In fact, RBS at low concen-
photochemically generated radicfl49,120] tration (10 nM) showed photocytotoxicity towards melanoma
Recently, a family of simple analogues of SNP, charac- cells and two neoplastic cell lines: human (SK-MEL188)
terised by the ability to maintain the ligand set while altering and mouse (S91). Cellular death was caused by short-lived
metal ions, has been investigaf@d3,121] From a series of ~ Roussin’s Black Salt photoproducts, mainly NO, but not by
[M(CN),NO,]"~ complexes, where M=V, Mn, Cr, Co, Fe  other RBS photoproducfg25].
Féd', Fd'', only iron complexes appeared to be pharmacolog-  An interesting group of potential photochemical precur-
ically active. The Cr and Mn complexes did not exhibit any sors includes the nitrosyl derivatives of ruthenium. It was
hypotensive action. Although these SNP analogues containshown that doubly charged NO compounds[RUCI3NO]
the toxic cyanide ligand and are therefore clinically unaccept- and Ko[RuCIlsNO], are thermally stable but photolabile,
able, the investigation of this family of compounds helped to releasing nitric oxide on exposure to near-UV lift26,127]
interpret the mechanism of nitric oxide donation from the They are water soluble and so unlikely to cross biologi-
[M(CN)NOy]"~ complexeg113]. cal membranes. Irradiation of these compounds in the range
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300-350 nm leads to rapid liberation of NO with a rate greater lenediamine dianion, are regarded as exceptionally promis-
than 18 s~1 and product quantum yields of 0.012 and 0.06 ing systems as precursors for photochemical NO delivery to
for [RUCI3NO] and Kp[RuCIsNQ], respectively. The effi-  various targetgl36]. Near-UV irradiation of a representative
cacy of ruthenium nitrosyl complexes in biological systems member of this family, e.g. [Ru(salen)(CI)(NO)], leads to the
was revealed by the relaxation of contracted aortic rings NO photolabilisation and formation of the solvento species,
brought about by photoreleased NO. The effect is identical [Ru(salen)(CI)(Sol)].
with that of EDRF, where the action of NO is well established Another group of compounds studied in context of their
[128]. potential application as NO-donors are macrocyclic sys-
Another class of light-sensitive nitrosyl complexes are tems with an extremely stable, sequestered metal core.
metalloporphyrins[129-131] The nitrosyl complexes of  Complexes of the typerrans-[Ru' (X)(NO)(cyclam)f*
metalloporphyrins release nitric oxide after absorption of (where X=halo or hydroxo ligand and cyclam=1,4,8,11-
photons by the porphyrin macrocychesystem with quan-  tetraazacyclotetradecane) release nitric oxide very slowly and
tum yields varying from virtually zero to unity. Due to empty therefore can be considered as promising controlled-release
d-orbitals of transition metal complexes which can couple NO prodrugs, acting as long-lasting, although softer vasodila-
to the porphyrinm-orbitals forming states of intermediate tors[137,138]
energy, the electronic excited states in these systems are The problem of thermal instability and oxygen sensitivity
inherently short-lived. Both the rapid deactivation of the of potential NO-donors compounds in the aerobic aqueous
excited porphyrin statesr( ') and the spectroscopic inac- environments under physiological conditions has been over-
cessibility of the internal metal states result in difficulties come by exploration of a new strategy of NO generation from
in determination of the factors controlling the denitrosy- an air-stable, water solublergns-Cr'"' (cyclam)(ONO}]*
lation processes. However, it has been suggested that theomplex via the photolytic cleavage of coordinated nitrite
identity of the bound metal is one of the most important [139]. The photolysis of this complex in agueous solution
features in determining the photoinduced deligation yields results in the formation of an intermediate complex, believed
[129]. Hoffman and Gibson examined ligand photorelease to be frans-Cr'V (cyclam)(O)(ONO)] with the concurrent
for awide variety of hemoproteins and their metal-substituted production of nitric oxide.
analogues containing three different metals, e.g. Fe, Co and
Mn. They found that metalloporphyrin-ligand systems witha 2.5.2. Metal complexes as nitric oxide scavengers in
