
Abstract In view of the melanin-binding characteristics
of haloperidol and its differential uptake by pigment- and
non-pigment-producing cells, a co-culture of HaCaT with
Sk-Mel-1 cell lines was performed to investigate whether
melanosomes act as carriers for drug molecules associated
with the pigments. Initially, HaCaT and Sk-Mel-1 cells
were separately cultivated in the presence of 3H-haloperi-
dol (400 pmol/ml medium ) for 28 days followed by sub-
sequent co-cultivation in the absence of 3H-haloperidol
for 5 days. The transfer of pigments into the keratinocytes
during co-culture was confirmed by transmission electron
microscopy. After the co-culture experiments a striking
increase (≥ 50%) of 3H-haloperidol was observed in the
pigmented HaCaT cells compared to the unpigmented ke-
ratinocytes. The present study proved the role of pigments
as carriers for melanin-associated drug molecules. The re-
sults supported the hypothesis that hair pigment might be
a factor affecting the outcome of hair assays for particular
categories of commonly used licit and illicit substances.
The chosen cell lines and the developed co-culture system
may represent suitable in vitro models to study differen-
tial drug uptake into cell populations present in the skin or
in the growing hair follicle as well as to elucidate drug up-
take due to melanocyte-keratinocyte interactions.
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Introduction

In recent years hair fibres have been shown to entrap and
to store organic substances present in the organism during

hair growth [19]. The detailed mechanisms of drug uptake
into the various cell types present in the hair follicle, es-
pecially into the immature keratinocytes, mobile cells
which interact with the melanocytes, a cell type that re-
sides at the apex of the dermal papilla, needs to be clari-
fied [12]. Drug localisation and binding sites in hair, nei-
ther in the transient nor in the permanent hair fibre, have
yet been elucidated.

According to the biochemical concept of drug incorpo-
ration during hair fibre formation, it has been suggested
that particular drug substances are bound during melano-
genesis as well as onto the surface of mature melanin gran-
ules in addition to other binding sites such as intermediate
filaments (IF, IFAPs) and the cell membrane complex [13].

Since it is extremely difficult to study drug uptake in
the cells of the anagen phase hair root in vivo, there is a
need for suitable in vitro models. The melanin pigment
system of the human skin and hair is based on two cell
types, melanocytes and keratinocytes, interacting within a
functional unit. The spontaneously immortalised human
keratinocyte cell line HaCaT with full epidermal differen-
tiation capacity [2] and Sk-Mel-1, a cell line derived from
a human malignant melanoma with melanin expression
[10], represent readily available in vitro models and are
frequently used as a model for research work in dermatol-
ogy [4]. In a preliminary study HaCaT and Sk-Mel-1 cell
lines have been already used to study differential drug up-
take by pigment- and non-pigment-producing cells mim-
icking chronic drug consumption in forensic hair analysis
[17]. The results obtained for 3H-haloperidol were in ac-
cordance with previous observations for substances with
high melanin affinity from animal studies [3, 5, 6, 14, 18,
25, 26] and in vitro binding experiments [1, 15, 16] which
demonstrated that pigments act as scavengers and accu-
mulate those substances.

The aim of the present study was to investigate whether
melanin-associated drug molecules are transferred by ke-
ratinocyte-melanocyte interactions and which may result
in an increase of 3H-haloperidol due to the pigmentation
of the keratinocytes during co-culture.
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Materials and methods

Cell lines and materials

The spontaneously immortalised cell-line HaCaT (passages 35–
45) was kindly provided by Prof. N. Fusenig (Deutsches Krebs-
forschungszentrum, Heidelberg, Germany) and grown at 5%
CO2/37°C in 1 × MEM medium containing 10% fetal calf serum
(FCS). For subcultures cells were disaggregated with a 0.1%
trypsin/0.05% EDTA (1 :1) solution and split out on a ratio of 1 :10
every 10 days.

Sk-Mel-1 cells were obtained from the DSMZ (Deutsche
Sammlung für Mikroorganismen und Zellkulturen, Braunschweig,
Germany) and cultured in 1 × MEM medium containing 10% FBS
and 1 × non-essential amino acid mix.

[3H(G)]-Haloperidol (specific activity: 4,440,000 GBq/mmol)
was obtained from NEN (Bad Homburg, Germany ). The liquid scin-
tillation cocktail (rotizint) was from Roth (Karlsruhe, Germany).
Sterile 6-well and thermanox plates were purchased from NUNC
(Wiesbaden, Germany). All other chemicals were of anaytical grade
and were from Sigma (München, Germany), the cell media and me-
dium supplements were from Gibco-BRL (Eggenstein, Germany).

