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E. Buszman, D. Wrześniok, J. Trzcionka

Received July 13, 2006, accepted August 2, 2006

Prof. Ewa Buszman, Ph.D, Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Medical
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The aim of this study was to examine in vitro the interaction between aminoglycoside antibiotics dis-
playing adverse ototoxic effects and melanin which is a constituent of the inner ear. The binding of
neomycin, tobramycin and amikacin to model synthetic melanin was studied. It has been demon-
strated that all the investigated aminoglycosides form stable complexes with melanin biopolymer. The
obtained results show that the amount of drug bound to melanin increases with the increase of initial
drug concentration and the incubation time. An analysis of drugs binding to melanin by the use of
Scatchard plots has shown that at least two classes of independent binding sites must be implicated
in the studied aminoglycoside antibiotic-melanin complexes formation: strong binding sites (n1) with
the association constant K1 � 0.2–2.0 � 105 M�1 and weak binding sites (n2) with K2 � 1.0–
4.9 � 103 M�1. Based on the values of association constants the following order of drugs affinity to
DOPA-melanin was found: tobramycin > amikacin � neomycin. The ability of the analyzed aminogly-
coside antibiotics to form complexes with melanin in vitro may be one of the reasons for their ototoxi-
city in vivo, as a result of their accumulation in melanin in the inner ear.

1. Introduction

The aminoglycosides are a family of structurally diverse
antibiotics that are effective against a broad spectrum of
clinically important pathogenic organisms. This family of
compounds, which includes the clinically relevant drugs
tobramycin, kanamycin, gentamicin, neomycin and amika-
cin, consists of a central aminocyclitol ring with two or
three substituted aminoglycan rings attached at different
positions (Forge and Schacht 2000). Aminoglycosides are
believed to exert their bactericidal effects by binding to
the 16S rRNA of the 30S ribosomal fragment. The amino-
glycoside antibiotics are known to affect renal tissues and
sensory cells of the inner ear (O’Grady et al. 1997). The
precise mechanism underlying the organ specificity of
aminoglycoside-induced toxicity has not been fully estab-
lished.
The melanin pigment is a high molecular mass polymer
that occurs widely in living organisms and particularly in
the skin, hair, eye, ear and brain (Ings 1984; Zucca et al.
2004; Wielgus and Sarna 2005, Liu et al. 2005). It is
known that various drugs and other chemicals are bound
(Ibrahim and Aubry 1995; Lowrey et al. 1997; Mårs and
Larsson 1999) and retained for long periods in pigmented
tissues due to melanin affinity. The accumulated com-
pounds are very heterogeneous in structure: drugs of dif-
ferent categories –– psychotropics, drugs for rheumatoid
arthritis and malaria, local anaesthetics (Larsson 1993;
Buszman et al. 2003; Buszman and Różańska 2003a),
antiarrhythmic drugs (Buszman and Różańska 2003b), and

also metal ions (Andrzejczyk and Buszman 1992; Liu
et al. 2004; Hong et al. 2004), herbicides, dyes, alkaloids
etc. (Larsson 1993). Among the drugs showing the great-
est affinity to melanin pigment in vitro are policyclic
amines, including chloroquine and aminoglycoside anti-
biotics (Wästerström 1984; Wrześniok et al. 2002; Pilawa
et al. 2002; Wrześniok et al. 2005).
Since melanins are present in external and internal tissues,
their capacity to bind to a wide number of drugs may
result in various toxic effects due to lesions of pigmented
tissues. This factor is of importance in the pathogenesis
associated with long-term and/or high dose therapy with a
number of drugs, including aminoglycoside antibiotics
(Larsson 1993). It has been earlier suggested that the affi-
nity of melanin pigment for aminoglycosides may cause
these drugs to bind preferentially to the pigmented inner
ear, producing greater ototoxicity than in the amelanotic
albino cochlea (Wästerström 1984). The mechanism be-
hind the development of lesions in the pigmented cells is
probably a combination of selective retention, due to mel-
anin binding, and toxicity, i.e., substances with low toxi-
city may scarcely induce lesions, in spite of high melanin
affinity, while those with a more expressed or specific
toxicity may induce the adverse effects (Larsson 1993).
The evidence of greater ototoxicity in albinos has led to
the hypothesis that melanin inhibits the toxicity of amino-
glycoside antibiotics in the pigmented inner ear. On the
other hand, ototoxicity in the pigmented animals may sim-
ply be delayed relative to albinos, only to become equal
or even more severe with time (Conlee et al. 1995).
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Under certain circumstances the possible protection me-
chanism may be a threat to the pigmented cells. Chronic
exposure to certain toxic substances with melanin affinity
ultimately causes adverse effects in the cells. These effects
are mainly related to high dose, long-term exposure, and a
prominent feature of the lesions is that the histologic
changes are initially found in the pigmented cells, and
successively in the adjacent tissues, such as receptor cells.
The onset of the adverse effects may be delayed, and the
entire manifestation of the lesions may occur even years
after cessation of the offending substances. It is also possi-
ble that various toxic substances, which are retained in the
melanin-containing tissues, are causing additive effects
(Larsson 1993).
The physiological meaning and the mechanism of drug-
melanin binding are still not fully understood. The aim of
the presented studies was to examine in vitro the interac-
tion between aminoglycoside antibiotics displaying ad-
verse reactions in the inner ear, that is neomycin, tobramy-
cin and amikacin, and melanin. For these studies synthetic
DOPA-melanin was used because of its similarity to natur-
al eumelanins.

