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a Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Medical University of Silesia in Katowice, Jagiellońska 4, 41-200 Sosnowiec, Poland
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Paramagnetic complexes of DOPA–melanin with ciprofloxacin, lomefloxacin, norfloxacin and sparfloxacin
were studied by EPR spectroscopy. The aim of this work was to determine free radical concentration and
properties of these complexes. Free radical concentrations in the studied complexes were �1019–1020

spin/g. Relatively lower and similar (5.1–6.6 � 1019 spin/g) free radical concentrations characterized
DOPA–melanin complexes with ciprofloxacin, and lomefloxacin. Higher concentrations (0.8–1.2 �
1020 spin/g) were obtained for complexes of norfloxacin and sparfloxacin. Effect of the drug concentration
on free radicals in melanin was observed. Strong dipolar spin–spin interactions and slow spin–lattice
relaxation processes exist in all of the samples.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Melanins are ubiquitous pigments that are composed of highly
heterogeneous polymers containing indole subunits as well as
intermediates of melanogenesis. They constitute the largest class
of natural pigments in the biological world synthesized in special-
ized, cellular organelles of the endosome/lysosome lineage called
the melanosomes in the cytoplasm of melanocytes [1–4]. Melanin
pigments are multifunctional polymers. Physiological function of
melanin is to buffer against photochemical stress through absorp-
tion and dispersing UV radiation, sequestering metal ions and trap-
ping free radicals and reactive oxygen species [1,3,5]. Biopolymer
granules are capable to bind many heterogeneous chemical com-
pounds, i.e., metal ions, organic amines and cyclic compounds
including drugs. By inhibiting or significantly restricting drug ac-
cess to cell receptors, they protect organism against drugs side ef-
fects. On the other hand, interactions of high doses of drugs with
melanins may be responsible for many toxic effects in pigmented
tissues, i.e., toxic retinopathy, hyperpigmentation of the skin, hair
bleaching, irreversible extrapyramidal disorders and some ocular
and inner ear lesions [6–8].

Fluoroquinolones represent a diverse class of bactericidal
agents with multiple applications in many infectious diseases. As
a class, they are synthetic fluorinated analogs of nalidixic acid
[9]. They act by inhibiting two bacterial enzymes: DNA gyrase –
topoisomerase II and topoisomerase IV involved in bacterial DNA
replication [9,10]. Several antibiotics belonging to this class are
known to exhibit moderate to severe phototoxicity, which is
ll rights reserved.

n).
manifested by exaggerated sunburn in patients who are exposed
to sunlight while taking this group of drugs [11]. Photoreactions
to fluoroquinolones occur mostly in response to ultraviolet A
(UVA) light (315–400 nm) rather than to shorter wavelengths out
of the UVB or UVC band [12]. Fluoroquinolones undergo a variety
of photochemical processes such as defluorination, oxidation,
decarboxylation, generation of singlet oxygen and production of
superoxides [13]. Phototoxicity is postulated to occur as a result
of fluoroquinolone photodegradation, and the molecules ability
to generate free oxygen radicals. In turn, these oxidative radicals
may attack cellular lipid membranes, initiating inflammatory pro-
cesses, and cause mitochondria or DNA damage [10,13,14]. All of
these processes may lead to apoptosis [10]. Recent studies suggest,
that fluoroquinolones generate oxygen-dependent Type I and Type
II phototoxic reactions, producing reactive oxygen species (ROS)
like singlet oxygen (1O2), superoxide anion radical (O�2) and hydro-
xyl radical (�OH) under the exposure to ultraviolet radiation [15].
Halogenation (chlorine, fluorine) of position 8 in concert with fluo-
rination of position 6 (the so-called double-halogenated quino-
lones) has demonstrated significant phototoxic potential [16].
Lomefloxacin and sparfloxacin were reported to have relatively
high phototoxic potential as compared with other fluoroquino-
lones like ciprofloxacin or norfloxacin (chemical structures are pre-
sented in Table 1) [10–12]. In addition, a methoxy group at 8
position confers photostability and a correspondingly reduced
phototoxic potential, as seen with the 8-methoxyfluoroquinolones
like gatifloxacin and moxifloxacin [10,16].

