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Abstract The in vitro experiments on the interaction of
3H-cocaine and melanin from Sepia officinalis confirmed
the existence of drug binding sites on melanin granules.
The results suggested that the binding of 3H-cocaine to
melanin could be analyzed by assuming that the binding
to the surface of pigment granules is analogous to the ad-
sorption of a drug on a solid and follows Langmuir ad-
sorption isotherm type |. Scatchard analysis indicated
heterogeneity of binding sites. Structural and chemical ater-
ations caused by isolation of the melanoproteins, which
are heterogenous in nature and show different physico-
chemical properties, are considered to be most crucial.
The studies on hair samples confirmed that melanin-drug
interactions occur on the surface of melanin granules.
These seem to be of minor importance compared to the
drug-melanoprotein loading during melanogenesis for the
observed influence of pigmentation on the drug content of
hair fibers. From the results it was concluded that in vitro
studies on melanin provide limited information and even
drug-soaked hair must be regarded as inappropriate for
the study of melanin-drug-binding in hair.
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Introduction

Toxicological analysis of hair is becoming a popular
method for investigating previous, chronic use of illicit
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drugs. Various analytica methods such as radioimmuno-
assay, chromatography and mass spectrometry have been
reported [6, 11, 2527, 33, 56, 64]. Although the number
of reports on substances detected in hair has increased
tremendously in the last years, the mechanisms involved
in the incorporation and the deposition of drug molecules
are still unknown in detail and forensic interpretation of
the results obtained from hair samples remains crucial.
Only afew attempts have been made to determine the ori-
gin, the stability and the fate of drug moleculesin hair and
to elucidate the large numbers of practically unanswered
questionsin hair analysis[9, 16, 24, 35-37, 43-46, 55, 59,
60]. According to the biochemical concept of endogenous
drug incorporation, the hair lipids (cell membrane com-
plex), the hair proteins (keratin intermediate filaments; in-
termediate filament associated proteins) and melanin (me-
lanin granules) may be considered to be the main sources
for endogenously entrapped drug molecules in keratinized
hair fibers [46].

Many investigators have demonstrated the affinity of
natural and synthetic melanins for various drugs by in vivo
and in vitro studies[1, 3, 5, 30, 31, 32, 39, 49, 50, 58, 62,
63]. It is generally accepted that the ability of melanin-con-
taining tissue to accumulate and retain these drugs is re-
markable [18]. From preliminary observations it was con-
cluded that hair is not an exception [41]. The results of a
few studies on both human and animal hair fibers have al-
ready indicated that the interaction of drugs with the mel-
anin granules may have implications in assaying clipped
scalp hair [8, 11, 14, 37, 47, 48, 53, 55, 65]. Nakahara et
al. [37] classified 20 drugs of abuse for their incorporation
into hair. The drug-melanin affinity of the particular sub-
stance was calculated from in vitro studies with synthetic
melanin. The ranking was in accordance with observa-
tions in hair analysis showing a high melanin affinity for
cocaine. Reid et al. [53] presented another model to esti-
mate the influence of hair pigmentation on the drug con-
tent in hair. They soaked hair fibers of different colorsin
acetate buffer containing 2 g benzoylecgonine/mL at ele-
vated temperatures for 42 h and observed differential drug
absorption in the order black > brown > blond hair fibers.
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A specific aim of the present experiments was to com-
pare and contrast frequent in vitro designs in order to
evaluate and to discuss their use and relevance for studies
on drug-melanin binding in hair.

Materials and methods
Materials

3H-cocaine, levo-(-)-[benzoyl-3, 4-3H(N)] (specific activity: 1054.5
GBqg mmol-) was obtained from DuPont NEN (Bad Homburg,
Germany). Melanin (Sepia officinalis), tetraethylammonium hydro-
xide (20% wi/w, aqueous solution), dithioerythritol, papain, Dul-
becco’ s phosphate buffer pH 7.4 (PBS) were obtained from Sigma
(Munchen, Germany). Other chemicals were of analytical grade
and were purchased from Merck (Darmstadt, Germany). The
liquid scintillation cocktail (rotiszint) was from Roth (Karlsruhe,
Germany). Centricon separation equipment was supplied by Ami-
con (Witten, Germany).