total occupancy of the metal d orbitals and ligaridorbitals biological systems
of x=6 are highly photolabile, whereas thosexgt 7 are A number of transition metal complexes have been tested
not photolabile, examples beimg~ 1 for MbFe' -NO and ~ for NO-trapping and for antisepsis potential. The following
@ < 10~* for MbCd'-NO complex. It was also suggested chemical properties of these complexes make them suitable
that the linear, Bmetal-ligand fragments are relatively pho- for the application: (i) transition metals have variable oxi-
tolabile, while the systems with bent fragments and higher dation states, (ii) their ligands are coordinated in a precise
electron occupancy are relatively photoingr32]. Morlino spatial arrangement and (iii) more importantly, by changing
and Rodgers have investigated photoinduced deligation inthe ligands the complexes can be adjusted to control pharma-
two protein-free nitrosylmetalloporphyrins, TPPRO and cological interactions in biological systems.
TPPCd NO. The difference in the denitrosylation yields of The complexes that possess most of these characteris-
these nitrosyl adducts was accounted for in terms of energytics are polyaminocarboxylate complexes of Ru and Fe.
partitioning in the upper excited state of the porphyrin. Only The parent compound K[Rl(Hedta)Cl] has emerged as a
those excited states that relax via a CT state result in the lossnitric oxide scavengef140,141] It is water soluble, which
of nitric oxide[133,134] is why it cannot cross lipophilic cell membranes. Recently,
The photochemical studies on the nitrosyl porphyrin com- pre-clinical studies have proved pharmacological activity of
plexes of the first-row transition metals revealed that appli- [Ru" (edta)RO]~ in biological systems ranging from cul-
cation of these compounds in the photochemical delivery to tured cells to sophisticated disease mod2H. Ru'' —edta
specific targets on demand is hampered due to their labil-complex possesses low toxicity and many desired pharma-
ity and oxygen sensitivity4]. In this context, interest was cokinetic properties. Therefore, it appeared to be a promising
focused on the nitrosyl ruthenium porphyrin complexes of the candidate as a nitric oxide scavenger. In agueous solution, at
type RU'(Por)(NO)(ONO) (where Por=TPP, OEP, TmTP physiological pH 7.4 [RVf (Hedta)CI}" hydrolyses rapidly to
and FTTP), anticipated to be more stable. Ford et al. showed[Ru"' (edta)}O]~. Recent kinetic study revealed that nitric
that the flash photolysis of the nitrosyl nitro complexes of oxide binds rapidly to [RY (edta)l0]~ to form a very
ruthenium indicate the operation of at least two pathways stable nitrosyl complex, characterised by a high complex-
leading to the formation of a photoreaction intermediate, formation constant (estimated as abouf M01s1) and
Ru(Por)(ONO) and Ru(Por)(NO) formed by photolabilisa- very low dissociation rate constafit42]. The NO binding
tion of nitric oxide and nitrito ligand, respectivel§6,135] is extremely fast and occurs within the dead time of the
The salen-type complexes, [Ru(R-salen)(X)(NO)], where stopped-flow instrument. Attempts to determine the complex-
R-salen is a derivative of th&,N'-bis(salicylidene)ethye-  formation rate constant using laser flash photolysis technique
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were complicated due to the occurrence of unwanted sideit behaves as a normal nucleophile during such ligand dis-
reactions. placement reactions. Its radical nature, however, does require
Among inorganic compounds tested for antisepsis poten- a formal charge transfer process to occur in order to stabilise
tial, iron-based complexes have been brought back to light. the nitrosyl reaction product. The results illustrate the impor-
Aminocarboxylate complexes of iron(ll) are known for their  tant influence of aminocarboxylate chelates on the values of
ability to bind NO rapidly, and have been used in indus- the rate constants and overall equilibrium constant, as well as
try to enhance the solubility of NO in aqueous solutions to onthe nature of the mechanism for the forward and back reac-
facilitate the removal of NO from exhaust ga$&43—146] tions. There seems to be no simple correlation between these