Initial drug loading of the cell lines

Long term drug exposure of the cell lines was achieved as already
reported [17]. Briefly, HaCaT and Sk-Mel-1 were incubated sepa-
rately with 3H-haloperidol (400 pmol/ml culture medium) in 250 ml
flasks (Greiner, Frickenhausen, Germany) for 28 days. Long term
drug exposure was achieved by 3H-haloperidol liberation from os-
motic pumps (Charles River, Sulzfeld, Germany). At the end of the
experiment the cells were separated by centrifugation (1200 rpm, 
8 min) and washed 4 times with cold PBS buffer. Media and wash-
ing solutions were collected and analysed in addition to the cell-
bound 3H-haloperidol by liquid scintillation spectrometry (LSS)
using the Tricarb 1600 TR analyser (Canberra Packard, Dreieich,
Germany).

Cell counting was performed by haemocytometry under the
microscope and the cell viability was estimated by at least two in-
dependent observers by trypan blue exclusion. All experiments
were run in duplicate, the measurements in triplicate. The mean of
the assay runs (range ≤ 10%) was used for data analysis. Uptake
values and total melanin content were standardised to 1 × 106 cells.

The total melanin content of the Sk-Mel-1 cells was deter-
mined by spectrophotometry (UV 240 spectrophotometer, Shi-
madzu, Duisburg, Germany) according to Ozeki et al. [11]. Cali-
bration was performed with synthetic eumelanin and was linear
(Sigma, München, Germany). The weight of HaCaT pellets (10 ×
106 cells, n = 10) was determined after vacuum drying (Speed vac,
Bachhofer, Reutlingen, Germany).

Co-culture experiments

The 3H-haloperidol-loaded Sk-Mel-1 cells and the drug-loaded
HaCaT cells (ratio 1.8 :2) were co-cultivated in the absence of 
3H-haloperidol in 250 ml flasks for 5 days. At the end of the ex-
periment the cells were separated by incubation with 0.1% trypsin
at 37°C. The detachment of the Sk-Mel-1 cells from the HaCaT
monolayers was controlled microscopically. The reaction was
stopped by addition of 1 × PBS/10% FCS (1 :1 v/v). The Sk-MeL-1
cells were harvested from the supernatant by centrifugation. The
keratinocytes remained in the flask, the desmosomes were disinte-
grated by incubation with 0.02% EDTA for 20 min at 37°C fol-
lowed by treatment with 0.05% trypsin for 1 min at 37°C. Then the
HaCaT cells were collected by centrifugation (1,200 rpm, 8 min).

After the co-culture, the cell-bound 3H-haloperidol and total
melanin were quantified for HaCaT as described above. Controls
were run by separately cultured cell lines as well as by co-cultur-
ing 3H-haloperidol loaded Sk-Mel-1 with native HaCaT cells. In
addition native HaCaT cells were grown in the presence of low 
3H-haloperidol concentration (0.8 pmol/ml medium).

Transmission electron microscopy (TEM)

For transmission electron microscopy investigations 1.8 × 106 Sk-
Mel-1 cells loaded with 3H-haloperidol and 2 × 106 drug-loaded
HaCaT cells were co-cultured in the absence of 3H-haloperidol on
thermanox 6-well plates for 5 days. Subsequently the thermanox
plates were removed, rinsed with PBS buffer for 2 min and fixed
with 2.5% glutaraldehyde solution in 0.05 M sodium cacodylate
buffer (pH 7.4) for 4 h at 4 °C. After several washes the co-cultured
cells were dehydrated in alcohol solutions of graded concentrations
followed by routine Epon 812 (Glycidether 100, Serva, Heidelberg,
Germany) embedding. Ultrathin sections (Ultramicrotome OM U2,
Reichert-Jung, Heidelberg, Germany) were stained with 1% uranyl
acetate and viewed in a Phillips 301 transmission electron micro-
scope (Philips, Eindhoven, Netherlands). HaCaT and Sk-MeL-1
cells separately cultured on thermanox plates were used as controls.

Results

Light microscopy

Co-cultures showed sheets of flattened HaCaT cells with
irregularly distributed dentritic Sk-MeL-1 cells lying on or
between the keratinocytes. (Fig.1).
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Fig.1 Sk-MeL-1/HaCaT co-culture. Pigment-loaden dendrites
(✰✰ ) of Sk-MeL-1 cells in co-culture located (a) on as well as (b)
between HaCaT cells which already exhibit pigmentation (✰ ).
Light microscopy. Magnification × 400



TEM

Melanosomes in different stages of maturation (stages
I–IV) were observed in Sk-MeL-1 cells. Transmission elec-
tron microscopy confirmed the transfer of melanin/
melanosomes from the Sk-Mel-1 to the HaCaT cells dur-
ing co-culture and thus melanocyte-keratinocyte interac-
tion in vitro. After co-culture single melanosomes as well
as numerous melanosomes in the various stages of matu-
ration, mainly stages I–III, were found with some ten-
dency to cluster in the perinuclear areas of the HaCaT
cells (Fig.2).