Natural hair of black color was obtained from a drug-free, fe-
male Asian. Samples of natural hair of brown, red and blond color
were collected from healthy drug-free Caucasian volunteers (chil-
dren aged 8-12 years). The hair strands were clipped close to the
scalp.The hair samples were rinsed under tap water for 3 min, blot-
ted between filter papers, air dried and stored in the dark at room
temperature until use.The proxima 3 cm of the hair fibers was
used for the experiments.

Methods

The ligand concentration (3H-cocaine) was estimated by mixing
100 pL of the particular specimen with 4 mL scintillation fluid for
subsequent quantitation by liquid scintillation spectrometry (LSS)
in a Liquid Scintillation Analyzer Tricarb 1600 TR (Canberra
Packard, Frankfurt, Germany). The tests on Sepia melanin were
run 4 or 6 times unless otherwise specified. The experiments on
human hair powder, human hair fibers and on melanin granules
isolated from human hair were performed in duplicate. Controls
such as blank buffer solutions, melanin suspensions without drug,
and buffer solutions with 140 pmol/mL 3H-cocaine were aways
included. The portion of analyte bound to the matrix under inves-
tigation was calculated from the difference of the labelled sub-
stance added and the concentration of the radiolabelled drug in the
supernatant at given times. Incubation was performed at 37°C.
The mean of the assay runs (range: 5%) was used for data analysis.

To analyze the binding characteristics of 3H-cocaine on Sepia
melanin a program for general non-linear regression (NLIN proce-
dure in the SAS system, SAS Ingtitute US, Cary, NC) was used.
Electron microscopical investigations of Sepia melanin, pulverized
hair samples and of melanin granules isolated from hair were per-
formed in a Zeiss 962 scanning microscope at 10 KV (Zeiss,
Oberkochem, Germany).

Hair samples were pulverized in aball mill (Retsch, Haan, Ger-
many). Isolation of melanin granules from hair of different colors
was performed from 200 mg hair portions cut into snippets. Three
different protocols for isolation were used. Method 1: the hair sam-
ple was stirred at 85°C in 5 M NaOH for 8 h. Method 2: the hair
sample was dissolved in 7.5 ml of tetraethylammonium hydroxide
at room temperature overnight. Method 3: the hair sample was in-
cubated in 10 ml of the hair digest solution described by Baum-
gartner [2] at 37°C for 5 days. After hair dissolution (methods
1-3) the melanin granules were separated by centrifugation fol-
lowed by five repeated washings in 50 mL PBS.
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Experimental designs
In vitro studies on Sepia melanin

Melanin granules isolated from cuttle fish (Sepia offici-
nalis) are a proposed standard for natural melanins [4,
10]. Like all the synthetic melanins obtained either by
biosynthetic oxidation of L-dopa or L-tyrosine or from
chemical oxidation of L-tyrosine, this natural pigment
represents pure eumelanins. However, in contrast to syn-
thetic melanins, the eumelanins in Sepia melanin are bound
to a proteinaceous backbone, being melanoproteinaceous
biopolymers such as the pigment in melanin granules pre-
sent in hair. Although little is known about the nature or
structure of the protein component the chromophoric
component is bound to and which is reported to account
for 6-50% of the weight, Sepia melanin was considered a
suitable model to study drug-melanin complex formation
on the surface of the melanin granules.

Scanning electron microscopy (SEM)

A Sepia melanin monolayer preparation was sprayed with
alayer of gold and viewed in a scanning electron micro-
scope a 10 KV to evaluate particle size distribution and
surface morphology of the Sepia melanin batch used for
the following experiments. Additionally isolated melanin
granule preparations from hair were screened for purity
and morphology. Pulverized hair was also investigated by
SEM to determine its homogeneity and characteristic
morphological particles.