The potential medical application of these complexes as constants and the selected groups or charge on the iron(ll)
clinically useful agents for the control of blood NO levels complexes, and electronic/structural features must control the
during septic shock has recently been considered. Shep-coordination number of the complexes and as a result their
herd et al. synthesised and characterised [[?dO)] com- mechanistic behaviour.
plexes of the aminocarboxylate and pyridyl-based ligand sys-  Considering the properties of the iron(ll) aminocarboxy-
tems with L=edt4" (ethylenediaminetetraacetate), fita  late complexes studied in terms of their therapeutic appli-
(nitrilotriacetate), pid& (2-pyridylmethyliminodiacetate),  cation as NO-scavengers in the human body, the follow-
tpa (tris-2-pyridylmethylamine) and tpetV.N'.N’-tetra- ing conclusions can be drawn: (1) The highest value of
(2-pyridylmethyl)ethylenediamine]147]. Although Fé - the rate constant for the NO binding was found in the
aminocarboxylate or pyridyl-based complexes bind to nitric case of [F&(edta)}O]%~, which is ca. 4 times higher than
oxide rapidly and tightly, forming relatively stable NO- that for the NO binding to [F&hedtra)HO]%2~. However,
adducts, the parent £k complexes are inherently reac- taking into account the 22 times faster NO release from
tive with oxygen. On the other hand, independent stud- [Fe' (edta)}O]%~, the nitrosyl complex of the hedtra com-
ies revealed that iron(lll) complexes, such as'Fdtpa plex is around 5 times more stable than the nitrosyl complex
(dtpa~ = diethylenetriaminepentaacetate), bind readily to ofthe edta. The nitrosyl complexes of R&tha) and Fe(ttha)
NO upon reduction to Feat physiologically relevant poten-  appear to be comparably as stable a8 [Redtra)H0]%~. (2)
tials, and are able to protect mice against death caused byThe oxygen sensitivity of the complexes studied appears to
septic shock148]. be a limitation of their utility as NO-scavengers in the blood-
Recently, the binding mode and oxidation state of stream. On the other hand, this limitation seems to be only
NO in the nitrosyl iron(ll) aminocarboxylate complexes apparent problem keeping in mind the fact that at physiolog-
Féd'(L)(NO), where L =edt&, hedtrd~ (hydroxyethylene- ical redox potentials in the cell, these complexes could occur
diaminetriacetate), nta, mid&~ (methyliminodiacetate), in their reduced Peform. Presently, from the series of metal
dtp2~ and tth&~ (triethylenetetraaminehexaacetate) have aminocarboxylate complexes, the [R(edta)}O]~ appears
been studied with the use of UV-vis and ATR-IR spec- to be the promising candidate for practical application as an
troscopy[149]. The equilibrium constant&yo for the nitro- efficient NO scavenger in the human bddy?2].
sylation processes were determined by combined spectropho- Two other iron-based complexes possessing several
tometric and potentiometric techniques. In general, a good properties of a desirable antisepsis agent have recently
correlation between the oxygen sensitivity of [fe) ,] com- been described in the literature. One of them is an
plexes and the stability constants of their corresponding unsaturated macrocyclic water-soluble "Fecomplex,
nitrosyl complexes was found, in which the higher values of [Fé' (tim)(CH3CN),](PFs)2 (tim=2,3,9,10-tetramethyl-
Kno for the nitrosyl complex is accompanied by the shorter 1,4,8,11-tetraazacyclodeca-1,3,8,10-tetraene). It reversibly
“qualitative oxidation time”. The tendency of [F€.),] to binds nitric oxide forming a six-coordinated nitrosyl
reversibly bind NO correlated directly with the oxygen sen- complex similar in its EPR behaviour to iron(Il) porphyrin
sitivity of the Fé' complexes, suggesting that [Fe(L)NO] nitrosyls. Although the macrocyclic complex of' Featisfies
is stabilised in the form of [F&(L)(NO™)] similar to that some of the criteria as a possible NO scaver{§é8] its
found for the binding of dioxygen, viz. [H&L)(O,*7)]. utility is strongly limited by the small value of the formation
Kinetic studies on the formation and dissociation reactions constant, which is ca. 10 orders of magnitude smaller than
for the F&(L)/NO systems were performed using a com- that found for the NO binding to Hgheme)[2].
bination of laser flash photolysis and stopped-flow (NO-  The other iron(ll) complex is [FEedampda)]