Co-culture experiments

After 28 days drug exposure, the 3H-haloperidol concen-
trations in Sk-Mel-1 (20 pmol/106 cells) were found to be
approximately tenfold higher than in HaCaT (2.1 pmol/
106 cells). As already reported [17] drug concentrations in
the keratinocytes reached a plateau within a short time pe-
riod whereas no tendency to saturation was observed for
the pigment-producing cell line.

After the co-culture experiments with drug-loaded
cells, the ratio of Sk-Mel-1 to HaCaT cells had changed
(2.5 :10) due to their different proliferation rates. The 
3H-haloperidol concentration was 0.8 pmol/ml medium
and had declined to 4.5 pmol/106 cells for Sk-MeL-1,
whereas an increase was found for HaCaT (3.5 pmol/
106 cells). Overall, pigmentation of the keratinocytes and
transfer of melanin-associated drug molecules resulted in
a ≥ 50% increase of 3H-haloperidol concentrations com-
pared to the non-pigmented HaCaT cells prior to the co-
cultures (Fig. 3). The control experiments confirmed this
result in general. After co-culturing of drug-loaded Sk-
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Fig.2a Sk-Mel-1 with melanosomes in different stages of matu-
ration. Magnification × 10,500. b, c TEM confirmation of the pig-
ment/melanosome transfer by Sk-MeL-1–HaCaT interactions dur-
ing co-culture. Ultrastructure of HaCaT cells after co-culture.
Melanosomes transferred into keratinocytes. b HaCaT cell after
co-culture with single melanosomes (→, magnification × 8,250). 
c HaCaT cell with numerous melanosomes, mostly in early and in-
termediate stages (magnification × 14,000) (N nucleus, K keratin
fibrils, ✰ : melanosomes)

Fig.3 Comparison of cell-bound 3H-haloperidol/106 drug loaden
HaCaT prior to and after co-culture with drug-loaded Sk-MeL-1
cell line for 5 days. After co-culture, pigmentation of HaCaT cells
was present and associated with an increase of the 3H-haloperidol
content of the keratinocytes. 1 cell-bound 3H-haloperidol prior to
co-culture of drug-loaded Sk-MeL-1 and drug-loaded HaCaT, 2 cell-
bound 3H-haloperidol after co-culture of drug loaden Sk-MeL-1
and drug-loaded HaCaT, 3 native HaCaT cells prior to co-culture,
4 cell-bound 3H-haloperidol after co-culture of drug loaden 
Sk-MeL-1 and native HaCaT cells
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Mel-1 with native HaCaT cells the cell-bound 3H-halo-
peridol was 1.35 pmol/106 HaCaT cells. The drug uptake
for HaCaT cells after culturing in the presence of low 
3H-haloperidol concentration (0.8 pmol/ml medium) re-
vealed a concentration plateau of 0.03 pmol/106 cells.

For the co-culture experiments a total recovery of 
≥ 92% of the initially radioactivity inserted by the drug-
loaded cell lines could be determined.

Cell mass and melanin content

The mean value for dried, native HaCaT cells was 0.75 ±
0.02 mg/106 cells. The HaCaT cell pellets were initially
white in colour. However, light brown HaCaT pellets
were obtained after the co-culture experiments and
melanin uptake was 0.50 ± 0.08 µg/106 HaCaT cells. Thus
normalised melanin uptake averaged 0.6 µg melanin/mg
dried keratinocytes. The melanin content of the pigment-
producing cell line was 25 µg/106 Sk-MeL-1 cells.

Discussion

Since the pioneering work of Rheinwald and Green in
1975 [21] many versions of co-cultures have been devel-
oped to mimic the in vivo situation of normal skin. Such
models are increasingly employed as in vitro test systems
in pharmaco-toxicological studies [20]. In primary cell
cultures the material is usually limited and standardised
quality is crucial due to the wide individual biological
variations. Working with cell lines is advantageous due to
their independence of donor variation and the availability
in unlimited quantity. The major disadvantages of immor-
talised cell lines are possible alterations in cell prolifera-
tion and in their cellular metabolism compared to the pri-
mary cells. However, the immortalised human keratino-
cyte cell line HaCaT has been demonstrated to exhibit a
high differentiation potential under in vivo and in vitro
conditions and to be a suitable substitute for normal hu-
man keratinocytes [2]. In addition HaCaT cells are free of
contaminating melanocytes, a bias if using interfollicular
keratinocytes in primary cell cultures. The Sk-MeL-1 cell
line is one of the rare human cell lines that express
melanogenesis [10].

For these reasons HaCaT and SkMeL-1 were chosen as
models for the cell populations present in the human ana-
gen hair follicle. In previous experiments it has been ob-
served that single Sk-MeL-1 cells exhibited dendrite for-
mation which encouraged the development of a simplified
co-culture model. For the first time HaCaT/SkMel-1 co-
culture is reported in the present paper.