Phototoxic reactions are very similar to sunburn (dermatitis
solaris) which is characterized by erythema, infiltration, oedema
or blisters followed by desquamation and hyperpigmentation.
Chronically repeated phototoxic damages may lead to fragility,
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Table 1
Chemical structure of the analysed fluoroquinolones.
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blistering and milia formation, or even actinic keratoses and skin
cancers [12,17]. Moreover, as a result of oxidative stress, fluoro-
quinolones have a potential for retinal phototoxic degeneration
[17–19].

There is a possibility to connect the high affinity of fluoroquin-
olones for melanin biopolymers with the free radical dependent
adverse phototoxic reactions. Fluoroquinolones have been re-
ported to bind well to melanin rich tissues such as eyes and skin
[20,21]. The protective role of melanin pigments may avoid initia-
tion of the phototoxic process [10]. On the other hand, slow release
of fluoroquinolones from bonds may build up high and long-lasting
levels of drugs stored by melanin and lead to prolonged exposure
of melanin containing cells and surrounding tissues to the toxicity
of ROS [20].

Melanins are paramagnetic polymers with high contents of free
radicals [22–38]. It was pointed out by us earlier that during bind-
ing of drug to melanin the number of free radicals increased [39–
43]. Free radical reactions of melanin–drug complexes may change
chemical structure of molecular units in cells and tissues. The
knowledge about free radicals formation after drug binding to mel-
anin is important in relation to safety of individual drug
administration.

The aim of this work was to determine free radical concentra-
tions and properties in DOPA–melanin complexes with ciprofloxa-
cin, lomefloxacin, norfloxacin, and sparfloxacin. Magnetic spin–
spin and spin–lattice interactions were tested. Effect of drug con-
centration on free radical system in DOPA–melanin complexes
was determined.

Electron paramagnetic resonance (EPR) spectroscopy was the
applied experimental technique. This work is the continuation of
our spectroscopic studies of melanin complexes with drugs. Free
radicals in DOPA–melanin complexes with chloroquine [24,25],
dihydrostreptomycin [41], gentamicin [42], kanamycin [42] and
netilmicin [43], were examined earlier. Free radicals in DOPA–mel-
anin complexes with ciprofloxacin, lomefloxacin, norfloxacin, and
sparfloxacin were not studied by electron paramagnetic spectros-
copy so far. This study is very important for assessment of toxic
interactions produced by these drugs in organism.
2. Experimental

2.1. Samples

Synthetic DOPA–melanin was formed by oxidative polymeriza-
tion of 3,4-dihydroxyphenylalanine (L-DOPA) in 0.067 M phos-
phate buffer at pH 8.0 according to the Binns method [44].

Complexes of melanin samples with ciprofloxacin, lomefloxa-
cin, norfloxacin and sparfloxacin were obtained as follows: 30 mg
of melanin was incubated with 30 ml of aqueous drug solutions.
In the studies, the following initial drug concentrations were used:
1 � 10�4 M, 5 � 10�4 M, 1 � 10�3 M and 5 � 10�3 M. Control sam-
ples contained 30 mg of melanin and 30 ml of distilled water with-
out drug. All samples were incubated for 24 h at room temperature
and protected from sunlight. The suspensions were filtered after
incubation. The amounts of tested fluoroquinolones in each filtrate
with respect to the control sample were determined spectrophoto-
metrically by the use of UV–VIS spectrophotometer JASCO model
V-630. Analytical wavelengths (kmax) for the compounds studied
were chosen as follows: 274 nm for ciprofloxacin, 284 nm for
lomefloxacin, 272 nm for norfloxacin and 290 nm for sparfloxacin.
The calculated values of the molar absorption coefficients (ekmax )
were: 35 139 dm3 mol�1 cm�1 for ciprofloxacin, 32 978 dm3 mol�1