trapping method) techniqu¢s50-152] For a series of lig- (edampd&™ = N, N’ -bis (2-pyridylmethyl)ethylenediamine-
ands, the formation rate constants vary between<1.0? N,N -diacetate]154]. [F€' (edampda)] binds NO reversibly
and 2.4x 1°M~1s~1, whereas the dissociation rate con- with a formation rate constant of abouk110? M~1 s~ and
stants vary between 0.11 and %20°s 1. The activation the dissociation rate constant of %710 3s™1, at 25°C.
parameters determined from the temperature and pressurdhe resulting stability constant is equal to x30*M—1.
dependence of the forward and back rate constants suggesAlthough [Fé' (edampda)] is less stable than other nitrosyl
the operation of a dissociative interchangg (mechanism, iron(ll) complexes, its greater resistance to oxidation
which is also in agreement with the results obtained from is an advantageous property when compared to other
the water exchange experiments. Although NO is a radical oxygen sensitive iron(ll) complexes. Additionally, neutral
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[Fe'' (edampda)] complex more easily diffuses through [157]. Contrarytothe behaviour of the NO molecule, whichis
membranes, which is a beneficial property for its use in Very reactive due to its electronic configuration in the ground
NO removal in the state of sepsis. Investigation of the State, the dioxygen molecule is relatively stable. Therefore,
synthesis and structural characterisation of thé' Rnd in general, oxygen activation requires an energy input which
Ru'' analogues of [F§edampda)] are in progress. can be derived by a thermal (e.g. Fenton-like reactions) or
Another class of iron complexes under consideration photochemical way (e.g. photoassisted Fenton reaction).
are iron—dithiocarbamate complexes, Fe(DTC). The nitro- A particular role of photogenerated reactive oxygen
syl complexes of Fe(DTC) were studied extensively until the Species can be found in medicine. One of the most promising
1970s because of their unique magnetic and electronic prop-anticancer therapies is photodynamic therapy (PDT). A pho-
erties. Now their high reactivity towards NO and high stability tochemically active substance (photosensitiser) is delivered
of the resultant nitrosyl complexes, has attracted attention asand accumulated in the ill tissue. Excitation of the photo-
a possibility for detection and analysis of biologically pro- sensitiser causes formation of its triplet excited statg (T
duced nitric oxidg155,156] Fig. 5 which can lead to initiation of one of two types
Studies on the vasodilation properties of complexes of the of photodynamic reactions. In the photoprocess of type |
type trans-[Ru’ (X)(NO)(cyclam)B* (see previous section)  electron (eventually hydrogen) transfer occurs. As a result
led to consideration of the chemistry of these compounds radical intermediates are formed. The photoprocess of type
from the other point of view. Because of the slow disso- !l involves an energy transfer from the photosensitiséQg
ciation of NO, rrans-[Rul' (X)(NO)(cyclam)F* and related molecule leading tdO, generation. The reactions of type Il
complexes might be exploited in the removal of nitric oxide are usually dominant in PDT. The singlet oxygen and other
in blood[137,138] ROS (especially radicals) so generated in consecutive steps
are responsible for the tumour necrosis.
At present porphyrins, chlorins, bacteriochlorins, phthalo-
3. Oxygen activation cyanines and naphthalocyanines are the most commonly
studied photosensitisers. There are also some attempts to use
Oxygen activation has been reviewed in several papers 1102-based heterogeneous photosensitisers.
[6-9]. Usually the authors concentrate only on oxygen acti-
vation by metal complexes in homogeneous phase or on prop-3.1. Oxygen as an energy or electron acceptor in
erties of @ adsorbed at the solid (heterogeneous catalysis). In homogeneous systems
the latter systems photocatalytic activity at a semiconductor
surface can be considered. Here we attempt to present only Many dioxygen complexes have been characterised. Since
selected examples of using these two different types of sys-an electron transfer between @@gand and metal centre may
tems, homo- and heterogeneous, for reactive oxygen speciesccur the formal state of oxygen in such complexes may be