2. Investigations and results

The binding capacity of three aminoglycoside antibiotics:
neomycin, tobramycin and amikacin to synthetic DOPA-
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Fig. 1: Effect of incubation time and initial drug concentration (c0) on the
amount of neomycin, tobramycin and amikacin bound to DOPA-
melanin (in %).
Mean values � SD from three independent experiments are pre-
sented. Points without error bars indicate that SD was less than the
size of the symbol
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Fig. 2: Binding isotherms for neomycin-melanin, tobramycin-melanin and
amikacin-melanin complexes. r –– amount of drug bound to mela-
nin; co –– initial drug concentration.
Mean values � SD from three independent experiments are pre-
sented. Points without error bars indicate that SD was less than the
size of the symbol



melanin was analyzed. The effect of the incubation time
and initial drugs concentration on the amount of drugs
bound to melanin is presented in Fig. 1. The results are
given for four different initial aminoglycosides concentra-
tions (c0): 2.5 � 10�4 M, 5 � 10�4 M, 7.5 � 10�4 M and
1 � 10�3 M and for six different incubation times: 1, 3, 6,
12, 24, and 48 h. It can be seen that the amount of drug
bound to melanin increases with the prolongation of incu-
bation time and after 12–24 h it attains a plateau. It has
been also shown that the amounts of antibiotics bound to
melanin increase with increasing initial drug concentra-
tion. Simultaneously, the decrease of complex formation
efficiency, expressed in % as the ratio of the amount of
drug bound to melanin to the initial amount of drug added
to melanin, was observed with the increase of the initial
antibiotic concentration (Fig. 1.)
Dependence of the amount of aminoglycosides bound to
melanin after 24 h of incubation as a function of the initial
drug concentration is presented in Fig. 2 as binding iso-
therms. All the examined samples demonstrate an increase
of bound antibiotics with the increase of the amount of
added drug. It can be seen from binding isotherms that the
amount of drugs bound to a constant amount of DOPA-mel-
anin reaches a plateau at about 0.19 mmol neomycin per
1 mg melanin, which reflects the initial neomycin concen-
tration 7 � 10�4 M, about 0.47 mmol tobramycin/mg mela-
nin for the initial tobramycin concentration 7.5 � 10�4 M
and about 0.31 mmol amikacin/mg melanin for the initial
amikacin concentration 5 � 10�4 M.
Dependencies of the amount of drugs bound to melanin
(r) to the concentration of unbound drugs (cA), i.e. r/cA,
versus r for neomycin, tobramycin and amikacin com-
plexes with DOPA-melanin are presented in Fig. 3 as
Scatchard plots.
The use of the Scatchard method can provide information
about the number and nature of binding sites in the ana-
lyzed complexes. The analysis of aminoglycoside antibio-
tics binding to melanin shows that Scatchard plots are cur-
vilinear with upward concavity in all cases, indicating that
more than one binding class must be implicated in drug-
melanin complex formation. The calculated binding para-
meters for the interaction of the analyzed drugs with
DOPA-melanin are listed in the Table. Two classes of in-
dependent binding sites participate in the interaction of
aminoglycoside antibiotics with melanin: strong binding
sites (n1) with the association constant K1 about 0.2–
2.0 � 105 M�1 and weak binding sites (n2) with the asso-
ciation constant K2 about 1.0–4.9 � 103 M�1.
The number of binding sites differs depending on the che-
mical nature of the analyzed drug. The highest number of
strongly reacting sites (n1 ¼ 0.29 mmol/mg) for tobramy-

cin-melanin and the lowest one (n1 ¼ 0.14 mmol/mg) for
neomycin-melanin complexes were obtained. It can be
noted that the total binding capacity (n1 þ n2) of DOPA-
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Table: Binding parameters for neomycin, tobramycin and
amikacin complexes with DOPA-melanin