cm�1 for lomefloxacin, 35 361 dm3 mol�1 cm�1 for norfloxacin and
27 430 dm3 mol�1 cm�1 for sparfloxacin. The amounts of ciproflox-
acin, lomefloxacin, norfloxacin and sparfloxacin bound to melanin
(in micromoles per 1 mg melanin) were calculated as the differ-
ence between the initial amount of drug administered to melanin
and the amount of unbound drug in filtrate after incubation.

2.2. EPR measurements

EPR measurements for samples located in thin walled glass
tubes with the inner diameter of 2 mm were performed at room
temperature. The geometry of all the samples and ultramarine
was similar, and they were put into the same middle point of the
cylindrical resonance cavity. The empty glass tubes were tested
spectroscopically, and no EPR signals were obtained at the used
range of microwave power and electronic receiver gains.

The spectra were recorded by the use of EPR spectrometer pro-
duced by RADIOPAN Firm (Poznań, Poland). Numerical acquisition
of the spectra by Rapid Scan Unit of JAGMAR Firm (Kraków, Poland)
was done. Magnetic modulation was 100 kHz. Microwave fre-
quency from X-band (9.3 GHz) was measured by MCM 101 recor-
der of EPRAD Firm (Poznań, Poland).

The first-derivative EPR spectra were measured in the wide
range of microwave power from 2.2 mW to 70 mW. Amplitudes
(A), integral intensities (I), and linewidths (DBpp) of the spectra
were analysed. Integral intensity was obtained by double integra-
tion of the spectra. LABVIEW3 and program of spectral analysis of
JAGMAR Firm were used.

g-Factor was obtained from the resonance condition according
to the formula [45]:

g ¼ hm=lBBr;

where h – Planck constant, m – microwave frequency, lB – Bohr
magneton, Br – resonance magnetic induction.

Free radical concentration (N) in the samples was determined as
follow:

N ¼ nu
I

WAm

� �
Iu

WuAu

� ��
;
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where nu – the number of paramagnetic centers in ultramarine (the
reference), W, Wu – are the receiver gains for sample and ultrama-
rine, A, Au – are the amplitudes of ruby signal for the sample and
ultramarine, I, Iu – are the integral intensities for the sample and
ultramarine, and m – is the mass of the sample. Ultramarine was
a gift from Prof. A. Więckowski (University of Zielona Góra). The
number of paramagnetic centers in this reference was
nu = 1.9 � 1019 spins. A ruby crystal was permanently placed in
the resonance cavity, and it was used as the secondary reference
during measurements of the concentration. The ruby crystal was
used to rise the accuracy of the measurement of free radical concen-
tration. All spectra during the measurements of free radical concen-
tration were recorded with attenuation of 15 dB and microwave
power of 2.2 mW. If the microwave power was very slightly differ-
ent from 2.2 mW the amplitude of the ruby crystal changed, so the
intensities were divided by its amplitude. The ruby crystal was the
probe which normalized the conditions of the experiment. Only
very low differences were obtained between amplitudes of the ruby
crystal for the individual melanin samples in the resonance cavity
(A), and for the ultramarine (Au).

Continuous microwave saturation of EPR lines was applied to
examination of spin–lattice relaxation processes [45].
3. Results