generation. 0,, 0o*~ or O,2~. In addition, the metal-dioxygen centre
Reactive oxygen species involve several molecules, ionscan adopt several different geometriék
and radicals such a€,, OH*, OOH*, HO,~, O»*~ and The G coordination to metal centres enables oxygen

H,0,. These mostly unstable species can lead to oxidationtransport and storage in living organisrfg]. Iron- and
of several organic molecules, in particular biomolecules. ROS copper-containing metalloproteins are mainly recognised to
are generated also in environmental systems and photosysbe oxygen carriers or reservoirs. These biomolecules may

tems in the presence of metal ions liké'Eé~d', cu', cr! be divided into three classes: (i) heme-containing proteins
chemical reactions
_ / (free radicals)
S _§ NN

T, e—

! chemical reactions
(singlet oxygen)

photosensitiser

Fig. 5. Photophysical and photochemical principles of the photodynamic action.
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CHj;

Fig. 6. Structure of T-D: 10,15,20-tritolylporphyrin-5-(4-amidophenyl)-[5-(4-phenyl)-10,15,20-tritolylporphyrin].

(hemoglobin, myoglobin), (iij) hon-heme-containing proteins instance, the metallosubstituted chlorophylls showlife-
with a di-iron site (hemerythrin, myohemerythrin) and (iii) times of a few hundred nanoseconds in the presence of air
non-heme-containing proteins with a di-copper site (hemo- and 10-10Qs in the absence of oxyg¢h61]. However, in
cyanin). the case of a platinum(ll) compl¢x62] the triplet state life-
Several organic dyes (e.g. methylene blue, bengal rose time remained very short, in the range of 2+2l The heavier
etc.) are very effective in photosensitised singlet oxygen gen- central ions, due to magnetic interactions with the electrons
eration. Suitable T state energies and their lifetimes assure of ligand, exert the so-called heavy atom effect, which (via
good quantum yields 3, photoproductiong » ) which can spin-orbit coupling) affects the parameters of the intersystem
reach values of ca. 0.75 in the case of bengal [b58]. In crossing in the complex.
the case of metalloporphyrins thg, values are even higher, In addition to organic and metalloorganic molecules, inor-
for instance 0.88 for PATPP in benzgié]. The additional ganic complexes can also photosensitise singlet oxygen for-
advantage of porphyrins and their derivatives is their low mation. Among others complexes of RDs', Pt', Pd' with
cytotoxicity in the dark and absorption in a broad range of UV bipyridine or phenanthroline derivatives as ligands have been
and visible light. The red light absorption is another feature tested10]. In some cases the, values are close to 1.
of an ideal photosensitiser since in this spectroscopic region  Simple transition metal complexes are able to gener-
tissues show the deepest light penetration. Phthalocyanineste other reactive oxygen species. A good example is the
are characterised by Q-band maxima at 670—7001%h chemistry and photochemistry of iron(ll)/iron(lll) systems.
Recently the synthesis, photochemical and photophysicalln presence of hydrogen peroxide, hydroxyl radical gen-
properties and preliminary studies on biological effects of a eration takes place. Depending on the oxidation state of
new, photostable tritolylporphyrin dimer (T-IFig. 6) were iron ions and irradiation the following systems can be con-
described159]. T-D in its excited state activates dioxygento sidered: HO,/Fe' (Fenton), BO,/F€" (Fenton-like) and
singlet oxygen with a quantum yield of 0.8, i.e. a significantly H»Oo/Fé!(Fe'")/UV (the photo-assisted Fenton system).
higher efficiency as compared to a clinically used hematopor- Irradiation with UV light in the latter case results in very
phyrin derivative — Photofring, =0.25-0.28)[160]. The efficient OF radical formatior{163]:
photodynamic properties of the dimer were examined by

following the growth of SK-MEL188 (human melanoma) Fe(OH)ZJFgFeZJF + OH° (10)
cells irradiated with red light. Using a 30 times lower T-
D concentration and 2 times lower light dose as compared Fe?t 4+ H,0, — Fe*t + OH™ + OH® (11)

to experimental conditions applied in tests with hematopor-
phyrin derivatives or Photofrin, the effect of photocatalytic In acidic media H@® radicals can also be formg#ic4]:
killing was comparable for all three photosensitisers.