In separate cultures Sk-MeL-1 were far less dentritic
than in the co-cultures. Obviously keratinocyte-derived
factors modulated their morphology and led to formation
of a dendritic melanocyte cell shape (Fig.1). This ability
ensured the transfer of pigment to the keratinocytes as
verified by the TEM investigations (Fig.2). The present
study proved the role of pigments as carriers for melanin-

associated drug molecules. A striking increase of cell-
bound 3H-haloperidol for HaCaT cells was found after
pigmentation during co-culture (Fig.3) indicating that for
substances with high melanin affinity a minor component
in a specimen such as pigment in hair fibres may con-
tribute to or even determine the analytical results. How-
ever, melanin production in a pigment-producing cell is
genetically regulated, which defines its limit and potential
to synthesise melanin, as well as by the cellular environ-
ment which determines and modifies the expression of
that potential [9]. Therefore, due to the complexities of
melanins, their physico-chemical properties and inherent
heterogeneity, for hair analysis it seems difficult, at least
at the present time, to reach specific or even general opin-
ions from the surprising influence of the melanin-associ-
ated portion of 3H-haloperidol molecules in pigmented
HaCaT cells (Fig.3). Nevertheless, some useful conclu-
sions can be drawn from the experiments.

In 1998 Henderson et al. [7] already demonstrated race
to be a factor affecting hair analysis by incorporation of
isotopically labeled cocaine into human hair. Meanwhile
there is a growing interest in studying the major factors
for drug uptake and how drug substances are entrapped in
the hair follicle during hair growth, melanin still being a
matter of controversial debate.

Pigmentation is genetically determined. It has been
known for a long time that hair from non-Caucasians con-
tain a higher amount of pigments than hair from Cau-
casians [22]. Pigmentation of hair is mainly related to four
biological processes:

1. The production of melanosomes in the melanocytes
2. The melanisation of the melanosomes
3. Their transfer within secondary lysosome-like or-

ganelles to the keratinocytes
4. The degradation of the secondary lysosomes, that are

known to contain acidic phosphatase [23], followed by
the distribution within the keratinocytes [8].

The mechanisms advocated for melanosomal transfer
from the melanocytes to the keratinocytes include cyto-
phagocytosis, endocytosis and direct inoculation. The
melanosomal distribution inside the keratinocytes is still
poorly understood. There appears to be a good correlation
between melanosome size and distribution pattern either
singly as in Negroid and Mongoloid skin and hair (≥ 1 µm)
or in complexes as in Caucasians (< 1 µm).

The granular nature of hair pigment differs from the
melanosomes transferred to the keratinocytes during 
Sk-MeL-1/HaCaT co-culture as confirmed by the TEM in-
vestigations (Fig.3). In addition to the high sensitivity of
the radiotracer technique used, this finding may predomi-
nantly contribute to the results obtained for the 3H-halo-
peridol content in pigmented HaCaT cells. Seiji et al. [24]
termed the natural pigment granules “the melanosomes”
and delineated four stages in their maturation. Regular
and periodic deposition of electron opaque melanin is ev-
ident on the matrix by stage III, in late stage IV the
melanosomes are completely melanised and the melanin
that is deposited within the pigment granules obscures all
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internal structures. TEM investigations revealed that most
melanosomes taken up by the HaCaT cells were in an
early or intermediate stage of maturation (Fig.2).

At the ultrastructural level the presence of some spiral
elements was regularly observed suggesting that melanised
protein sheets or lamellae are rolled upon themselves like
a “jelly roll” at the end of melanosome maturation. It has
already been reported for particular substances that drug
accumulation occurs onto the surface of the melanin
biopolymers and that those melanin-associated molecules
can be easily removed by routine extraction procedures
[16]. The present results support these findings. In the co-
culture experiments, which were performed in the absence
of drug substances, a release of 3H-haloperidol molecules
from the drug-loaden Sk-MeL-1 cells due to a concentra-
tion gradient was observed resulting in a decrease of cel-
lular-bound substance for this cell type and in low extra-
cellular 3H-haloperidol concentrations in the media at the
end of the experiments.

An excellent access might be gained to pigment-asso-
ciated drug molecules for immature or degraded melano-
somes. However, extraction of melanin-associated drug
molecules from mature, intact melanosomes such as the
pigment granules in natural human hair fibres might be re-
stricted to the drug portion bound onto the outer surface of
the melanin granules.

In conclusion, the present findings at the cellular level
imply that research concerning the influence of pigmenta-
tion on hair analysis has just begun. It is likely that con-
tinued progress will be made eventually resulting in a
thorough understanding of drug uptake and drug binding
in human hair.
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