The obtained results indicate that ciprofloxacin, lomefloxacin,
norfloxacin and sparfloxacin form complexes with DOPA–melanin
(Fig. 1). On the basis of the results it may be concluded that the
amount of drug bound to melanin (r) increased with increasing ini-
tial drug concentration. In the concentration range studied (from
1 � 10�4 M to 5 � 10�3 M) the increase was 10-fold respectively
for ciprofloxacin complexes (from 0.09 lmol/mg to 0.92 lmol/mg
melanin) and norfloxacin complexes (from 0.09 lmol/mg to
0.86 lmol/mg melanin), 8-fold for sparfloxacin complexes (from
0.10 lmol/mg to 0.83 lmol/mg melanin) and 7-fold for lomefloxa-
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Fig. 1. Amounts of ciprofloxacin, lomefloxacin, norfloxacin and sparfloxacin bound to DO
three independent experiments are presented.
cin complexes (from 0.10 lmol/mg to 0.71 lmol/mg melanin) with
DOPA–melanin. In addition, the highest amount of drug bound to
melanin (0.92 lmol/mg melanin) was observed for DOPA–mela-
nin–ciprofloxacin complexes.

All the studied melanin samples were highly paramagnetic with
concentration of unpaired electrons from 5.1 � 1019 spin/g to
11.6 � 1019 spin/g (Table 2). EPR spectra were obtained for the
samples in the whole microwave range of 2.2–70 mW. EPR spectra
of DOPA–melanin and complexes of DOPA–melanin with ciproflox-
acin, lomefloxacin, norfloxacin and sparfloxacin recorded at the
lowest microwave power (2.2 mW) in the absence of microwave
saturation of the signals are presented in Fig. 2. EPR spectra of
the drug–melanin complexes measured for the highest drug con-
centration (5 � 10�3 M) were single unsymmetrical lines. For other
melanin complexes similar lineshapes of EPR spectra were
observed.

Absolute values of free radical concentration (N) as well as rel-
ative values in relation to DOPA–melanin (N/NDOPA–melanin) and
parameters of EPR spectra (DBpp, g) of DOPA–melanin and its com-
plexes with the analysed drugs are presented in Table 2.

o-Semiquinone free radicals with characteristic g-values in the
range of 2.0029–2.0039 exist in DOPA–melanin and in the analysed
DOPA–melanin–ciprofloxacin, DOPA–melanin–lomefloxacin, DOPA–
melanin–norfloxacin, and DOPA–melanin–sparfloxacin complexes.
g-Factor for EPR line of DOPA–melanin was 2.0039. Similar values of
g-factor (2.0037–2.0038) were calculated for EPR lines of DOPA–
melanin–norfloxacin and DOPA–melanin–sparfloxacin complexes.
Slightly lower g-values were obtained for EPR curves of DOPA–
melanin–ciprofloxacin (2.0029–2.0038) and DOPA–melanin–lome-
floxacin complexes (2.0032–2.0035). g-Factors were not dependent
on drug concentration for complexes of DOPA–melanin with nor-
floxacin and sparfloxacin (Table 2). The relatively lower g-values
were obtained for DOPA–melanin complexes with ciprofloxacin
(2.0029, 2.0030) and lomefloxacin (2.0032, 2.0033) at drug concen-
trations of 5 � 10�4 M and 1 � 10�3 M. g-Values for complexes with
drug concentrations of 1 � 10�4 M and 5 � 10�3 M were for DOPA–
NORFLOXACIN SPARFLOXACIN

c0 = 5 x 10-4 M

c0 = 5 x 10-3 M

PA–melanin (r) depending on initial drug concentration (c0). Mean values ± SD from



Table 2
Free radicals concentration (N) and EPR spectra parameters (DBpp, g-factor) of DOPA–melanin and its complexes with the ciprofloxacin,
lomefloxacin, norfloxacin and sparfloxacin. N/NDOPA–melanin – free radical concentration in the sample related to the value for DOPA–
melanin.