Melanin binding as a function of incubation time

Drug binding to melanin was measured by incubating
constant amounts of 3H-cocaine (140 pmol/mL) with
melanin suspensions containing 0.5 mg, 1.0 mg and 2.5
mg melanin/mL in sodium phosphate buffer. Melanin
granules were sonicated in phosphate buffer for 10 min to
prevent aggregate formation. During sonication, aliquots
of 1 mL were taken to guaranty homogenously dispersed
samples. 3H-cocaine was added to each vial which was
subsequently incubated at 37° C. At given times (3 min, 5
min, 10 min, 30 min, 60 min, 120 min, 180 min) 200 uL
was removed, centrifuged at 6000 rpm for 1 min, and 100
pL of the supernatant was quantified by LSS. The con-
centration of bound cocaine was taken as the difference
between the amount initially added and the amount re-
maining in the supernatant.

Melanin binding as a function of drug concentration

A constant weight of melanin granules (1 mg) suspended
in 1 ml PBS was incubated for 60 min at 37° C with vary-
ing concentrations of 3H-cocaine (140 pmol/mL; 280 pmol/
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mL; 560 pmol/mL; 35 nmol/mL; 70 nmol/mL, 350 nmol/
mL) and 100 uL were removed for counting and calculating
the concentration.

Effect of ethanol in the binding assay

Because the radiolabelled stock solution of 3H-cocaine
was in ethanol, the influence of ethanol on melanin binding
properties was investigated. Assays with 1 mg melanin
granules and a concentration of 140 pmol/mL 3H-cocaine
were run in three series at 37°C for 60 min. The volume
percentages of ethanol in the binding experiments were
10%, 20% and 50%.

In vitro tests on human hair

3H-cocaine uptake by pulverized samples
from different hair colors

Aliquots of 2040 mg of hair powder from different colored
hair was incubated with 140 pmol of 3H-cocaine in either
1 mL PBSpH 7.4, 1 mL acetate buffer pH 4.0 or in 1 mL
hair digest solution pH 9.1 as described by Baumgartner
[2] at 37° C for 60 min. The amounts of drug adsorbed/ab-
sorbed by the hair powders were assayed as described
above.

3H-cocaine uptake by hair fibers of different colors

Loops of about 50 hair fibers of different color were placed
upside down in reaction tubes containing 140 pmol 3H-co-
cainein PBS. Both ends of the hair |oops were outside the
fluid. After incubation for 3 daysat 37° C the hair fiberswere
removed, carefully blotted between filter paper, immersed in
10 mL methanol at 4° C for 5 min and air dried. The middle
segments (2 cm in length) were cut and used for further
investigations. The end segments of the hair loops were dis-
carded. From each center-piece 12 hair fibers (0.8-1.2 mg)
were dissolved in 200 L tetraethylammonium hydroxide
at 60° C for 2 h. Prior to LSS 4 ml of rotiszint was added.

3H-cocaine binding to melanin granules
isolated from different colored hair

After the last wash the melanin pellets were resuspended
in1 ml PBS containing 140 pmol 3H-cocaine. After 1 h
at 37° C the vials were briefly centrifuged and 100 pL of
the supernatant was analyzed by L SS.

Results
In vitro studies on Sepia melanin

SEM investigations (Fig. 1) showed that the particle size
distribution in the Sepia melanin charge investigated was
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quiet broad. The size of Segpia melanin granules varied
from 0.4-26 um. The size of melanin granules isolated
from human hair was in the range of 0.3—1 um. In the hair
powder samples fragments < 50 um were present. In all
monolayer preparations particles could be identified as

Fig.1 SEM investigations. a: Sepia melanin showing broad parti-
cle size distribution, 10 KV/10 mm, magnification 500 x. b:
melanin granules isolated from human hair by 5M NaOH, 5KV/10
mm, magnification 10000 x. c¢: bulk preparation of pulverized
Asian hair, 5 KVV/10 mm, magnification: 1000 x
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Fig.3 Time course of 3H-cocaine accumulation on Sepia melanin.
Amount of melanin granules offered to 140 pmol ®H-cocaine in 1
ml PBSpH 7.4: 0.5 mg; 1 mg; 2.5 mg