Analyzed complex Association constants
K [M�1]

Number of binding sites
n [mmol drug/mg melanin)

Neomycin-melanin K1 ¼ 1.73 � 104
K2 ¼ 2.17 � 103

n1 ¼ 0.144
n2 ¼ 0.124P

n ¼ 0.268

Tobramycin-melanin K1 ¼ 2.08 � 105
K2 ¼ 4.94 � 103

n1 ¼ 0.288
n2 ¼ 0.341P

n ¼ 0.629

Amikacin-melanin K1 ¼ 1.04 � 105
K2 ¼ 1.01 � 103

n1 ¼ 0.264
n2 ¼ 0.236P

n ¼ 0.500
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Fig. 3: Scatchard plots for neomycin-melanin, tobramycin-melanin and
amikacin-melanin complexes. r –– amount of drug bound to mela-
nin; cA –– concentration of unbound drug



melanin for the studied aminoglycoside antibiotics ranges
from 0.268 mmol drug/mg melanin for neomycin-melanin
to 0.629 mmol drug/mg for tobramycin-melanin com-
plexes.

3. Discussion

Previous studies have shown a variety of substances, parti-
cularly aminoglycoside antibiotics, to be toxic to the inner
ear (Wästerström 1984; Sullivan et al. 1987; Thomas et al.
1992; Roland 1994; Larsson 1995; Forge and Schacht
2000). Drug-induced ototoxicity can result in impaired
auditory or vestibular functions. Symptoms of cochlear in-
jury include tinnitus and hearing loss. Symptoms of ves-
tibular apparatus injury include vertigo, nausea and vomit-
ing. Aminoglycoside antibiotics induce ototoxic effects in
the cochlea and in the vestibular system. Neomycin is the
most cochleotoxic aminoglycoside. Tobramycin is co-
chleo- and vestibulotoxic, with incidences of 0.4% to
22%, and up to 4.6%, respectively. Amikacin is more co-
chleotoxic, with 3 to 24% incidences (Govaerts et al.
1990; Seligmann et al. 1996). Although the histopatholo-
gic effects of aminoglycoside antibiotics have been well
demonstrated (Thomas et al. 1992), the mechanism by
which these agents induce cell damage has remained un-
clear.
Ototoxic drugs have been shown to accumulate in the in-
ner ear and this has been attributed to their affinity for
melanin pigment which, in the cochlea, is found mainly in
the stria vascularis. The implication that pigmented ani-
mals would accumulate ototoxic drugs in the inner ear to
a greater extent than albino animals and would conse-
quently be more likely to suffer hearing impairment has
been investigated (Harpur and D’Arcy 1975). The electro-
physiological, histological and electron microscopical find-
ings presented by Wästerström et al. (Wästerström 1984,
Wästerström and Bredberg 1986, Wästerström et al. 1986)
showed that pigmented guinea pigs were more susceptible
to inner ear damage caused by toxic doses of kanamycin
than albino guinea pigs.
A fundamental distinction in the auditory system between
albino and pigmented animals is a difference in pigmenta-
tion of the inner ear. Pigmented melanocytes are typically
found in close association with the vasculature of the in-
ner ear and notably the capillaries of the stria vascularis.
In albinos, melanocytes have also been identified in the
cochlea, but without the presence of melanin pigment
(Conlee et al. 1989, 1995). The stria vascularis is involved
in the production of endolymph, a fluid which is in con-
tact with the receptor hair cells. Thus damage to the stria
vascularis could affect the composition of the endolymph
and the hair cells would frequently be very sensitive to
such disruption of their immediate environment. It is pos-
sible that injury to the stria vascularis, associated with
melanin-induced drug accumulation, could result in
changes in endolymph composition and ultimate hair cell
damage (Harpur and D’Arcy 1976). This hypothesis indi-
cates that the aminoglycoside antibiotic-melanin interac-
tion may be one of the reasons for ototoxic effects of
these drugs.
On the other hand, it may be shown that the Fe(II) com-
plexation and generation of hydroxyl radicals may be im-
plicated in the mechanism of aminoglycosides toxicity.
Studies suggesting that radical scavengers demonstrate
variable efficacy in protecting cochlear hair cells against a
number of ototoxicants indirectly implicate radical oxygen
species in aminoglycoside ototoxicity (Garetz et al. 1994;