Sample N � 1019 N/NDOPA–melanin DBpp (mT) ± 0.02 g ± 0.0002
(spin/g)

DOPA–melanin 6.2 1.00 0.34 2.0039
Melanin + ciprofloxacin (1 � 10�4) 6.2 1.00 0.34 2.0038
Melanin + ciprofloxacin (5 � 10�4) 5.1 0.82 0.33 2.0029
Melanin + ciprofloxacin (1 � 10�3) 6.1 0.98 0.33 2.0030
Melanin + ciprofloxacin (5 � 10�3) 6.3 1.02 0.34 2.0034
Melanin + lomefloxacin (1 � 10�4) 6.5 1.05 0.34 2.0034
Melanin + lomefloxacin (5 � 10�4) 5.4 0.87 0.33 2.0032
Melanin + lomefloxacin (1 � 10�3) 6.2 1.00 0.34 2.0033
Melanin + lomefloxacin (5 � 10�3) 6.6 1.06 0.34 2.0035
Melanin + norfloxacin (1 � 10�4) 8.6 1.39 0.35 2.0037
Melanin + norfloxacin (5 � 10�4) 9.4 1.52 0.36 2.0037
Melanin + norfloxacin (1 � 10�3) 11.6 1.87 0.37 2.0037
Melanin + norfloxacin (5 � 10�3) 10.6 1.71 0.37 2.0038
Melanin + sparfloxacin (1 � 10�4) 8.7 1.40 0.35 2.0037
Melanin + sparfloxacin (5 � 10�4) 9.5 1.53 0.36 2.0038
Melanin + sparfloxacin (1 � 10�3) 9.9 1.60 0.36 2.0037
Melanin + sparfloxacin (5 � 10�3) 8.1 1.31 0.37 2.0038

EPR spectra were recorded at microwave power of 2.2 mW.
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melanin–ciprofloxacin 2.0038 and 2.0034, and for DOPA–melanin–
lomefloxacin 2.0034 and 2.0035 (Table 2).

Similar free radical concentrations were obtained for DOPA–
melanin (6.2 � 1019 spin/g) and DOPA–melanin complexes with
ciprofloxacin (6.1 � 1019–6.3 � 1019 spin/g) and lomefloxacin
(6.2 � 1019–6.6 � 1019 spin/g) at initial drug concentrations
1 � 10�4 M, 1 � 10�3 M and 5 � 10�3 M. The slightly lower free
radical concentrations were determined for DOPA–melanin com-
plexes with ciprofloxacin (5.1 � 1019 spin/g) and lomefloxacin
(5.4 � 1019 spin/g) at initial drug concentration 5 � 10�4 M. Free
radical concentrations higher than for DOPA–melanin
(6.2 � 1019 spin/g) characterized DOPA–melanin complexes with
norfloxacin (8.6 � 1019–11.6 � 1019 spin/g) and sparfloxacin
(8.1 � 1019–9.9 � 1019 spin/g). For the both analysed complexes
free radical concentration increased with increasing of the drug
concentration from 1 � 10�4 M to 1 � 10�3 M, and it decreased
for the highest drug concentration equal to 5 � 10�3 M (Table 2).

Broad EPR lines with linewidths of 0.34–0.37 mT were mea-
sured for all the examined melanin samples. The similar linewidths
(�0.34 mT) were obtained for DOPA–melanin and for DOPA–mela-
nin complexes with ciprofloxacin and lomefloxacin, independently
on the drug concentration. EPR spectra of DOPA–melanin–norflox-
acin and DOPA–melanin–sparfloxacin complexes were slightly
broaden (0.35–0.37 mT) as compared with EPR spectrum of
DOPA–melanin (0.34 mT) (Table 2).

The parameters of EPR spectra of the studied melanin samples
depended on microwave power. Changes of amplitudes (A) and
linewidths (DBpp) of EPR spectra of DOPA–melanin and DOPA–mel-
anin complexes with ciprofloxacin, lomefloxacin, norfloxacin, and
sparfloxacin with increasing of microwave power for the low
(5 � 10�4 M) and the highest (5 � 10�3 M) drug concentrations
are compared in Figs. 3–6, respectively.