Since the applicability of a photosensitiserin PDT strongly Fe** + H,0, = Ht 4+ FeOOH (12)
depends on properties of the first triplet statg)(Tong life-
times of the T states of photosensitisers are expected. For FeOOH — F&t + HO,* (13)
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Due to ROS generation the oxidation of various organic com- formation of one O radical on this path requires three elec-
pounds can be realised by photo-assisted Fenton and relatettons from the conduction band. The presence of ROS close

processes. to the semiconductor surface plays an indispensable role in
the consecutive steps of organic species degradation.

3.2. Oxygen as an energy or electron acceptor in Singlet oxygen can also be formed upon Ti®adiation.

heterogeneous systems The mechanisms dfO, formation usually discussed are

In heterogeneous systems in which oxygen is adsorbed (i) energy transfef175]
at a semiconductor (usually T¥psurface ROS can also be o hv oy Op 1
formed. It is a result ofnterfacial electron transfer (IFET), TO2—=TI02—=T02 + 70z (24)
a consecutive step of light absorption and generation of the (ji) HO,* radical recombinatiofl76];
electron in the conduction band and the hole in the valence

band. The ability of TiQ in ROS photogeneration opens TiOy + 0y 00~ 5 HoO (25)
a variety of possible environmental, biological and medical
applications. For instance, water and air purification, smart 2HOO" — H0,+'0, (26)

self-cleaning surfaces are only a few examples. The mecha-,.... . S
nism of heterogeneous photocatalysis has been described it"") ion-annihilation[177,178]
detail in textbooks and review papdi$5—170] Here only

selected aspects of ROS photogeneration in such systems will
be discussed.

+
Tio, + 0, 0,0~ 10, (27)

The singlet oxygen is most likely formed according to the

first mechanism, i.e. in photosensitation prodas%].

3.2.1. Reactive oxygen species (ROS) formation The main disadvantage of TiChowever, is its broad band
The main process in which hydroxyl radicals are formed gap limiting the absorption to UV light. This problem can be

is water or hydroxyl group oxidation by valence band holes 4t |east partially solved by sensitisation of titania to visible

(h*): light. As an example a series of Tiased photocatalysts
n . n modified with platinum(lV) chloride complexes (PtTiO>)
h" +H20 — OH® + H (14) can be considered. The materials efficiently catalyse pho-
or todegradation of 4-chlorophenol (4-CP) with visible light
N B [179-182] Upon visible light irradiation an oxidising weakly
h™ +OH™ — OH® (15) bound chlorine atomK=1.3-2.4V) and a reducing 't

This process at titania surface is possible due to ca. 0.2-0.3 Vspecies (ca=0.7V) are formed ig. 7). The transient Pt

higher redox potential of‘has compared to the redox poten-
tial of OH*/OH™ pair.
A variety of ROS may be formed via the so-called reduc- 0,

tive pathway. An electron from the conduction band of titania O =07V
reduces adsorbed dioxygen molecule to superoxide anion [L,PE"-Cl|
[171-174] A series of consecutive reactions leads to forma- or
tion of further ROS, such as hydrogen peroxide,ft@nd :
OH?* radicals: [L.PEVCI] + hy
e -+ 02 N 02._ (16) hy 400 nm < A <730 nm
A<400 nm
0,*” +Ht > HO,* (17)
O HHO = O HO: S e Leeal.
HO2* + HO»* — H,0,+ O, (19) o
Y
HO,™ +HT — H,0; (20) ® S5y
. "OL/OM ; ca. 24V s
H202—20H* (21) VB
HoOz +02°” — OH®* + OH™ + 0> (22)
H,Oo +e” — OH® + OH™ (23) 0,, OH™ TiO, [PtCly]

This series of equations demonstrates the possibility of Fig. 7. Proposed mechanism of TiGensitisation by [P Cl,]** com-
hydroxyl radical formation in the reductive pathway. The plexes.
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CO,, HoO, NO3;~, SO42-, halide anions, etc. The process
leading to these end-products is called mineralisation. There
are reports on photocatalysed degradation of hundreds of
organic compoundfl66,186] Several pilot plants for pho-
tocatalytic water cleaning already operate in sunny places.
One of the model pollutants used in studies on photodegra-
dation is 4-chlorophenol (4-CH187]. The route of 4-CP
degradation at a titania surface has been extensively studied
[166,188—-193] The oxidation is initiated by hydroxyl radi-
cal or directly by the hole. This step leads to hydrogen atom
abstraction or introduction of an additioraDH group to the
aromatic ring. In consecutive steps the@ bond cleavage,
the introduction of the next hydroxyl groups and ring opening