Conlon et al. 1998; Forge and Schacht 2000). It has also
been demonstrated that melanin acts as a biochemical
dustbin, mopping up free radicals and other potentially
toxic agents (Larsson 1993, 1995). Such properties would
be important in protecting the pigment cells from the nat-
ural toxins, oxygen and reactive oxygen species (including
free radicals), in addition to man-made toxins in the form
of drugs and industrial chemicals (Eves et al. 1999). At
present, many drugs are known to be markedly accumu-
lated and retained for a considerable time by pigmented
tissues of animals including humans and that the retention
of these compounds is proportional to degree of melanin
pigmentation (Larsson and Tjälve 1979). In vitro studies
have demonstrated that toxic effects of aminoglycosides
can be prevented and/or attenuated by the inner ear mela-
nin. The melanin would protect tissue by keeping poten-
tially harmful substances bound and slowly releasing the
agents in low, non-toxic concentration (Larsson 1993,
1995).
Commonly shared risk factors associated with an in-
creased incidence of aminoglycosides-induced ototoxicity
include, among others, increased inner ear drug concentra-
tion and prolonged exposure of the inner ear to the drug
(Govaerts et al. 1990; Seligmann et al. 1996). From the
data presented by Wästerström (1984) it was clear that
long term medication with a clinical dose of antibiotics
did not result in ototoxic damage in the guinea pigs. How-
ever, studies using moderate to high doses of gentamicin
have consistently shown greater ototoxicity in albino than
in pigmented animals (Conlee et al. 1991). The smaller
dose of gentamicin produced at least a moderate degree of
hair cell degeneration toward the base of the albino co-
chlea, whereas hair cells in pigmented cochlea were not
significantly affected (Conlee et al. 1995). Higher doses of
antibiotics appear to compound the effects produced by a
lower dose, with albino animals showing more severe
changes in both the stria vascularis and the organ of Corti
(Conlee et al. 1991). Larger doses also produce hair cell
degeneration in the basal turn in pigmented animals
(Conlee et al. 1989). Pigmented animals have shown sig-
nificant ototoxicity when relatively high doses of antibio-
tics were given, however the degree of outer hair cell de-
generation in albino animals was more than double that in
pigmented animals (Conlee et al. 1989). Because of the
known chemical affinity of melanin pigment for aminogly-
coside antibiotics (Wästerström 1984; Larsson 1993), it
has been hypothesized that these drugs bind to the inner
ear pigment and cause, in high concentrations for long
time therapy, lesions of pigmented tissues.
Melanin is a polymer composed basically of indole-5,6-
quinone units, which can occur in different stages of oxi-
dation (Ito 1986). Melanins contain carboxyl groups and
o-semiquinones (Ito 2003; Ito and Wakamatsu 2003),
which are negatively charged at physiological pH. The
binding of chemicals to melanin is therefore mainly char-
acterized by ionic interaction, which also may be strength-
ened by other forces (Larsson 1993).
Aminoglycoside antibiotics are highly polar organic bases,
which exist as polycations at physiological pH (O’Grady
et al. 1997; Delgado and Remers 1998) and therefore may
interact with melanin polyanion. Van der Waals forces,
charge-transfer reactions and hydrophobic interactions are
also postulated for drug-melanin binding (Larsson and
Tjälve 1979; Ings 1984; Buszman et al. 1984).
It has been shown in our studies that the amounts of neo-
mycin, tobramycin and amikacin bound to melanin in-
crease with the rise of initial drug concentration and the
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incubation time. The obtained results also show that the
tested aminoglycosides form stable complexes with
DOPA-melanin. An analysis of drugs binding to melanin
by the use of Scatchard plots has shown that more than
one class of binding sites must be implicated in the stu-
died aminoglycoside antibiotic-melanin complexes forma-
tion. Studies on the melanin affinity in vitro usually give
accurate data of the intrinsic interaction, i.e., parameters
values of the association constants and the binding capa-
city of melanin. The lowest association constant for
strongly reacting sites for neomycin-melanin complexes
was obtained: K1 ¼ 1.73 � 104 M�1. It can be also noted
that the total binding capacity (n1 þ n2) of DOPA-melanin
is the lowest one for neomycin (0.27 mmol/mg), too.
Based on the values of association constants K1 and K2