Similar changes of amplitudes of EPR lines with microwave
power were obtained for DOPA–melanin and DOPA–melanin com-
plexes with the studied drugs at the concentration 5 � 10�4 M
(Figs. 3a–5a). EPR lines of DOPA–melanin complexes with cipro-
floxacin and lomefloxacin for the samples with the highest drug
concentration saturate at lower microwave powers than EPR line
of DOPA–melanin (Figs. 3a and 4a).

Amplitude of the EPR spectra measured with increasing of
microwave power increases and after reaching the maximum it de-
creases (Figs. 3a–6a). Linewidth of the EPR spectra increases with
increasing of microwave power (Figs. 3b–6b). The observed corre-
lations between amplitude, linewidths and microwave power are
characteristic for homogeneous broadening of the experimental
lines. EPR lines of all the examined melanin samples saturated at
low microwave power what indicates that slow spin–lattice relax-
ation processes exist in the complexes of DOPA–melanin with cip-
rofloxacin, lomefloxacin, norfloxacin, and sparfloxacin, as well as in
DOPA–melanin.

Microwave saturation of EPR lines depended on the drug con-
centration for ciprofloxacin (Fig. 3a), lomefloxacin (Fig. 4a), and
norfloxacin (Fig. 5a). Microwave power of saturation of EPR lines
of DOPA–melanin complexes with ciprofloxacin (Fig. 3a) and lome-
floxacin (Fig. 4a) decreased with increasing of the drug concentra-
tion from 5 � 10�4 M to 5 � 10�3 M. EPR lines of DOPA–melanin–
norfloxacin complexes with the drug concentration of 5 � 10�3 M
saturated at higher microwave power than these complexes with
lower drug concentration of 5 � 10�4 M (Fig. 5a). Slower spin–lat-
tice relaxation processes existed in DOPA–melanin complexes with
ciprofloxacin and lomefloxacin with higher drug concentration.
Faster spin–lattice relaxation processes existed in DOPA–mela-
nin–norfloxacin complexes with higher drug concentration. Effect
of drug concentration on microwave saturation of EPR lines was
not observed for sparfloxacin (Fig. 6a). Spin–lattice relaxation
was not affected by the drug concentration for DOPA–melanin–
sparfloxacin complexes.
4. Discussion

Fluoroquinolones represent a major class of antibacterials with
great therapeutic potential, widely used in treatment of various
infections of urinary and respiratory system, as well as in ophthal-
mology and dermatology [9,12]. Phototoxicity has been recognised
as an unwanted adverse effect of some of these agents, but the inci-
dence and intensity of phototoxic reactions were found to vary
considerably from one compound to another [12]. Singlet oxygen
molecules and other free radicals are generated when UV light
comes in contact with certain fluoroquinolones compounds.

Fluoroquinolones have a strong affinity for melanin, and are
deposited at high levels in melanin-containing ocular and skin tis-
sues, where they persist for long period of time, and then are re-
leased very slowly [20,21]. The relation between the affinity of
fluoroquinolones to melanin and phototoxicity is suggested but
not well documented. It is possible that, if eye or cutaneous mela-



Fig. 2. EPR spectra of DOPA–melanin (a), and DOPA–melanin complexes with
ciprofloxacin (b), lomefloxacin (c), norfloxacin (d) and sparfloxacin (e). The spectra
were measured with microwave power of 2.2 mW. Concentrations of complexing
agents were 5 � 10�3 M.
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(DBpp) (b) of EPR spectra of DOPA–melanin complexes with ciprofloxacin. M, M0 –
microwave power used during the measurement of the spectrum and total
microwave power produced by klystron (70 mW), respectively.
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nin accumulates fluoroquinolone, the melanin would enhance
rather than protect against phototoxicity [20].