fragments of cuticles and cortex cells. Only very few lib-
erated melanin granules could be found, some of them
showing severe mechanical damage (data not shown). Ag-
gregation of small pigment granules onto the surface of
larger ones was sometimes present in Sepia melanin (Fig.
2).
The effect of incubation time on the amount of 3H-co-
caine bound to melanin is shown in Fig. 3. It can be seen
that the time taken to reach equilibrium for melanin-drug
binding is rather short and most of the binding occurs
rapidly within a few minutes after incubation. When the
amount of melanin offered to the drug was increased (0.5
mg; 1 mg; 2.5 mg), the rates for the formation of drug-
melanin complexes also increased.

In the experiments using a constant concentration of
labelled cocaine (140 pmol) with varying amounts of
melanin granules added, a plot of the reciprocal of the ex-
perimentally measured amount bound per milligram of
melanin as a function of the reciprocal of the free cocaine
concentration was linear (Fig.4). The results obtained sug-
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Fig.5 Scatchard plot for the melanin-binding of H-cocaine on
Sepia melanin. r: pmoL of 3H-cocaine bound per mg melanin.
c: concentration of the free drug

gested that the binding of 3H-cocaine to Sepia melanin
could be analyzed by assuming that the binding is analo-
gous to the adsorption of a drug on a solid and follows
Langmuir adsorption isotherm type | [28]. The constant
K, which is related to the affinity or strength of the inter-
action between 3H-cocaine and melanin under the experi-
mental conditions, was determined as K = 63 x 10° ML,

When cocaine binding to melanin was studied using a
constant amount of melanin granules (1 mg) and increas-
ing amounts of cocaine were added (140 pmol—-350 nmol)
Scatchard plot analysis was curvilinear (Fig.5). It was as-
sumed that the observed nonlinearity indicated hetero-
geneity of binding sites on the surface of melanin gran-
ules.
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Tablel Summary of thein

vitro binding studies of 3H-co- Matrix Sepia melanin Human hair Human hair Melanin granules
caine (140 r?mol/mL) in PBS powder fibers isolated from
pH 7.4 on Sepia melanin and human har
human hair samples Type of melanin Eumelanin Eumelanin Eumelanin Eumelanin
Pheomelanin Pheomelanin Pheomelanin
Time of drug 1 hour 1 hour 3days 1 hour
exposure
Percentage of the 87%/mg 0.16-0.66%/ 3.6-7.2%/ 0.16-0.41%/
offered drug ad- Langmuir mg hair mg hair mg hair
sorbed/absorbed  adsorption
For Mean value Mean value Mean value
black 121.8 pmoL/mg 0.87 pmoL./mg 10.1 pmolL/mg 0.50 pmoL/mg
brown 0.86 pmoL/mg 6.6 pmoL/mg 0.40 pmoL/mg
red 0.83 pmoL/mg 5.2 pmoL/mg 0.35 pmoL/mg
blond 0.83 pmoL/mg 5.0 pmoL/mg 0.32 pmoL/mg
hair hair hair

The presence of ethanol in the incubation medium had
a strong effect on the melanin-drug-complex formation.
With increasing concentrations of ethanol a decrease in
the melanin-cocaine interaction (from 87% in the absence
of ethanol down to 29% in the presence of 50% ethanal)
was observed (data not shown).

In vitro tests on human hair

The binding assays run for 1 h performed in PBS pH 7.4,
acetate buffer pH 4.0 or in hair digest solution pH 9.0 re-
veaed no significant differencesin 3H-cocaine binding on
hair powder from different colored hair (Tablel). All hair
fiber samples took up 3H-cocaine (Table 1), however, the
amount was less than 10% of the drug concentration in the
starting solution. A graduation depending on the color of
hair was observed. Asian black hair (10.1 pmol/mg) ab-
sorbed more than Caucasian brown (6.6 pmol/mg), red
(5.2 pmol/mg) or blond (5.0 pmol/mg) fibers.