the following order of drugs affinity to DOPA-melanin has
been found: tobramycin > amikacin � neomycin. Simul-
taneously, the total number of binding sites (n1 þ n2) for
drug-melanin complexes decreases in the same order as
well.
One of the most fundamental properties of melanin is its
ability to act as a stable free radical scavenger (Larsson
1993) and it has been demonstrated that free radicals sca-
vengers can protect the hair cells from aminoglycosides
ototoxicity (Forge and Schacht 2000). The obtained results
indicating that melanin forms stable complexes with neo-
mycin, tobramycin and amikacin may support hypothesis
that toxic effect of aminoglycosides may be attenuated by
drug-inner ear melanin complexes formation. On the other
hand, aminoglycoside antibiotic-melanin interaction, which
may occur in the inner ear during the long-term and/or
high-dose therapy of aminoglycosides, may be one of the
factors in the etiology of lesions affecting pigmented tis-
sues of the inner ear.

4. Experimental

4.1. Chemicals and apparatus

l-3,4-Dihydroxyphnylalanine (l-DOPA) used in the studies was obtained
from Sigma Chemical Co. The neomycin sulphate was obtained from Polfa
Tarchomin S.A., Poland; the amikacin sulphate was obtained from Bristol-
Myers Squibb, Italy; the tobramycin sulphate was obtained from Biogal,
Hungary. The remaining chemicals were produced by POCH S.A., Poland.
Spectrophotometric measurements were performed using a JASCO model
V-530 UV-VIS spectrophotometer.

4.2. Melanin synthesis

Model synthetic melanin was formed by oxidative polymerization of l-3,4-
dihydroxyphenylalanine (l-DOPA) in 0.067 M phosphate buffer at pH 8.0
for 48 h according to the method described by Binns et al. (1970).

4.3. Drug –– melanin complex formation

Binding of neomycin, tobramycin and amikacin to melanin in 0.067 M
phosphate buffer at pH 7.0 was studied. Melanin (5 mg) was placed in
plastic test-tubes, where buffer solutions of antibiotics were added to a
final volume of 5 ml. The initial concentration of drugs ranged from
2 � 10�4 M to 1 � 10�3 M for neomycin and from 1 � 10�4 M to 1 � 10�3 M
for amikacin and tobramycin. Control samples contained 5 mg of melanin
and 5 ml of buffer without drugs. All samples were incubated for 1–48 h
at room temperature. The suspensions were filtered after incubation.

4.4. Determination of the amount of drugs bound to melanin

The amount of drug in each filtrate with respect to the control sample was
determined spectrophotometrically using chloranil as colour reagent (Rizk
and Younis 1984) for the studied antibiotics. The concentrations of neomy-
cin, tobramycin and amikacin remaining in each filtrate after incubation
with melanin and the amounts of drugs bound to melanin were calculated,
taking the molar absorption coefficients determined experimentally under
the described conditions. The amount of drugs remaining in filtrates after
complex removing represents the amount of neomycin, tobramycin or ami-
kacin (mmol) unbound to 5 mg of melanin. For each sample the complex

formation efficiency (in %) was determined as the ratio of drug (mmol)
bound to melanin, to the total amount of drug (mmol) added to melanin,
multiplied by 100. For the purpose of comparison the quantity of amino-
glycoside antibiotics bound to DOPA-melanin for all the analysed com-
plexes was calculated as the amount of bound drug (mmol) per 1 mg mela-
nin.

4.5. Kinetics of drug-melanin complex formation

Kinetics of formation of melanin complexes with neomycin, tobramycin
and amikacin were evaluated on the basis of the relationship between the
amount of drug bound to the polymer (mmol/mg) and the time for complex
formation. In the studies the following initial drug concentrations were
used: 2.5 � 10�4, 5.0 � 10�4, 7.5 � 10�4 and 1 � 10�3 M. Complex formation
lasted for 1, 3, 6, 12, 24 and 48 h.

4.6. Binding parameters of drug-melanin complexes

A qualitative analysis of drug –– melanin interaction was performed using
the Scatchard plots of the experimental data according to Kalblitzer and
Stehlik (1979). Experimental binding isotherms were used to construct
these plots. They show the relationship between the amount of the drug
bound to melanin and its initial concentration after reaching equilibrium
state, i.e. after 24 h. The initial drug concentration was 1 � 10�4 M to
1 � 10�3 M for all studied antibiotics. The number of binding sites (n) and
the values of association constant (K) were calculated.

4.7. Statistical analysis

In all experiments, the mean values for three experiments � standard de-
viations (S.D.) were calculated, unless otherwise indicated.
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Wästerström SA, Bredberg G (1986) Ototoxicity of kanamycin in albino
and pigmented guinea pigs II. A scanning electron microscopic study.
Am J Otol 7: 19–24.
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