[salicylic acid] after 6 h / pmol dm™

2 A
A Ar, C(NO,), Ar, C(NO,), take place._ o _
A, >400nm % >400nm A >335nm Photomineralisation does not always mean photooxida-
I r irr . . - -
tion. Quite often the oxidation process must be preceded by
Fig. 8. Formation of salicylic acid upon irradiation of 1% [P4jIP25 reduction steps. A good example is the transformation of

suspended in benzoic acid solution: aerated suspensipr 400 nm), in CCly to COp and CI. The end-products can be formed only
Ar-saturated suspension in the presence of G¥Qxir >400nm and  fter the reduction of carbon(IV) followed by its re-oxidation
Airr >335 nm). [166]. Therefore the redox properties of excited semiconduc-
tor together with possibility of ROS generation play a crucial
role.

An interesting, very stable pollutant attracting particular
attention is cyanuric acid. It is the final product of atrazine
degradation in most photocatalytic systems based on.TiO
Its degradation was observed on the previously described

is capable of an electron injection into the conduction band
of TiOs.

Irradiation with UV-light leads to photogeneration of elec-
trons in conduction band and holes in the valence band.

However, since the latter is not produced upon visible light PtV /TiO, photocatalysti180] or at titania with the sur-
irradiation the formation of hydroxyl radicals on the oxida- face modified with fluoride anion66,194] The extraor-

tive pathway is not possible. In a series of experiments of the dinary properties of the latter photocatalyst were attributed

forrPatio_n salicylic acid from_benzoic acid and_ Otadicals . to hydroxyl radicals formed in the homogeneous phase which
OH?° radicals are formed mainly on the reductive pathway in were stronger oxidants as compared to hydroxyl radicals
this system, i.e. the reduction ob@nd further consecutive adsorbed at the titania surfais6,194]

steps as described above. In this experiment the suspension
of the PtV/TiO in the solution of benzoic acid (18 M) was 3.2.3. Semiconductors as photosensitisers in PDT

irradiated with visible light i >400 nm,Fig. 8§). Substan- Similar to homogeneous systems capable of ROS photo-
tial amounts of salicylic acid were detected in the presence generation, heterogeneous photocatalysts can also be consid-
of oxygen. When tetranitromethane (FM) was used asan  ered as potential photosensitisers in photodynamic therapy.
electron scavenger (instead of oxygen) only trace amountsgch applications (mainly of Ti®based materials) have

of salicylic acid were detectable and the relatively stable peen recently testgd95].

yellow C(NQ;)3~ anion was identified through its typical The role of ROS photogenerated in heterogeneous sys-
absorbance at 350 nfp83-185] Contrary to this, afastfor-  tems is similar to ROS produced in solution. The first target
mation of salicylic acid occurred when the latter experiment of reactive oxygen species is the cellular membrane which can
was conducted with UV lightjr >335 nm). Inthiscaselight  pe damaged and its permeability can be chari@6—198]
absorption by the titania matrix generates valence band holesgrther damage inside the cell include the ROS attack on
which oxidise water or surface-hydroxyl groups to the®OH  ,,cleic acidg199-202]and enzyme$203]. Oxidation of

radicals. proteins and aminoacids photocatalysed by ;Ti@s also

been observed by Muszkat et g@04]. This process respon-
3.2.2. Photocatalytic mineralisation of organic sible for the cell damage can also be applied for purification
pollutants of biocontaminated waters.

The oxidation of organic pollutants can occur under rela-  Photoexcited TiQ particles induced primary DNA dam-
tively mild conditions: at room temperature, in the presence age and structural chromosome aberrations in cultured mouse
of a photocatalyst most commonly based on J&d upon lymphoma L5178Y cell§201]. Since no induction of gene
irradiation with UV light (wavelengths shorter than 400 nm). mutations was observed upon irradiation in microbial or
When TiG; material is sensitised, UV light can be substituted mammalian cells systems treated with Fj@was suggested
with visible light. Pollutants containing carbon, hydrogen, thatDNA lesion causesachromosomal aberration rather than
nitrogen, sulfur, halogen atoms and others are converted togene mutations.