All melanin granule preparations from human hair
showed drug-melanin accumulation. For melanin granules
isolated in 5 M NaOH the binding was dlightly lower. A
tendency of drug binding to melanin granules was ob-
served in the order black > brown > red = blond hair color.
However, highly significant differences could not be es-
tablished under the present experimental conditions. The
range of 3H-cocaine accumulation on melanin granules
isolated from black hair was 0.42-0.52 pmol/mg hair,
from brown hair 0.28-0.52 pmol/mg, from red hair
0.26-0.48 pmoL/mg and from blond hair 0.22-0.42
pmol/mg hair, dependent on the isolation method.

Discussion

Sepia melanin is suggested to be a suitable model to study
principles of drug-melanin-complex formation on the sur-
face of melanin granules. The nature of the drug-melanin
interactionsis not exactly known. It iswell established that

melanin polymers contain a large number of free carbo-
xylic acid residues which are responsible for the cation
exchange properties observed for melanins and thought to
provide most of the ionic binding sites. The amino acid
residues detected in melanoproteins possess acidic, basic,
hydroxyl, and sulfhydryl group side chains [68]. Non-elec-
trostatic binding mechanism such as van der Waals forces,
hydrophobic forces or charge transfer complexes are
probably also involved [1, 3, 29, 50, 58, 63]. Tjdlve et al.
suggested that for each drug even severa classes of binding
sites may be implicated [62, 63]. Indeed, Scatchard analy-
sis of the binding data [57] indicated heterogeneity of
binding sites for cocaine in the present study. The results
obtained on Sepia melanin were similar to the binding
characteristics reported on cocaine binding to synthetic
melanins [3, 39, 58].

The biochemical concept of endogenous drug incorpo-
ration during hair fiber formation, which can explain phe-
nomena currently observed in hair analysis, suggests that
the melanin granules are one of the sources for drug mol-
eculesin keratinized hair fibers [46]. Briefly, in amelano-
cyte a particular drug substance may be bound to the poly-
mer or to the melanoprotein during melanogenesis ac-
cording to its melanin affinity and become entrapped
during melanin granule formation. This mechanism was al-
ready reported for 4C-nicotine incorporation [30]. In ad-
dition, melanin accumulation may occur on the surface of
the pigment granules in the melanocytes as well as inside
the matrix cells of the hair follicle. This accumulation of
drug molecules on the surface of the melanin granules
could be studied, whereas melanin-drug interactions that
may occur during melanogenesis cannot be simulated in
vitro. The results (Table 1) indicated that drug-melanin in-
teraction on the surface of melanin granules does occur,
but must be regarded to be of minor importance compared
to the drug-melanin interactions in melanin granule for-
mation during melanogenesis. The amount of drug that
accumulated on the surface of the melanin granulesin the
present in vitro experiments cannot explain the observed
significant differences of the drug concentration for vari-
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ous substances in pigmented hair compared to non-pig-
mented hair fibersin vivo.

In the hair powder experiments the incubation time
was obviously too short for the drug to gain access to the
binding sites inside the hair fragments, which still encase
the melanin granules (Fig. 1).The results of thein vitro ex-
periments in the present study clearly demonstrated that
drug-soaked hair powder or drug-soaked hair fibers are
rather inappropriate materials to study melanin-drug bind-
ing in hair. A higher drug content showing a tendency in
order of magnitude black > brown > red = blond was found
in hair fibers, that had been soaked for 3 days. These find-
ings are in accordance with the results reported by Reid et
al. [53]. However, the portion of drug molecules bound to
melanin granules could not be separated from the drug
portion bound to other components in the keratinized
fibers. As for al natura tissue-bound biopolymers the
problem of alteration by isolation is present. The inherent
stability of a biopolymer towards heat, light, acids, bases
and even water results in chemical and structural alter-
ations, which cannot be excluded for isolated melanin
granules [13, 19] and potentially affect in vitro binding
studies. The most crucial factor seemed to be the different
solubility of pheomelanins and eumelanins and the alter-
ations of the proteinaceous backbone component to which
the chromophore is bound [10, 12, 15, 21, 34, 51, 52, 61].
Most of the previous studies on natural melanins were
performed on those fractions obtained by strong acid or
alkali treatment from pigmented tissues. It should be born
in mind, that these melanins originate mainly from the
surface of the pigment granules and neither non-oxidative
alkaline nor acidic conditions can completely dissolve the
melanin granules.