The performed EPR studies pointed out that DOPA–melanin
complexes with ciprofloxacin, lomefloxacin, norfloxacin, and spar-
floxacin contained high amount of free radicals (�1019–1020 spin/g)
(Table 2). Free radical concentration in melanin changed after com-
plexation of norfloxacin and sparfloxacin, but it only slightly chan-
ged after binding of ciprofloxacin and lomefloxacin to melanin.
These correlations give us some information about activity of free
radicals during drug–melanin complexes formation. Free radicals
play an important role during binding of norfloxacin and sparflox-
acin to melanin. Chemical interactions during formation of mela-
nin complexes with these drugs raised free radical concentration
in the samples. Such effects were observed by us earlier for
DOPA–melanin complexes with chloroquine [39,40], dihydrostrep-
tomycin [41], gentamicin [42], kanamycin [42] and netilmicin [43].

Intensity of free radicals formation in DOPA–melanin com-
plexes with norfloxacin and sparfloxacin increased with increasing
of the drug concentration from 1 � 10�4 M to 1 � 10�3 M (Table 2).
The lower amounts of free radicals characterized DOPA–melanin
complexes with these drugs at concentration 5 � 10�3 M. Probably,
the possible mechanism of lowering the amount of free radicals in
complexes with the highest examined drug concentration was the
recombination of free radicals created during the complexation
process.

Only small changes in the amount of free radicals in melanin
during complexation of ciprofloxacin and lomefloxacin to this
polymer (Table 2) indicate that free radicals do not play a signifi-
cant role in the formation of DOPA–melanin complexes with these
drugs.g-Factors of free radicals in the studied melanin complexes
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(DBpp) (b) of EPR spectra of DOPA–melanin complexes with norfloxacin. M, M0 –
microwave power used during the measurement of the spectrum and total
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in the range of 2.0029–2.0039 (Table 2) indicate that mainly oxy-
gen free radicals exist in the studied samples. The high spin–orbit
coupling of unpaired electrons in free radicals with unpaired elec-
trons located on oxygen atoms is responsible for these high g-val-
ues [45–47]. o-Semiquinone free radicals were also observed in the
all melanin samples which have been examined earlier [22–38].
The weak differences in g-values of the individual melanin com-
plexes with drugs resulted from small changes of the spin–orbit
coupling constant in the samples [45].

The results of measurement of the EPR spectra with microwave
power of the wide range of 2.2–70 mW (Figs. 3–6) indicate homo-
geneous broadening of these spectra. Isolated spin packs do not ex-
ist in the samples [45]. The decrease of amplitude of EPR lines at
higher microwave powers, which is characteristic for this broaden-
ing, may be explained by inversion of the amount of unpaired elec-
trons on the ground and excited energy levels [45]. Microwave
saturation of EPR line is the result of the higher amount of unpaired
electrons on the excited energy levels. It can be then concluded
that free radicals are homogeneously distributed in complexes of
DOPA–melanin with the analysed drugs [45–47]. So, the physical
analysis confirmed the fact that binding of the drugs was similarly
effective in the whole polymer samples. EPR spectra of DOPA–mel-
anin complexes with chloroquine [39,40], dihydrostreptomycin
[41], gentamicin [42], kanamycin [42] and netilmicin [43], were
also homogeneously broadened.

Because of saturation of the measured EPR lines of DOPA–mel-
anin complexes with ciprofloxacin, lomefloxacin, norfloxacin, and
sparfloxacin at low microwave powers (Figs. 3a–6a), we can con-
clude that slow spin–lattice relaxation processes existed in the
examined samples. The higher amount of unpaired electrons is lo-
cated on the excited energy levels, when the line begins saturate
and the amplitude decreases [45]. Such distribution of unpaired
electrons on energy levels appears at low microwave powers for
systems with slow spin-relaxation processes [45–47]. Slow spin–
lattice relaxation processes were also found in DOPA–melanin
complexes with chloroquine [39,40], dihydrostreptomycin [41],
gentamicin [42], kanamycin [42] and netilmicin [43].

Continuous microwave saturation of EPR spectra (Figs. 3a–4a)
showed that lower spin–lattice relaxation processes exist in
DOPA–melanin complexes with ciprofloxacin and lomefloxacin
with the higher drug concentration. In these samples with the
higher contents of the drugs magnetic interactions of unpaired
electrons of free radicals with diamagnetic molecular lattice of
the polymer were slower [45].