2454 W. Macyk et al. / Coordination Chemistry Reviews 249 (2005) 2437-2457

The cytotoxicity of TiQ upon UV irradiation, attributed  solutions followed by photoreduction of ions to form metal
to photogenerated CHadicals, was also observed against islands[195]. The activity of such surfaces can be divided
Chinese hamster ovary ce]205,206] Photoinduced killing into two main actions: (i) bacteria killing by metal ions (in
of T-24 human bladder cancer cells in the presence of tita- dark) and/or by photogenerated ROS; (ii) photodecompo-
niawas reported by Fujishima and co-workgar$6,207,208] sition of organic material, in particular endotoxins, lipids,
The mechanism of ROS photogeneration, particularly singlet etc. Removal of organic matter from the surface prevents the
oxygen and superoxide anion formation was investigated by growth of new microorganisms because of the lack of avail-
Inoue and co-workerfd 75]. The energy transfer from radia-  able nutrients.
tionless recombination of photogenerated electron/hole pair
to an adsorbed oxygen molecule was proposed as the most
likely process of singlet oxygen formation. 4. Conclusions

3.2.4. Photocatalytic microorganisms killing Although activation processes of small molecules like NO
Reactive oxygen species photogenerated at the surface ohnd G have been studied for many years, a lot of questions
excited TiQ may also be responsible for killing microor-  still remain to be answered. The most effective methods to use
ganisms. There are reports on the killing (or at least growth metal ions and metal compounds as electron and/or energy
inhibition) of bacterig186,189,200-204&nd algag209] at transfer mediators in activation processes are still of great
the surface of irradiated T¥DThese properties of Tidayers interest. Improvement of our knowledge on biological pro-
are already applied in the production of sterile tiles and other cesses involving interplay of reactive oxygen and nitric oxide
surfaces. Photogenerated ROS attack cell membrane (thepecies with metal ions is essential for design and tuning of
process called lipids peroxidation), nucleic acids, proteins artificial systems for medical, industrial and environmental

(enzymes deactivation). Similar mechanisms are involved in applications.

PDT.
Photogeneration of ROS outside the microorganism cell

may cause a severe damage of the cell membrane. The proa cknowledgements

cess involves breaking of three main membrane layers: outer

membrane, peptidoglycan and cytoplasmic membjah@].
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Slow damage of the outer membrane changes the permeabil<Fastkin” No. 8/97 (GS) and fellowship (WM), State Com-
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radicals leading to peroxidation of membrane lipids. This ).

mechanism, however, assumes the radical attack not only at
the semiconductor surface but also at a certain distance from

particles. In fact, the bactericidal effect of illuminated %iO References

film on E. coli was observed even at a distance ofus0
from the film[211]. Once the cellular membrane is damaged
(open) small photocatalyst particles can reach the inner part
of the cell causing severe, efficient oxidation of the cell con-
tent[200,212]

The oxidation power of ROS is high enough to oxidise
aminoacids, peptidd204] and enzymef203]. Destruction
of nucleic acids was also obsernj@d®9-202] It can be mon-
itored as pyrimidine dimer formatioj213], DNA structural
changeg202], decrease of DNA molecular weigf#00] or
hydroxylation of guanine bas¢t99].

Bactericidal properties of some metals (e.g. Ag, Cu)
merged with photocatalytic properties of titania can be com-
bined in hybrid materials with the metal islands deposited
at the TiQ surface. Expected increased efficiencyotoli
killing was observed for Ag/Ti@system with 1% (w/w) sil-
ver conten{189]. Peroxidation of lipids in this system was
significantly faster when compared to the system with pure
titania. Besides the bactericidal activity of the silver, the metal
was also a trap for photogenerated charges.

A similar effect can be achieved using copper instead of
silver[195,214] Fujishima et al. described ceramic tiles cov-
ered with TiQ layers which were sprayed with metal salt
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