All of the isolation procedures for melanin granules
from hair resulted in colored supernatants indicating that
melanins had been liberated. This portion of melanins, the
amount of drug substances associated with this fraction as
well as drug desorption from the granule surface during
sample preparation procedures is suggested to be the main
source for the observed difference in drug concentrations,
which was attributed to result from differencesin hair pig-
mentation. Therefore exact determinations of the amount
of a drug bound to the surface of melanin granulesin hair
seems questionable, and in the present study the melanin
granule pellets were not separated after the soaked hair
fibers had been dissolved. Green and Wilson [14] as well
as Wilson et al. [67] estimated the portion of melanin dis-
solved by 1 M NaOH from rat and human hair by UV-
spectroscopy. Indeed, they observed a certain correlation
of the liberated melanin and the methadone concentration
in the black colored fibers. However, this procedure might
poorly be transferred to human hair, for neither the ratio
of pheomelanin to eumelanin content in the solution can
be calculated by UV-spectroscopy nor does the amount of
liberated melanins reflect the melanin content of the entire
melanin granules and thus the melanin content of the par-
ticular hair sample.

From animal studies it was concluded that eumelanins
rather than pheomelanins may be a decisive factor influ-
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encing the drug content of a hair fiber and a kind of dose-
dependent influence of pigmentation was observed [47,
48]. From the biology of hair pigmentation it can be pre-
dicted that the ratio of drug molecules bound to the
melanoproteins in a particular hair sample will be very
difficult to determine exactly.

Two major classes of pigments produce the wide range
of hair color in mammalian hair, the eumelanins giving
dark to brown colors and the pheomel anins giving red and
blond shades. Both pigment groups are produced under
genetic control in melanocytes in the hair root. Recent
studies demonstrated that human hair, whatever the color,
contain various portions of both eumelanins and pheome-
lanins. The ratios show great inter- and intra-individual
variability [19-21, 54]. The visual differentiation of hair
color does not always reflect the predominant type of
melanogenesisin human hair follicles[17, 21, 22, 52]. In
Caucasian hair the so-called mixed melanogenesis, pheo-
melanogenesis and eumelanogenesis, is more frequent
than pure pheo- or eumelanogenesis. In addition, it iswell
known that the natural hair color of an individual may not
be constant. Normal hair color is altered by different fac-
tors, among them, hormonal, nutritional and metabolic in-
fluences are largely represented, but also severa drugs
may affect the color of hair [7, 38, 40].

During the revision of this manuscript a report postu-
lating specific and nonspecific binding of cocaine to hair
fragments has been published [23]. Assuming a kind of
drug-receptor binding in hair, a competitive binding assay
frequently seen in receptor binding studies was used.
Drug receptors have traditionally been classified on the
basis of the effects that result from their interaction with
components of a cell or organism and thereby initiate the
biochemical and physiological changes that are character-
istic of the response to the drug [66]. It seems unlikely
that those events can happen in keratinized tissue.The
widely believed a priori assumption that drug soaked hair
fibers may serve as a scientific tool to investigate the
mechanisms of drug binding to hair is limited to the drug
uptake from perspiration such as sweat or sebum and from
environmental sources such as pollution. Drug-impreg-
nated keratinized hair samples are unlikely to represent
the situation present in hair fibers due to endogenous in-
corporation of drug molecules into anagen hair follicles
and their conservation during keratinization. It should be
remembered that the hair follicle and its final product, the
keratinized hair fiber, differ completely in morphology,
biochemistry, chemical composition and physicochemical
behavior [42, 54]. For al the reasons mentioned it seems
areal challenge to elucidate drug-melanin binding in hair,
which isonly one of the variables associated with forensic
interpretation in hair analysis. However, the requirement
for suitable experimental designs and appropriate models
must be stressed, which can only be derived from a pro-
found knowledge of the biology and chemistry of hair as
well as from the results of various disciplines.
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