Microwave saturation EPR method proved (Fig. 5a) that fasten-
ing of spin–lattice relaxation processes with increasing of the drug
concentration was obtained for DOPA–melanin–norfloxacin com-
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plexes. Faster magnetic interactions of excited by microwaves un-
paired electrons exist in the polymer with the higher content of
norfloxacin.

Sparfloxacin did not change spin–lattice interactions in DOPA–
melanin, because similar microwave saturation was observed for
these complexes with low and the highest sparfloxacin content
(Fig. 6a).

Summing up, magnetic spin–lattice interactions depend on
drug concentration in melanin complexes with ciprofloxacin,
lomefloxacin and norfloxacin whereas sparfloxacin does not
change spin–lattice interactions in melanin.

The EPR spectra of the studied melanin complexes were broad
(0.33–0.37 mT; Table 2) and asymmetrical lines (Fig. 2). Broad lines
are characteristic for paramagnetic samples with strong dipolar
interactions between unpaired electrons [45]. Dipolar spin–spin
interactions responsible for broadening of EPR lines are possible
in samples with low distances between free radicals [45]. Unpaired
electrons of free radicals are located in external magnetic field of
electromagnet and additionally in magnetic field of magnetic mo-
ments of neighboring dipoles. This effect broadens excited energy
levels of unpaired electrons and as the result it broadens their res-
onance absorption curves [45]. The linewidths pointed out that
similar dipolar interactions and similar distances exist in DOPA–
melanin and DOPA–melanin complexes with ciprofloxacin and
lomefloxacin. Slightly stronger dipolar interactions and lower dis-
tances between free radicals exist in DOPA–melanin complexes
with norfloxacin and sparfloxacin which demonstrate relatively
slightly broaden EPR lines (Table 2).

The performed in this work spectroscopic studies indicate that
EPR spectroscopy may be applied to examination the role of free
radicals during drug – DOPA–melanin complexes formation. EPR
analysis is important to obtain information about potential toxic
effects in tissues after drug administration. Comparative EPR anal-
ysis of melanin and melanin complexes with drugs is the useful
method for examination of free radicals formation in this polymer.
5. Conclusions

In our studies, the binding capacity of ciprofloxacin, lomefloxa-
cin, norfloxacin and sparfloxacin to melanin, was demonstrated.

EPR examination has shown that DOPA–melanin complexes
with the analysed fluoroquinolones are characterized by strong
paramagnetism resulting from existence of o-semiquinone free
radicals with g-values of 2.0029–2.0038 and concentrations of
�1019–1020 spin/g. Free radical concentrations in DOPA–melanin
and its complexes with ciprofloxacin and lomefloxacin are similar.
Free radicals play an important role during binding of norfloxacin
and sparfloxacin to DOPA–melanin. The observed increase of free
radical concentration in these melanin complexes depended on
the drug concentration.

Continuous microwave saturation of EPR spectra of DOPA–mel-
anin complexes with the analysed drugs indicates their homoge-
neous broadening and slow spin–lattice relaxation processes in
the examined samples. Slower spin–lattice relaxation processes
exist in DOPA–melanin complexes with ciprofloxacin and lome-
floxacin with increasing drug concentration. Fastening of spin–lat-
tice relaxation processes with increasing drug concentration was
obtained for DOPA–melanin–norfloxacin complexes. Sparfloxacin
does not change spin–lattice interactions in DOPA–melanin. Strong
dipolar interactions are responsible for broadening of EPR lines of
DOPA–melanin complexes with the analysed fluoroquinolone
derivatives.

The participation of free radicals in DOPA–melanin–fluoroquin-
olones complexes formation may be one of the reasons of undesir-
able phototoxic effects of these drugs.

EPR spectroscopy is the useful technique for examination of
drugs binding to melanin.
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